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Preface

This is the second book focussing on ferns, of our particular collection, given that 
the majority of researchers who have participated in the first book, titled Working 
with Ferns: Issues and Applications, decided to engage this new project. The first 
book had so many entries (around 20,000 since its publication in December 2010) 
that Springer considered a good idea to face a new venture, which was welcome by 
all the authors.

There is other taxa, far away Arabidopsis and all those important crops we culti-
vate, hiding interesting clues that are waiting to be deciphered, so that we could 
finally understand how plants are, as we know them today. Ferns are the pioneering 
vascular plants that started living on land and still continue colonizing and spread-
ing to all the corners of the Earth. Around 1200 species of ferns exist at the present 
time.

Research on ferns is scarce. That is true. We are a small scientist community in 
reality but not for that less important. Extant ferns are representative of a legacy of 
great value, which can be admired and debated from different angles, such as evo-
lutionary, taxonomical, genomic, genetic, physiological, biochemistry, environmen-
tal or merely by the beauty that their fronds have and the important market created 
around them.

Finally, and beyond a purely scientific reasoning, ferns have also joined all of us, 
and have contributed to bridge the gap existing among our routines, our countries, 
our big efforts to go ahead with our goals.

Nothing of this sort would have been possible, without the cooperation and gen-
erosity of the almost 70 authors, who have prepared their chapters, and put their 
experiments to the dream that this second book to see light.

Thanks to the editorial Springer for having been committed to us this challenge 
of giving birth to a new book on ferns.

The editor
P.D.  The funds I will receive as editor will be entirely donated to the NGO 

Médecins sans Frontiers.

Oviedo, Spain Helena Fernández 
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Chapter 1
The Gametophyte of Fern:  
Born to Reproduce

Alejandro Rivera, María Jesús Cañal, Ueli Grossniklaus, 
and Helena Fernández

1.1  Introduction

I would like to confess with some degree of disappointment, that a not small part of 
my teaching activity on Plant Physiology at the Faculty, must be dedicated to seduce 
my students, underlining the enormous and not well recognized yet, importance the 
plants have for all the organisms living in the Earth. Plants transform the electro-
magnetic energy into the biosphere, in energy of chemical bounding, providing 
food to the rest of organisms. There are no doubts about the need to apply the most 
advanced technologies available so far to their study, in order to face the three major 
challenges coming up for human being such as food, energy, and environmental 
changes (Ehrhardt and Frommer 2012). In the order of preferences, our students 
place plants’ interest behind animals and microorganisms and consider the plant 
research as a poor relative that does not deserve major attention. I have often to 
remind that plants and animals share many homologous genes, metabolic path-
ways, and cellular processes. Moreover, plants can go even far away in life spans, 
environmental resources management, and cellular plasticity. All these aspects 
make plants good experimental systems to understand the fundamental principles 
of life and also how we are able to cope with the continuous changes in the planet, 
inviting us to explore their great adaptive capacity under very stressful situations, 
some of them derived from the anthropogenic activity such as ultraviolet light, high 
temperature, etc.

A. Rivera · M. J. Cañal · H. Fernández (*) 
Area of Plant Physiology, Department of Organisms and Systems Biology (BOS),  
Oviedo University, Oviedo, Spain
e-mail: fernandezelena@uniovi.es 

U. Grossniklaus 
Department of Plant and Microbial Biology, University of Zürich, Zürich, Switzerland
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1.2  Why Is It Important to Lead Studies on Mosses, 
Lycophytes, and Ferns?

Certainly, a great success in the history of life, especially for green plants, was the 
acquisition from a single eukaryotic ancestor of a photosynthetic cyanobacterium 
(the ancestral plastid), according to the endosymbiont theory of Lynn Margulis 
(Schwartz 2007). Later on, no minus repercussions had the conquest of land from 
the fresh water, streptophyte green algae, during the Ordovician period, over 470 
million years ago, colonizing and dominating terrestrial sceneries (Kernick and 
Crane 1997; Becker and Marin 2009). Flora expansion between the Silurian and 
Permian periods leads to the origin of plant groups represented today by bryophytes, 
lycophytes, and euphyllophytes, which include monilophytes (ferns) and spermato-
phytes (seed plants).

Bryophytes (which include hornworts, mosses, and liverworts), lycophytes, and 
monilophytes are remains of the invasion of land by plants, hiding clues capable to 
shade light on how plant development evolved. The terrestrial environment imposed 
variations in water availability and temperature, as well as increased exposure to 
radiation, thus demanding changes in body plan and modifications to cellular, phys-
iological, and regulatory processes (Rensing et  al. 2008; Pires and Dolan 2012). 
Certainly, ferns are among the pioneer vascular plants coping with the new environ-
mental conditions and represent a critical clade for comparative evolutionary stud-
ies in land plants. They keep traits of an ancestral life history such as the lack of 
secondary growth, homospory, motile sperm, and independent free-living gameto-
phyte and sporophyte generations. Moreover, ferns represent an unexplored genetic 
diversity that could be taken advantage for improving plants by means of genetic 
transfer technologies (Rathinasabapathi 2006).

Ferns have received minor attention, and to date, only few fern species such as 
Adiantum capillus-veneris, Anemia phyllitidis, Blechnum spicant, Dryopteris affinis 
ssp. affinis, Ceratopteris richardii, Marsilea vestita, Matteuccia struthiopteris, 
Onoclea sensibilis, and Pteridium aquilinum have been used to study basic develop-
mental processes such as photomorphogenesis (Wada 2007), germination (Salmi 
et al. 2005, 2007; Suo et al. 2015), cell polarity (Salmi and Bushart 2010), cell wall 
composition (Eeckhout et  al. 2014), or asexual and sexual reproduction as the 
gametophyte is an autonomous living organism, for in vitro culture and sample col-
lection (Whittier and Steeves 1960, 1962; von Aderkas 1984; Wen et  al. 1999; 
Fernández and Revilla 2003; Cordle et al. 2007, 2010, 2012; Kezmierczak 2010; 
López and Renzaglia 2014; Valledor et al. 2014; DeVries et al. 2016; Grossmann 
et al. 2017).

Apart from the abovementioned processes, we assist recently to the use of ferns 
to resolve interesting problems in the plant world caused by abiotic and biotic stress. 
Drought is one of the most severe abiotic stress factors affecting plant growth and 
productivity and has caused considerable reduction in crop yield worldwide. Several 

A. Rivera et al.
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fern and fern-ally species of Actiniopteridaceae, Sinopteridiaceae, Pteridaceae, 
and Selaginellaceae have been associated to desiccation tolerance. Concretely, the 
fern-ally Selaginella is one of the most primitive vascular resurrection plants, which 
can survive a desiccated state and recover when water becomes available, by mor-
phological adaptations, hormonal regulation, antioxidant protection, and accumula-
tion of osmolytes, which could serve to cope with drought in crops (Wang et al. 
2010). Other important adaptations of ferns to extreme environments such as salin-
ity, heavy metal, epiphytism, or invasiveness tolerance are summarized by 
Rathinasabapathi (2006). More recently, it was published in a fascinating paper 
based upon the feature that ferns and mosses are rarely infested by phytophagous 
insect in the field (Hendrix 1980; Markham et al. 2006) and in which an insecticidal 
protein from the fern species Tectaria macrodonta (Fee) C. Chr. was identified and 
expressed in transgenic cotton lines, conferring protection against whitefly, a sap- 
sucking pest (Shukla et al. 2016).

However, ferns are reported to have higher chromosome numbers and larger 
genomes than mosses and seed plants (Barker and Wolf 2010), making it difficult to 
establish genetic resources for them such as genomic and transcript sequence data. 
Recently, the advent of the next-generation sequencing (NGS) technologies, such as 
Roche’454 GS-FLX Titanium and Illumina HiSeq sequencers, by means of which 
is possible to characterize the transcriptome in plants, representing a small but 
information reach-target compared to complete genome (Ward et  al. 2012). The 
variation in gene expression induced by whatever environmental or inner condition 
can be examined in non-model organisms because these techniques have become 
more feasible as automation and efficiency has reduced the cost. Until present and 
recently, some NGS transcriptome data sets have been published for ferns, which 
include the species Pteridium aquilinum (Der et al. 2011), Ceratopteris richardii 
(Bushart et al. 2013), Lygodium japonicum (Aya et al. 2015), Dryopteris affinis ssp. 
affinis (Grossmann et al. 2017), and some others resulting from the oneKP project 
(Matasci et al. 2014). Moreover, one of the major genomics centers in the world, 
BGI (in Beijing) and the China National GeneBank (CNGB), have announced 
10KP, their plan to sequence 10,000 genomes or more, crossing every major plant 
clade and eukaryotic microbes, which will build on oneKP project.

Omics technologies based on comprehensive biochemical and molecular 
characterizations of an organism, tissue, or cell type and next-generation omics 
approaches facilitate the analyses of non-model organisms owing to the rapid 
generation of large amounts of de novo systems biology data, making them attractive 
options for studying plant development and evolution. In our lab, during the last 
years, they have published a significant number of reports, dealing with different 
topics carried out either in model species such as Arabidopsis and Chlamydomonas 
or non-model species, the case of Pinus radiate, focusing on different aspects of 
plant development (Valledor et  al. 2010; Romero-Rodríguez et  al. 2014; Jorrín-
Novo et al. 2015; Sánchez-Lucas et al. 2016).
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1.3  The Gametophyte: Born to Reproduce Either Sexually 
or Asexually

During its life cycle, a fern exists in two distinct forms: the small, sample, haploid 
gametophyte and the large, morphologically complex, diploid sporophyte. In ferns, 
the gametophyte lives separately from sporophyte (Klekowski and Baker 1966; 
Haufler et al. 2016) excluding some time after fertilization takes place, supporting 
the beginning of sporophyte development. In fact, as sporophyte develops, the 
gametophyte disappears in most cases, reflecting to have a role purely involved on 
reproduction. In Thelypteris palustris (Salisb.) Schott, sporophytes are supported by 
gametophytes until the first leaves develop; then sporophytes grow on the organic 
matter they produce themselves (Sakamaki and Ino 2007).

The evolution of sexual reproduction represents a major transition in the evolution 
of life, and occurred well before plants first ventured onto land some 470 million 
years ago, when the ancestors already had differentiated male and female gametes 
(spermatozoids and eggs), inside the sex organs archegonia and antheridia (Pannell 
2017). The first land plants had also already evolved an alternation of haploid and 
diploid generations, gametophyte and sporophyte (Kenrick and Crane 1997), being 
the gametophyte, the generation when the differentiation of sex organs into egg- or 
sperm-producing tissues occurs. Actually, in seedless plants, gametophytes may be 
male or female, with separate individuals producing either antheridia or archegonia, 
or they may be hermaphroditic, with both antheridia and archegonia present in the 
same individuals (Okada et al. 2001).

Sex determination is a matter of the differentiation of cells and tissues in different 
parts of the same individuals. In many bryophytes, sex is determined in gametophytes 
by (U and V) sex chromosomes (Okada et  al. 2001). To my knowledge, no sex 
chromosomes have been described for any ferns or lycophytes so far. In these plant 
groups, sex determination differs between “homosporous” species, in which 
sporophytes produce spores of the same size (as in bryophytes), and “heterospo-
rous” species, in which sporophytes produce both small “microspores” and larger 
“megaspores”. In some homosporous ferns, gametophytes are all functionally her-
maphroditic, with both antheridia and archegonia. In these cases, sex determination 
is a question of cellular and tissue differentiation into different male and female 
“gametangia” (Klekowski 1969). In other homosporous species, gametophytes may 
develop a unisexual function (producing either only antheridia or only archegonia) 
(Klekowski 1969). In “heterosporous” ferns and lycophytes, sex determination acts 
through the size of the spore from which the gametophytes germinate. The gameto-
phytes do not differ genetically, and the sporophyte controls the sex of its gameto-
phytes by regulating the spore-producing “sporangia” to produce either small 
“microspores”, which develop into male (micro-) gametophytes, or larger “mega-
spores”, which develop into female (mega-) gametophytes. Heterospory has evolved 
several times in vascular land plants, in ferns and lycophytes, as well as indepen-
dently in the lineage that gave rise to seed plants (Bateman and Dimichele 1994). 
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In angiosperms (flowering plants) and gymnosperms, the gametophytic phase has 
become even more highly modified and reduced, and differentiation between 
the male and female structures takes place in sporophytic structures in which 
the gametophytes form. In contrast to non-seed plants, seed-plant gametophytes are 
always either male or female, and it is the sporophyte that determines their sex 
(Pannell 2017).

1.4  Blechnum spicant: A Sexual Species

Blechnum spicant L. belongs to one of the most ancient groups of ferns. Sexual 
development in the gametophyte of this species is carried out by the action of the 
unknown antheridium-inducing substances (Fig.  1.1). When cultured in  vitro, 
initially the gametophyte develops female sexual organs or archegonia and pro-
duces and excretes antheridiogens into the medium that induces the formation of 
male sexual organs or antheridia in the youngest filamentous or spatulate-shaped 
gametophytes (Klekowski 1969; Cousens 1979; Fernández et  al. 1997, 1999; 
Menéndez et al. 2006a).

In Pteridophyta, sporophyte formation occurs by the means of the fusion of sexual 
cells, either of the same or different prothalli, and we can distinguish between intro- 
and intergametophytic crosses, respectively (Klekowski 1969). Natural systems 
have been reported to favor intergametophytic crosses, promoting genetic interchange 
at different levels, such as morphological, population, or genetic. In many ferns, a 
chemical messenger, antheridiogen, controls the onset of antheridium formation in 
young gametophytes, and it has been also found in B. spicant L. (Cousens 1979; 
Fernández et al. 1997, 1999).

It is clear that this induction should be reflected in a complete reprogramming of 
the cell fate and function, since there are not only functional but structural changes 
during this process. Proteomic analyses have been conducted in flowering plants in 
relation to reproduction, and, concretely, several reports have been published on 
male gametophyte development in higher plants (Kerim et al. 2003; Dai et al. 2007; 
Sheoran et al. 2007; Mayank et al. 2012; Ischebeck et al. 2014; Chaturvedi et al. 
2016a, b). Valledor et al. (2014) compared the proteomic profiles between female 
and male gametophytes of B. spicant. Female gametophytes were obtained in MS 
medium (Murashige and Skoog 1962) directly from spores, and the males ones 
were obtained growing the gametophytes in the same medium supplemented with 
an extract of mature gametophytes showing antheridiogenic effects. The induction 
of male gametophytes by antheridiogens correlated to a global increase in stress- 
and defense-related pathways, which affects also flavonoid signaling and cell divi-
sion while reducing protein biosynthesis pathways (Fig. 1.2). On the other hand, the 
photosynthesis and other energy-related pathways are affected also during this 
induction, being an indicator of how stressed are the gametophytes during induction 
process.
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1.5  Dryopteris affinis ssp. affinis: An Apomictic Species

Sexual reproduction generates new genetic individuals by combining the genetic 
material of two parental individuals, while asexual reproduction is limited to one 
genetic entity. Most angiosperms reproduce sexually through seeds, where a single 
generative cell (archesporial cell or megaspore mother cell) undergoes meiosis to 
produce four chromosomally reduced cells (megaspores). After significant cellular 
enlargement, the nucleus of the functional megaspore usually undergoes three 

Fig. 1.1 Blechnum spicant sexual life cycle. Mature sporophytes (a) have reproductive leaves 
with sori (b). Each sorus is a cluster of sporangia in which spores are produced via meiosis. The 
fern spores develop into a small gametophyte (c) that sustains itself by photosynthesis. Young 
gametophytes are spatulate-shaped (d) and quickly maturate into a heart shape (d). The gameto-
phytes with fastest growth differentiate as a female (archegonia, e), and, along with this matura-
tion, they produce and excrete the antheridiogen to the media. The presence of this pheromone will 
induce the male differentiation of the surrounding immature gametophytes (antheridia, e). 
Anteridium produces fern sperm (f) that uses flagella to swim through moisture from antheridia to 
fertilize the eggs in the archegonia (g). After fertilization a zygote develops into a new young spo-
rophyte (h)
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rounds of mitosis before giving rise to a gametophyte composed of seven cells: two 
companion synergids, the egg cell, a binucleated central cell, and three antipodals. 
Double fertilization of both the egg and central cell is necessary to trigger embryo-
genesis and endosperm development, respectively (Taiz and Zeiger 2015; Rodriguez- 
Leal and Vielle-Calzada 2012).

In plants, as in animals, transition to asexuality may occur; however, despite of 
its importance, little is known about the mechanisms that cause these transitions and 
why some taxa experience much higher transition rates than others, especially in 
plants, where more intensively it has been studied, due to the potential use of asexu-
ality in crop plants to improving agriculture (Neiman et al. 2014). Asexual repro-
duction in plants can occur either through budding and vegetative growth (e.g., 
shoots and runners) or by seeds, referred as apomixis, which was a great obstacle 
for Mendel, when he decided to corroborate his results of genetic inheritance in 
peas (Pisum) in hawkweed (Hieracium) and was astonished that Hieracium off-
spring were morphologically identical to their mother plants (Neiman et al. 2014).

There are examples of asexual seed formation (apomixis), where seeds form 
without meiosis and fertilization (Nogler 1984; Koltunow et al. 1995; Koltunow and 
Grossniklaus 2003; Bicknell and Koltunow 2004; Ozias-Akins 2006; Rodriguez- 
Leal and Vielle-Calzada 2012; Barcaccia and Albertini 2013). In its simplest form 
(adventitious embryony, also called sporophytic apomixis), apomictic plants form 

Fig. 1.2 Scheme illustrating the antheridiogen-mediated maleness operating in Blechnum spicant 
L. and the proteins induced
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embryos directly from a somatic cell from nucellus or inner integuments, and in 
species with endosperm development, the endosperm is formed by polar nuclei. 
Apomictic plants can also form embryos directly from a chromosomally unreduced 
female gametophyte (apomeiosis) in which the egg cell develops autonomously 
into an embryo by parthenogenesis (gametophytic apomixis), by means of two 
types, apospory and diplospory. In apospory, the embryo and endosperm develop 
in unreduced embryo sac in the ovule. In this case, the megaspore mother cell 
in the sexual ovule starts to develop but stops at some stage, and one or more 
somatic cells in the ovule and their nuclei start to develop, resembling megaspore 
mother cells. Before the mature embryo sac formation, the megaspore or young 
embryo is aborted and replaced by developing aposporous sacs. Apospory is by 
far the most common mechanism in higher plants and has been reported in Beta, 
Brachiaria, Cenchrus, Chloris, Compositae, Eriochloa, Heteropogon, Hieracium, 
Hyparrhenia, Hypericum, Panicum, Paspalum, Pennisetum, Poaceae, Ranunculus, 
Sorghum, Themeda, and Urochloa (Barcaccia and Albertini 2013). In diplospory, 
the embryo and endosperm develop in an unreduced embryo sac derived from the 
megaspore mother cell, which differentiates as in sexual ovules but does not undergo 
meiosis. Diplospory is found in Tripsacum, Eragrostis, and Taraxacum (Kandemi̇r 
and Saygili 2015). Apomictic female gametes (2n) undergo embryogenesis 
autonomously, without fertilization. Apomictic plants carry functional pollen, which 
they sometimes need for endosperm formation as the formation of endosperm is 
still dependent on fertilization of the central cell (pseudogamy) (Rodriguez-Leal 
and Vielle-Calzada 2012; Kandemi̇r and Saygili 2015). Observation of apomixis 
is difficult since it is generally accompanied by sexual reproduction or facultative 
apomixis (Kandemi̇r and Saygili 2015).

In ferns, apomixis is an important mode of asexual reproduction (Döpp 1939; 
Manton 1950), which has evolved several times independently and being its fre-
quency at least 3%, a value much higher than in other major plant groups (Ekrt and 
Koutecký 2016). However, most apomictic fern species are concentrated in just four 
families (Liu et al. 2012). Apomixis in ferns (Fig. 1.1) includes apogamy, the forma-
tion of sporophytes from somatic cells of the prothallium, and agamospermy (or 
diplospory), the production of unreduced (diplo) spores (Manton 1950; Ekrt and 
Koutecký 2016).The archesporial cell of sexual fern species usually undergoes 4 
mitoses to produce 16 spore mother cells that undergo regular meiosis, resulting in 
64 reduced spores in 16 tetrads. Under the prevailing type of agamospermy (Döpp- 
Manton scheme), the last (premeiotic) mitosis fails, resulting in 8 spore mother cells 
that undergo regular meiosis, producing 32 diplospores in 8 tetrads (Döpp 1939; 
Manton 1950). Rarely, the first meiotic division fails, which results in 32 diplo-
spores in 16 diads (Braithwaite 1964). Genetic variation among apomictic offspring 
has been documented (Peredo et al. 2013).

Apogamy in ferns may be obligate, when gametophytes produce nonfunctional 
gametes, facultative, or induced by exogenous factors Menéndez et  al. 2006b; 
Cordle et al. 2007). Contrary to ferns, apogamy does not occur naturally in angio-
sperms (Yang and Zhou 1992), but apogamous sporophytes can be induced by the 
culture of pollen or embryo sacs, indicating that the developmental plasticity 
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 necessary to overcome meiosis and fertilization barriers is not restricted to ferns 
(Seguí- Simarro 2010; Germanà 2011). In apogamy, somatic cells of the gameto-
phyte are reprogrammed to start the sporophytic developmental program (Okano 
et al. 2009).

Because apomixis allows the fixation of complex genotypes, including that of 
highly productive F1 hybrids, many researchers have extolled the tremendous 
potential that apomixis holds for plant improvement, whose benefits could surpass 
those of the green revolution (Grossniklaus et  al. 1998; Spillane et  al. 2004; 
Marimuthu et al. 2011). Apomixis combines the advantages of propagation by seed 
(higher multiplication rate, easier storage and planting, suitability for machine 
planting, less seed material use, and less bearing of diseases) with those of propaga-
tion by clone (maintaining genetic structure and hence fixing superior genotypes 
after crossing) (Kandemi̇r and Saygili 2015).

Over the last decades, several studies focusing on apomixis in model species of 
angiosperms concluded that sexual and apomictic pathways share gene expression 
profiles and, thus, common molecular regulatory features, indicating that they are 
not distinct pathways (Grossniklaus et al. 2001; Tucker et al. 2003). The initiation 
of apomixis invariably occurs during early ovule ontogeny; sexual and apomictic 
development can coexist within the same ovule, or within different ovules of a same 
individual, suggesting that apomixis could have originated as a modified form of 
sexual reproduction that has undergone deregulation of key developmental steps 
during gametogenesis (Koltunow and Grossniklaus 2003). So far it is a truth that 
very few crop species are apomictic, and attempts to introduce this trait by crossing 
have failed. The alternative would be to de novo engineer apomixis, but for this 
strategy to be applied, the genes that confer elements of apomixis must be 
identified.

Apomixis research can be faced by different approaches in each of its three 
major stages: apomeiosis, parthenogenesis, and seed formation. In most species 
under study, the basic components of apomixis can be explained by a few genes that 
control unreduced gamete formation and parthenogenesis, respectively; however, 
polyploidy, segregation distortion, suppressed recombination, epistatic interactions, 
naturally active modifiers, and environmental effects complicate their genetic analy-
ses (Rodriguez-Leal and Vielle-Calzada 2012).

There are various ways of converting crop plants into apomictic ones: (a) wide 
crosses with apomictic wild relatives, (b) mutation, and (c) genetic transformation. 
Transfer of apomixis from wild relatives via sexual hybridization depends on the 
presence of relatives with which interspecific hybridizations can be made but this is 
not possible for most cultivated species. Although significant developments have 
been done recently, it is generally accepted that apomixis transfer via wide crosses 
has been unsuccessful so far (Spillane et al. 2004). Cloning of LOA and LOP genes 
of Hieracium is underway, and, after their cloning and transfer, apomixis could be 
introgressed into other crop species (Kotani et al. 2014). On the other hand, studies 
in the model plant Arabidopsis revealed that apomixis can also be achieved through 
artificial mutations. One of them involves the gen Osd1, which controls the entering 
into the second meiotic division (d’Erfurth et al. 2009). By combining a mutation in 
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this gene with two other mutations, one that eliminates recombination and pairing 
(Atspo11-1) and another that modifies chromatid segregation (Atrec8), a new geno-
type was created in which meiosis is totally replaced by mitosis without affecting 
subsequent sexual processes and called MiMe for “mitosis instead of meiosis” 
(d’Erfurth et al. 2009; Marimuthu et al. 2011). The induction of apomeiosis by the 
creation of the MiMe genotype is an important step toward understanding and engi-
neering apomixis, giving place to a genotype called MiMe in which meiosis was 
replaced with mitosis. In another mechanism, a mutation in the Arabidopsis SWI1 
gene leads to apomeiosis and diploid egg formation (Ravi et al. 2008). Chaudhury 
et al. (1997) reported seed development in mutations of Arabidopsis FIS1, FIS2, and 
FIS3 genes in the absence of fertilization.

Dryopteris affinis (Lowe) Fraser-Jenkins ssp. affinis is a diploid fern with an 
apomictic life cycle, and it probably originates from the crossing of D. wallichi-
ana and D. oreades, being broadly distributed in the Mediterranean, Macaronesia, 
and western Eurosiberian regions (Salvo 1990). When cultured in vitro, apogamy 
in this species is evident as gametophyte develops a brown meristematic area near 
the apical indentation that evolves into a new sporophyte. Sexual reproduction is 
not possible due to the lack of archegonia (Fernández et  al. 1996) (Fig.  1.3). 
Apogamy in ferns can be seen as an opportunity to investigate on embryogenesis, 
one of the more powerful tools in plant biotechnology. On the other hand, in both 
apomixis and apogamy, unreduced cells form an embryo without fertilization, and 
it might be expected that they share some common features. Moreover, the mech-
anism of asexual reproduction in lower and higher plants appears to be controlled 
by overlapping sets of genes (Cordle et al. 2012). How somatic cells, either of 
sporophytic or gametophytic origin, become and develop as embryogenic is still 
poorly understood (Radoeva and Weijers 2014). Somatic embryogenesis research 
in ferns is scarce so far and limited to a few reports (Mikuła et al. 2015; Domżalska 
et  al. 2017) and even minor is the number of reports involving embryogenesis 
linked to apogamy (Bui et al. 2017; Grossmann et al. 2017). In general terms, we 
can assume that the molecular basis of embryogenesis by sexual or asexual means, 
in plant kingdom, is far to be understood (De Smet et al. 2010). In seed plants, 
several groups of genes, mostly encoding transcription factors, such as BABY 
BOOM, AINTEGUMENTA-like 5, FUSCA3, LEAFY COTYLEDON, etc., have 
been associated to embryogenesis even though they are required either for 
embryogenesis itself or plan cell viability and would need still further explanation 
(Radoeva and Weijers 2014).

Performing proteomic studies on non-model organisms with little or no genomic 
information is still difficult. In our lab, recently, both transcriptomic and proteomic 
analyses were performed to increase our knowledge on the molecular basis of apog-
amy in D. affinis ssp. affinis, by using next-generation sequencing (NGS) and shot-
gun proteomics by tandem mass spectrometry (Grossmann et al. 2017). This way 
1397 protein clusters with 5865 unique peptide sequences were identified, identify-
ing homologs of proteins involved in several activities (Fig. 1.4a) from several taxa 
(Fig. 1.4b) and in particular on reproduction of higher plants, including proteins 
with a potential role in apogamy. Furthermore, in this study, we detected some fern 
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protein homologous to ARGONAUTE10/PINHEAD/ZWILLE and also to the A. 
thaliana SERRATE (SE) RNA effector protein which could participate in the meri-
stematic activity of the incipient apogamic embryo or unknown roles in the switch 
between sexual and asexual reproduction and perhaps in the regulation of apogamy 
in ferns (Grossmann et al. 2017). Additionally, proteins involved in gene silencing 
or enzymes involved in cell wall modifications such as pectinecterases were also 
identified, which could hide some role on apogamy (Li et al. 2011). Recently, we 
have done a RNA-Seq approach to compare gene expression profiles of one- and 
two-dimensional gametophytes of this species, finding several thousands of genes 
differentially expressed and related to different aspects of either vegetative or repro-
ductive behavior of the gametophyte (Fernández, personal communication).

Fig. 1.3 Vegetative developmental and apogamy in the gametophyte of the fern Dryopteris affinis 
ssp. affinis. Successive morphological appearance of gametophyte: (a) filamentous, (b) spatulate- 
and (c) heart-shaped, and (d) apogamous embryo
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In summary, with the increasing availability of genomic data from non-model 
species, similar proteogenomics approaches will improve the sensitivity in protein 
identification for species only distantly related to models.
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Chapter 2
Azolla: A Model System for Symbiotic 
Nitrogen Fixation and Evolutionary 
Developmental Biology

Sophie de Vries and Jan de Vries

Abbreviations

ABA Abscisic acid
BR Brassinosteroids
CK Cytokinin
DGGE Denaturing gradient gel electrophoresis
ET Ethylene
GA Gibberellin
HIF Hormogonia-inducing factor
IAA Indole-3-acetic acid
IRRI International Rice Research Institute
JA Jasmonic acid
LCOs Lipochitooligosaccharides
MAMPs Microbial-associated molecular patterns
RLK Receptor-like kinase
SA Salicylic acid
SL Strigolactones

2.1  Introduction

Only prokaryotic nitrogen fixation makes inorganic nitrogen available for biological 
usage, such as amino acid or nucleotide biosynthesis. Hence, nitrogen is frequently 
among the limiting factors in plant growth. Many plants engage in a symbiotic 
interaction with nitrogen-fixing bacteria. Naturally, nitrogen-fixing symbioses 
gain much attention, as they are both ecologically and agriculturally relevant. 

S. de Vries (*) · J. de Vries (*) 
Department of Biochemistry and Molecular Biology, Dalhousie University,  
Halifax, NS, Canada
e-mail: sophie.devries@dal.ca; jan.devries@dal.ca

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75103-0_2&domain=pdf
mailto:sophie.devries@dal.ca
mailto:jan.devries@dal.ca


22

The symbiotic interaction between the water fern Azolla (Fig.  2.1a, b) and its 
nitrogen- fixing cyanobacterial symbiont (cyanobionts; Fig. 2.1c, d, and e) is unique: 
Azolla’s cyanobiont is vertically inherited from generation to generation (e.g., 
Perkins and Peters 1993; Fig. 2.1d). This suggests a very intricate communication 
forged over 66–100 million years (my) of coevolution between the two organisms 
(Collinson 2002; Carrapiço 2006). Classical studies have characterized this interac-
tion in great detail (Peters and Meeks 1989). With the lowered costs and increased 
throughput of DNA sequencing techniques, a new, genomic era of Azolla research 
is on the horizon.

In this chapter, we begin by providing an overview of the symbiosis between 
Azolla sp. and its cyanobionts and synthesize its importance in the context of 
general insights into the molecular communication between plants and microbial 
symbionts. We then highlight why Azolla is a promising system for gaining 
insights into fern biology and evolutionary (developmental) plant biology.

Fig. 2.1 Azolla filiculoides. (a) Dense culture of A. filiculoides growing in the greenhouse.  
(b) Lateral view of A. filiculoides. (c) Autofluorescencing cyanobionts (arrowhead) fill the leaf 
cavities of each dorsal leaf lobe. (d) Autofluorescencing cyanobionts (arrowhead) within the indu-
sium chamber of the megasporocarps. (e) Tightly packed autofluorescencing cyanobionts within 
the leaf cavity
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2.2  Azolla and Symbiotic Nitrogen Fixation

Across the biological world, the nitrogen-fixing reaction from N2 to NH3 (or NH4
+) 

is catalyzed by the multi-subunit bacterial enzyme nitrogenase. The most impor-
tant components of the enzyme complex are the nitrogenase reductase and the 
nitrogenase. The nitrogenase reductase consists of two identical subunits encoded 
by nifH (Eady 1996), while the nitrogenase consists of four subunits, of which the 
two identical α-subunits are encoded by nifD and the two identical β-subunits are 
encoded by nifK (Eady 1996). Yet, nitrogen fixation requires more than only a 
nitrogenase: it requires high amounts of energy in the form of ATP. Low amounts 
of oxygen can inhibit nitrogenase activity. Consequently, in many organisms 
(including the nitrogen- fixing symbionts), tight regulation is necessary; oxygen is 
needed to produce ATP, but nitrogen fixation requires an anaerobic environment. 
Moreover, these organisms are able to react to cues, such as altered levels of fixed 
nitrogen, and adapt the expression of several nif genes and the abundance of their 
corresponding proteins accordingly (Poza-Carrión et al. 2014).

Nitrogen fixation is regulated both on a transcriptional and protein level, i.e., 
by the availability of cofactors, protein-protein interactions, or protein modifica-
tion (cf. Eady 1996; Martinez-Argudo et  al. 2004; Ekman et  al. 2008; Poza-
Carrión et al. 2014). NifA transcriptionally regulates the expression of several nif 
genes in some nitrogen-fixing bacteria (Martinez-Argudo et al. 2004). NifL is a 
negative regulator interacting with nifA and responsive to environmental cues 
such as oxygen or fixed nitrogen (Hill et al. 1981; Merrick et al. 1982; Naberhaus 
et al. 1995). Other nif proteins, such as nifU and nifS, regulate the rate of nitro-
gen fixation via the provision of cofactors or iron-sulfur clusters important for 
nitrogenase activity (Zhao et  al. 2007). These regulatory steps all take place 
within the bacterium. In symbioses, regulation of nitrogen fixation in the symbi-
ont by the host is also important: this starts with recognition and attraction of an 
effective nitrogen-fixing symbiont (if applicable) and requires a fine-tuned com-
munication of host and symbiont to regulate the exchange of fixed nitrogen from 
the symbiont with the nutrients from the host during all stages of the symbiosis 
(Rai et al. 2000). Both of these aspects depend on the nature of the symbiotic 
interaction in question.

2.2.1  Diversity of Symbiotic Nitrogen Fixation

Symbiotic nitrogen fixation evolved multiple times independently in various 
plant lineages. Notwithstanding, it sometimes recruits similar molecular path-
ways of the hosts (Markmann and Parniske 2008; Op den Camp et  al. 2011). 
Several types of bacteria, namely, rhizobia, actinobacteria, and cyanobacteria, are 
known to have become nitrogen-fixing symbionts (Santi et  al. 2013; Gourion 
et al. 2015). Nitrogen fixation by rhizobia in legumes (a group of plants from the 
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family Fabaceae) is one of the best-studied systems, not least because several of 
their host plants have been sequenced (Schmutz et al. 2010; Young et al. 2011; 
Schmutz et al. 2014) and are genetically accessible (Chee et al. 1989; Trieu et al. 
2000). Interestingly, the plant genus Parasponia, which does not belong to the 
Fabaceae, but to the Cannabaceae, can also undergo a symbiosis with rhizobia 
(Trinick 1973). This symbiosis is suggested to be evolutionary much younger 
than its counterpart in the legumes (Op den Camp et al. 2011). The nitrogen-fixing 
symbiosis of Parasponia therefore makes it possible to study how the dialogue 
between symbiont and host in such symbioses first evolved (Behm et al. 2014).

Actinobacteria infect several plant species of the order Fagales (Pawlowski 
2009). Like rhizobia, they colonize the roots of their hosts. Their infection mecha-
nism resembles that of rhizobia in many ways (Santi et al. 2013), yet the forma-
tion of nodule primordia is different (Pawlowski and Bisseling 1996), and the 
initial communication between host and symbiont appears distinct at the molecu-
lar level (Pawlowski and Bisseling 1996; Svistoonoff et al. 2010). The third major 
group of nitrogen-fixing plant symbionts is cyanobacteria (cyanobionts). 
Cyanobionts are able to initiate symbioses with a wide range of plants. Their host 
species include representatives from liverworts, hornworts, mosses, ferns, gym-
nosperms, and angiosperms (Bergman et al. 2007). In contrast to the diversity of 
the host species, the cyanobacteria involved belong primarily to the Nostocaceae 
(Bergman et al. 2007).

Nostocaceae interact with various types of plants. They associate with mosses 
only epiphytically, but still fix nitrogen for their hosts (Bay et al. 2013). In other 
associations, the cyanobacteria are kept in specific plant structures: in the sym-
biosis with the liverwort Blasia pusilla, cyanobionts colonize specific cavities 
on the upper side of the liverwort’s thallus, while the hornwort Anthoceros punc-
tatus forms the cavities on the underside of its thallus (Rodgers and Stewart 
1977). This is similar to the water fern Azolla, which hosts its cyanobiont in 
mucilage-filled leaf cavities (Peters and Mayne 1974, Fig. 2.1c, e). In contrast 
to these interactions, cycads (which are gymnosperm) and the angiosperm 
Gunnera house their cyanobionts within organ tissues. Cycads keep the cyano-
bacteria between cells, in mucilage-filled zones in coralloid roots (Milindasuta 
1975; Obukowicz et al. 1981). In Gunnera, Nostoc is attracted to a mucilage-
filled tract and comes to reside within specially developing cells, surrounded by 
the host’s plasma membrane (Schaede 1951; Silvester and McNamara 1976; 
Towata 1985; Nilsson et  al. 2006). Nostoc spp. isolated from cycads and 
Anthoceros sp. were able to colonize Gunnera (Johansson and Bergman 1994). 
Similarly, A. punctatus was able to form associations with cyanobionts isolated 
from cycads and Gunnera (Enderlin and Meeks 1983), suggesting that host 
range in these cyanobacteria is very broad. In contrast, the cyanobacterial sym-
biont of Azolla spp., not able to live isolated from its host, seems restricted to 
Azolla spp. (cf. Adams et al. 2013).
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2.2.2  Diversity of Azolla

The Azolla genus can be divided into two sections: the Rhizosperma section, 
consisting of two species, Azolla nilotica and Azolla pinnata, and the Azolla sec-
tion, consisting of the five species, Azolla caroliniana, Azolla filiculoides (for 
which we have the most molecular data (Ran et al. 2010; Li and Pryer 2014; de 
Vries et al. 2016a; Brouwer et al. 2017)), Azolla mexicana, Azolla microphylla, 
and Azolla rubra (Reid et al. 2006; Metzgar et al. 2007; Pereira et al. 2011). It 
should be noted that this classification is still being debated. For example, Evrard 
and Van Hove (2004) proposed that the Azolla section contains only Azolla cris-
tata and Azolla filiculoides, while all other species are mere synonyms.

Azolla’s cyanobiont coevolved with its host. This is supported by short tandemly 
repeated repetitive sequence fingerprinting and 16S rRNA phylogenies (Zheng et al. 
1999; Papaefthimiou et  al. 2008; reviewed by Pereira and Vasconcelos 2014). 
Despite this observation, more than one band corresponding to a cyanobacterium 
was detected for some Azolla species using denaturing gradient gel electrophoresis 
(DGGE) profiling of the 16S rRNA gene (Papaefthimiou et al. 2008). Molecular 
studies of cyanobacteria in the leaf cavities of Azolla showed that the cyanobionts 
of all Azolla species have one common ancestor, i.e., this particular symbiosis hap-
pened once (Zheng et al. 1999; Papaefthimiou et al. 2008). Further the cyanobiont 
and the plant host show patterns of coevolution: cyanobionts of hosts that are more 
closely related are also more similar to each other than they are to a cyanobiont from 
a more distantly related Azolla species (Zheng et  al. 1999; Papaefthimiou et  al. 
2008). Despite this coevolution it is possible to colonize one Azolla species with the 
cyanobiont of another (van Cat et al. 1989). This was achieved by transferring parts 
of Azolla’s reproductive organ from one Azolla species to another later in the repro-
ductive cycle (i.e., when akinetes germinate or when the cyanobiont differentiates 
into vegetative filaments; Adams et al. 2013).

The Azolla-N. azollae coevolution scenario is also supported by phylogeny- 
independent data such as the fatty acid profiles of the cyanobionts (Caudales et al. 
1995). Also, the Azolla cyanobionts show a strong conservation of their nif gene 
cluster (Franche and Cohen-Bazire 1987). Additionally, free-living, heterocyst- 
forming cyanobacteria differ from N. azollae by having an 11 kb segment located 
between the nifK gene and the genes nifD and nifH (Franche and Cohen- Bazire 
1987; Rice et al. 1982). This 11 kb fragment is excised from the chromosome in 
mature heterocyst (Golden et al. 1985). Golden et al. (1985) hypothesized that the 
nif genes can only be transcribed when the fragment is excised, suggesting that 
vegetative cells, which contain the 11 kb segment, cannot express a functional nitro-
genase. This 11 kb segment was not detected in the cyanobionts of Azolla (Franche 
and Cohen-Bazire 1987), suggesting that i) functional nitrogenase enzymes could 
theoretically be produced independent of the cell type and ii) that the synthesis of 
the enzyme may be faster in the cyanobiont compared to its free-living relatives. 
Regardless of some taxonomic ambiguities, these data support the hypothesis that 
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the N. azollae cyanobiont has become an integral part of the Azolla plant – one 
might even say that it is on its way to becoming the plant’s third symbiotically 
derived organelle.

2.3  Azolla Has a Heritable Cyanobiont

For the host plant, the first step in ensuring the availability of fixed nitrogen is to 
attract their nitrogen-fixing symbionts. In nonpermanent nitrogen-fixing symbio-
ses of other plants, this step is the first point to enrich for symbionts compared to 
non- nitrogen- fixing bacteria. For example, rhizobia are recruited to their host 
plants via plant-derived signaling molecules such as flavonoids (Muñoz Aguilar 
et al. 1988). Exuding flavonoids may also be important in attracting Frankia sp., 
the actinobacteria involved in some nitrogen-fixing symbioses, although whether 
or not they promote infection is less clear and may be strain dependent (Hughes 
et al. 1999; Popvici et al. 2010). Mosses, Gunnera, and cycads first secrete a non-
specific factor that induces hormogonia, motile cyanobacterial filaments, in such 
species that are able to form them, independent of whether or not they participate 
in a nitrogen-fixing symbiosis with the host (Johansson and Bergman 1994; 
Rasmussen et al. 1994; Santi et al. 2013). These factors are called hormogonia-
inducing factors (HIFs), but, in most interactions, it is not known what this secreted 
substance actually is.

The differentiation into hormogonia is part of the developmental cycle of many 
filamentous cyanobacteria belonging to sections III to IV (Rippka et  al. 1979). 
Cyanobacterial differentiation into hormogonia is influenced by many external 
cues such as nitrogen availability (Herdman and Rippka 1988), solidity of the 
growth substrate (Hernandez-Muñiz and Stevens 1987), and red light (Robinson 
and Miller 1970; Damerval et al. 1991). It is hence a relic of the cyanobacterium’s 
free-living state. Yet, in many of the plant-cyanobiont symbioses, the ability to 
differentiate into a motile hormogonium is co-opted to enable the cyanobacteri-
um’s movement toward its host. As described above, the plant exudes HIFs that 
promote the differentiation of hormogonia in cyanobacteria. This process is best 
understood in the interaction between Gunnera and its cyanobiont, where a heat-
labile protein smaller than 12 kDa has been found to be the HIF (Rasmussen et al. 
1994). HIFs are also produced by cycads and the hornwort Anthoceros (Campbell 
and Meeks 1989; Bergman et al. 1996).

HIFs induce motility of cyanobacteria in a non-specific manner; hence to 
attract the symbionts, additional molecules are secreted by their hosts (Johansson 
and Bergman 1994; Rasmussen et al. 1994). These attractants seem to be more 
specific than the HIFs (Rasmussen et al. 1994; Santi et al. 2013). However, the 
nature of the attractant is presently unknown. In the Gunnera-Nostoc symbioses, 
it was noticed that the mucilage is rich in polysaccharides (Khamar et al. 2010). 
In addition, Nilsson et al. (2006) showed that Nostoc sp. was attracted to seven 
different sugars. This makes polysaccharides good candidates for attracting 
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 cyanobacterial symbionts. Yet, the Nostoc spp. isolates tested in the above studies 
have all been isolated from facultative interactions, i.e., symbionts must be taken 
up from the  environment anew with every generation. As explained above, in 
Azolla, the situation is quite different; next we explore how symbiont inheritance 
is ensured in this instance.

2.3.1  Continuity of the Azolla-Nostoc Symbiosis

Azolla’s leaves are never without their cyanobionts. This is achieved by mecha-
nisms that transmit a cyanobiont inoculum during sexual and asexual (vegetative) 
reproduction (Peters and Meeks 1989; Rai et al. 2000). This is unique among land 
plants. Yet, vertical inheritance of a nitrogen-fixing cyanobiont in a photosynthetic 
eukaryote does occur in some rhopalodiacean diatoms, such as Rhopalodia and 
Epithemia (Kneip et al. 2008; Nakayama et al. 2014). While the transmission of the 
cyanobiont is already quite complex in the context of a unicellular diatom – it “sim-
ply” requires a certain level of synchronization of the division of host and endo-
symbiont as it occurs in plastids (Sumiya et al. 2016; de Vries and Gould 2017) – it 
gets even more complex in the context of a multicellular organism such as Azolla. 
There are two major mechanisms that facilitate the transmission of a cyanobiont 
inoculum during Azolla’s life cycle.

The first mechanism mediates transmission during vegetative growth of the 
sporophyte and hence assures that there is no leaf cavity that lacks cyanobionts. 
This is achieved by trichomes that inoculate newly formed leaf cavities from old 
ones (Calvert et  al. 1985; Hill 1989). Calvert and Peters (1981) distinguished 
between branched and simple trichomes involved in the interaction with the cya-
nobiont. The branched trichomes occur only twice per cell (Calvert and Peters 
1981; Calvert et al. 1985); it is branched trichomes that facilitate the transfer from 
one cavity to the other (Peters and Meeks 1989). Both the branched and the simple 
trichome are considered to be relevant for the nutrient exchange between cyanobi-
onts and the Azolla host (Calvert et al. 1985).

The second mechanism occurs during sexual reproduction of Azolla. Here, cya-
nobionts are co-transmitted to the next generation of ferns by resting in a special 
chamber, the indusium chamber, of the female megasporocarps (Perkins and Peters 
1993). According to Becking (1987), the cyanobacteria enter this indusium cham-
ber by slipping in through a pore. Hence, it seems that in contrast to the vegetative 
propagation (where the process is facilitated by the trichomes), the cyanobacteria 
are not directly injected into the indusium chamber; instead (as described above), 
this mechanism is based on a means of attracting the cyanobionts. No HIFs have 
so far been identified in Azolla, but during sexual reproduction the cyanobiont 
forms hormogonia (Zheng et  al. 2009). There are also no data on what the 
attractant of Azolla is, but since hormogonia are attracted toward the sporocarp 
(Zheng et al. 2009), one has to exist. The holdout of the cyanobiont is the indusium 
that seems to be reached not by chemotaxis, but by sheer force of the growing and 
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maturing sporangium, which serves to push the cells to their final destination 
(Zheng et al. 2009).

Zheng et al. (2009) showed the presence of hormogonia during megasporocarp 
development using microscopy. Moreover, they demonstrated that the cyanobacte-
rial differentiation (including a hormogonia stage) is synchronized with the entire 
process of the megasporocarp development of Azolla. Indeed, work by Zheng et al. 
(2009) reveals that after the cyanobacterial inoculum has been successfully attracted 
to the chamber, the cyanobiont differentiates into akinetes, the resting spores of 
Nostocaceae (cf. e.g., Rippka et al. 1979). Interestingly, Zheng et al. (2009) showed 
formation of a biofilm with other bacteria that seemed to be induced during sexual 
reproduction of the fern. This led the authors to suggest that these additional bacte-
ria play a third part in Azolla’s unique symbiosis. This is in agreement with 
Papaefthimiou et al. (2008), who found that for leaf cavity extracts of some Azolla 
species, more than one 16S amplicon was visible in the DGGE gel, suggesting 
the presence of other bacteria; the presence of a plethora of bacteria was recently 
confirmed by Dijkhuizen et al. (2018). Additionally, a diversity of non-cyanobacterial 
bacteria has been found in sporocarps and leaf cavities of A. microphylla, with 
Bacillus cereus being a major isolate (Zheng et al. 2008).

2.3.2  Cross Talk in Symbiotic Nitrogen Fixation

Nitrogenase is an oxygen-sensitive enzyme (Haysted et  al. 1970). To allow for 
nitrogen fixation in bacteria, an oxygen-poor environment has to be achieved. This 
is achieved by different means in different symbiotic interactions, partly provided 
by the host and partly by the bacterium. All plant cyanobionts (and many of their 
free-living relatives) are capable of forming heterocysts (Tyagi 1975; Papaefthimiou 
et al. 2008). Heterocysts are morphologically and biochemically distinct from the 
remaining vegetative cells. Their thick cell walls prevent oxygen influx (Tyagi 
1975). Further, heterocysts are suggested to not carry out the photosynthetic reac-
tion of photosystem II (Donze et al. 1972), which would otherwise lead to high 
oxygen production. Cyanobionts tend to have high frequencies of heterocystous 
cells (Rai et al. 2000); in Azolla’s cyanobiont the heterocyst frequency is between 
18% and 30% (Hill 1975; Grilli Caiola et al. 1989). This is three to six times more 
than observed in their free-living relatives (Fay 1969), suggesting that heterocyst 
formation may be specifically induced during these symbioses.

The availability of sugar from the host is also known to trigger the cyanobiont 
to increase its rate of nitrogen fixation. Indeed, certain sugars (that are produced 
in the gland tissue of Gunnera) inhibit secondary hormogonia formation in 
Gunnera symbionts (Khamar et al. 2010). In N. azollae, the cyanobiont of Azolla, 
the amount of heterocysts is promoted by the presence of fructose, as is nitrogen 
fixation (Rozen et al. 1986). Cyanobiont surface sugars, interacting with sugar-
binding lectins of Azolla, have also been proposed to mediate adherence of cya-
nobionts in the leaf cavity (Kobiler et al. 1981). It is noteworthy though that the 
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studies by Rozen et al. (1986) and Kobiler et al. (1981) were done in a culture of 
the potential cyanobiont identified as Anabaena azollae. Later it became apparent 
that these cultures of Azolla cyanobionts are rather less strongly associated cya-
nobacteria and not the actual cyanobiont (cf. Adams et al. 2013). Despite this, 
analysis of a proteome from the cyanobiont (isolated directly from the Azolla 
cavity) showed that a potential hexose transporter is one of the most strongly 
expressed proteins in the Azolla cyanobacterial symbiont (Ekman et al. 2008). 
What is more, this transporter even shows enhanced levels compared to the 
cultured strain Nostoc PCC 73102 (Ekman et al. 2008). This points to sugars as 
a common signal for cyanobionts to induce heterocyst formation (independent of 
their type of association). Expression data on nitrogen symbiosis- associated 
factors generally tell the same tale: key genes in nitrogen fixation, such as the 
nitrogen regulator NtcA, a gene involved in heterocyst differentiation (hetR), or 
the nitrogenase reductase protein nifH, are upregulated in Nostoc sp. during 
infection of young Gunnera stem tissue (Wang et al. 2004). Likewise, the cyano-
biont of Azolla showed enhanced nifH and nifK protein abundance compared to 
the cultured Nostoc PCC 73102 (Ekman et  al. 2008). In addition to enhanced 
differentiation into heterocysts, the leaf cavities in which Azolla’s cyanobiont 
resides show a decreased concentration of oxygen (Grilli Caiola et  al. 1989), 
suggesting that some regulatory mechanism is present to deprive this extracellu-
lar but protected environment of the cyanobiont from oxygen.

Sugar is more than a signaling component of the host to communicate that the 
cyanobiont is supposed to differentiate heterocysts. It also seems to be important to 
provide a reductant for the nitrogenase. Studies have shown a strong upregulation of 
the oxidative pentose phosphate pathway in N. azollae (Azolla’s cyanobiont) (Rozen 
et al. 1986; Ekman et al. 2008). It is noteworthy that this pattern is not only true for 
the very intricate association of Azolla and N. azollae but also in other symbioses 
with nitrogen-fixing cyanobacteria: a Nostoc strain infecting Gunnera manicata 
was shown to upregulate 6-phoshogluconate dehydrogenase, a key enzyme of the 
oxidative pentose phosphate pathway, in heterocysts (Ekman et al. 2006).

Besides the host’s influence on committing the cyanobiont to nitrogen fixa-
tion, additional cross talk between the two partners must happen. Environmental 
factors such as temperature, light, or plant growth have an influence on the rate of 
nitrogen fixation (Hechler and Dawson 1995). In addition, availability of fixed 
nitrogen in the environment may impact the nitrogen fixation rate of Azolla’s 
cyanobiont. Other hosts, which do not inherit the nitrogen-fixing symbiont every 
generation, could modulate this by restricting access to nutrients to the symbiont 
(cf. Usher et al. 2007).

Azolla does not kill off its symbiont in the presence of available fixed nitrogen – 
if it did, their coevolution would have found a swift end. Yet somehow the host 
must react to such a strong environmental change. Indeed, treatment with NH4 and 
NO3 resulted in reduced nitrogen fixation rates (Hechler and Dawson 1995). 
Furthermore, NH4Cl reduced the expression of nifH at 10 days after continuous 
treatment (Brouwer et al. 2017). Additionally, pathogens allocate fixed nitrogen 
from the host to themselves (Horst et al. 2010). Hence, Azolla has to protect its 
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symbiotically acquired nitrogen from pathogens. Simultaneously, Azolla needs to 
fine-tune its defense responses against its pathogens such that the symbiont is 
not harmed. This and more details on the intimate relationship of Azolla and its 
symbiont will be discussed in the following subsection.

2.3.3  Communication and Dependency

Symbiont recruitment alone will not lead to a successful symbiosis. The host needs 
to further exert some control over the symbiont. In many cases, such coevolution 
resulted in infection of the host by the symbiont (Santi et al. 2013). This is a dif-
ficult balancing act. All bacterial symbionts, like any other bacteria, including 
pathogens, present microbial-associated molecular patterns (MAMPs) to their 
hosts. These include conserved molecules, or parts of these, such as flagellin or the 
peptidoglycan layer in the bacterial cell wall (Felix et al. 1999; Gust et al. 2007). 
These MAMPs induce a first layer of immunity to hinder infection of the plant by 
the microbes (Goméz-Goméz and Boller 2000; Gust et al. 2007). Hence there must 
be a mechanism by which the symbionts can evade the immune response.

In the interactions of rhizobia and legumes, one of the key factors is the secre-
tion of lipochitooligosaccharides (LCOs), molecules with a backbone similar to 
chitin (Lerouge et al. 1990; Schultze et al. 1992). These LCOs are recognized via 
membrane- spanning receptors that often, but not always, possess a kinase domain 
located in the cytoplasm, named receptor-like kinases (RLKs, Radutoiu et  al. 
2003; Fliegmann et al. 2013; Zipfel and Oldroyd 2017). RLKs operate as dimers 
and can also associate with those receptors that do not possess the kinase domain, 
extending their possible combinations even further (Radutoiu et  al. 2003; 
Fliegmann et al. 2016). The receptor domains of these RLKs constitute either of 
leucine-rich repeats or a sequence of three lysin motif domains, called LysM 
receptors (Madsen et  al. 2003; Petutschnig et  al. 2010; Fliegmann et  al. 2013). 
LCOs but also similar chemical compounds such as peptidoglycan and chitin are 
bound and recognized by LysM receptors (Petutschnig et  al. 2010; Fliegmann 
et  al. 2013; Zipfel and Oldroyd 2017). The different possible combinations of 
LysM interactions seem to be a critical point in distinguishing between these mol-
ecules and hence between symbiont and pathogen (Zipfel and Oldroyd 2017).

Symbiont or pathogen perception by receptors induces a signaling cascade. 
This signaling readily results in changes in phytohormone-associated pathways 
(Oldroyed and Downie 2008), of which one of the most prominent is auxin. 
Additionally, for example, Frankia strains are able to produce indole-3-acetic acid 
(IAA), an auxin (Berry et al. 1989; Perrine-Walker et al. 2010). This leads to local 
changes in auxin maxima at the site of infection (Perrine-Walker et  al. 2010). 
Likewise, in the rhizobium symbiosis with the legume Lotus japonicus, auxin 
transport is enhanced, and auxin was shown to accumulate in small nodule primor-
dia after LCO treatment (Pacios-Bras et  al. 2003). It was suggested that such 
enhanced auxin levels are associated with proliferating cortical cells (from which 
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nodule primordia arise) in the rhizobium-legume symbioses (Suzaki et al. 2012). 
Whether auxin is also involved in gland development in Gunnera and coralloid 
root development in cycads is not known. Yet, 83% of symbiotic cyanobacteria, 
among them a Nostoc isolate from Gunnera, are able to produce IAA (Sergeeva 
et al. 2002). Both endogenous and released IAA levels of this particular Nostoc 
isolate increased upon addition of tryptophan (Sergeeva et  al. 2002). Enhanced 
local auxin or IAA production seems to be a recurrent and important theme in 
most nitrogen-fixing symbiosis; whether enhanced cell division and cell enlarge-
ment in association with enhanced IAA levels play a role during any time in the 
life cycle of the Azolla symbiosis is however not known.

While under natural conditions Azolla is never without its cyanobionts, many 
studies have successfully removed the cyanobiont by applying harsh antibiotic 
treatment, mainly erythromycin (Forni et al. 1991; Schor-Fumbarov et al. 2005; 
Brouwer et al. 2017). Yet, once Azolla is completely devoid of cyanobionts, it can-
not be reinfected with cyanobacteria from the environment (highlighted, e.g., in 
Quispel 1991). Azolla plants with empty leaf cavities visibly experience stress 
(Schor-Fumbarov et al. 2005) and are dependent on externally supplied nitrogen 
for growth (Forni et al. 1991; Brouwer et al. 2017). These observations underpin 
the interwoven relationship of Azolla and its cyanobionts: that Azolla cannot be 
reinfected is explained by the fact that the cyanobiont has become an integral part 
of the plant. Azolla is beyond the stage where it attracts and communicates with its 
cyanobiont Nostoc azollae in the environment. The fact that Azolla’s cyanobionts 
are hardly cultivatable outside of the plant likely rests with the cyanobiont genome 
itself. Hence, in the next section, we will explore how coevolution and dependency 
has shaped the cyanobiont’s genome.

2.3.4  Reductive Evolution in the Cyanobiont of Azolla

Some of the best insights into how its obligate symbiotic lifestyle has shaped the 
cyanobiont were gained from its genome sequence obtained by Ran et al. in 2010. 
The authors found a high degree of genome erosion as evident by i) reduced num-
ber of protein- encoding genes, while the genome size was similar compared to 
other closely related cyanobacteria and ii) pseudogenization. Pseudogenization in 
two DNA repair enzyme-encoding genes (recD and alkA, Ran et  al. 2010) has 
probably served to increase the rate of erosion of this genome by reducing the 
symbiont’s ability to repair mutations. Additionally, the DNA replication initiator 
dnaA-encoding gene and other genes involved in DNA replication are also good 
examples, as their pseudogenization suggests that the Azolla cyanobiont may have 
problems with replication and growth (Ran et al. 2010). The authors hypothesized 
that due to these occurrences, Azolla is able to control its symbionts’ growth. 
Among other molecular mechanisms, pseudogenization also impacts glycolysis, 
as well as phosphate and nitrate uptake (Ran et al. 2010). The latter is interesting, 
because (as mentioned above) treatment with fixed nitrogen reduces nitrogen 
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fixation rates (Hechler and Dawson 1995). This further supports the hypothesis 
that the host is communicating with its cyanobiont and can influence its nitrogen 
fixation. Moreover, the genome analyses of Ran et al. (2010) point to the use of the 
oxidative pentose phosphate pathway as a source of energy metabolism. The entire 
nif gene operon remains intact (Ran et al. 2010), yet some portion of the nifH pro-
tein was suggested to be nonfunctional due to a posttranslational protein modifica-
tion (Eckman et al. 2008). What this protein modification means for the symbiosis 
with Azolla is not clear. All in all, the entire genome points to a streamlining 
towards nitrogen fixation and photosynthate import by the cyanobiont.

2.4  Azolla’s Potential for Agriculture and Science

2.4.1  Azolla Grows Like a Weed!

Azolla has a remarkable growth rate – it can double its biomass within just 2 days 
(Peters et al. 1980; Wagner 1997). Indeed, Azolla’s growth rate is even documented 
by earth’s geochemistry. Arctic Ocean sediments from the Eocene (approximately 
50 my old) contain up to 300,000 Azolla remains (mainly from the spores) per 
gram of dry sediment (Brinkhuis et al. 2006). These (Azolla-based) inferences not 
only highlight that there seem to have been (episodic) freshwater conditions in the 
Arctic basin but also Azolla’s phenomenal growth rate. Even today, “green tides” 
of Azolla can be observed, e.g., outlined by Carrapiço (2010), who vividly 
described an Azolla bloom in the Guadiana River in Portugal in 1993. Azolla’s 
growth rate leads to a high rate of biomass production, which has found its useful 
applications in, for example, agriculture.

Azolla is a classical fertilizer that has been used in rice fields for thousands of 
years (Shi and Hall 1988; Wagner 1997). Its application can lead to more than a 
200% increase in yield (reviewed in Wagner 1997). Furthermore, Azolla has been 
used as fodder, for example, for pigs (Leterme et al. 2009) and fish (Abou et al. 
2007). Given the agricultural potential Azolla bears, Brouwer et  al. (2014) 
embarked upon the task to laying the groundwork for its domestication. This was 
further substantiated in Brouwer et al. (2017), where experiments to evaluate the 
biomass yield that can be obtained in a continuously harvested system were per-
formed. The authors found that Azolla can be a reliably harvested as a high-protein 
biomass crop. In addition to making it suitable for agricultural applications, its fast 
growth rate makes Azolla an attractive laboratory system.

2.4.2  The Azolla Nuclear Genome

Extant vascular plants are deeply split in two lineages: the lycophytes and the 
euphyllophytes. The euphyllophytes consist of the ferns and seed plants (to which 
gymnosperms, such as conifers, and angiosperms, the flowering plants, belong). 
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These phylogenetic patterns are long-standing (e.g., Pryer et al. 2001) and have 
been further supported by recent large-scale phylogenomic analyses (Wickett et al. 
2014). Ferns are hence essential for our understanding of euphyllophyte evolution. 
Despite their important phylogenetic position, fern molecular biology has been 
vastly understudied. Indeed, as of yet, there is only one lycophyte genome 
sequenced  – that of Selaginella moellendorffii (Banks et  al. 2011)  – and not a 
single fern genome. But things are about to change. There are several sequencing 
projects aimed at a broader coverage of land plants and their algal relatives, the 
streptophyte algae (Delwiche 2016; Sessa and Der 2016; Rensing 2017). These 
projects include fern genomes.

Ferns have among the largest known genomes of all land plants (Bennett and 
Leitch 2001; Leitch et al. 2005; Sessa et al. 2014). For example, some homospo-
rous ferns have genomes averaging around 10 gigabases in size (Leitch et al. 2005; 
Sessa et  al. 2014); hence they are often larger than the human genome (cf. 
International Human Genome Sequence Consortium 2001; cf. Venter et al. 2001). 
Indeed, very recent data by Hidalgo et al. (2017) suggest that the fern Tmesipteris 
obliqua has a genome of similar size as the current record holder in plant genome 
sizes, Paris japonica, which has an estimated genome of 150 Gbp (Pellicer et al. 
2010). While the cost of sequencing drops from year to year and new and improved 
sequencing techniques appear at mind-boggling speed, sequencing of such enor-
mous genomes is (at the moment) still a herculean task. Fortunately, A. filiculoides 
with its roughly 750 Mbp (cf. Li and Pryer 2014) ranks among the ferns with the 
smallest known genomes. The only fern that has a significantly smaller genome is 
another Salviniales, the (namegiving) Salvinia with a genome of 250 Mbp (Li 
et al. 2016; see also Clark et al. 2016). But this does not mean that only these small 
heterosporous ferns are being sequenced. The homosporous fern Ceratopteris is 
currently being sequenced, too, and its genome is ~11 Gbp in size (Wolf et  al. 
2015; Sessa and Der 2016). Genomic insights into fern biology will enrich our 
understanding of multiple key vascular plant characters. In the next section, we 
explore how Azolla has been used as a tool for understanding plant evolution.

2.4.3  Azolla Is a Promising System for Plant Evo-devo

Ceratopteris richardii is one of the best-studied ferns in terms of molecular biology. 
After Pteridium aquilinum (Der et al. 2011), it was among the first ferns for which 
RNAseq data have been generated (Bushart et al. 2013). Moreover, it is the only 
fern for which there are stable transformation protocols (Plackett et al. 2014). There 
have been some key insights into fern biology using C. richardii as a model system. 
These include, for example, the finding that abscisic acid (ABA) signaling plays a 
key role in fern sex determination (McAdam et al. 2016), early development, and 
fern spore germination (Salmi et al. 2005). Research on Azolla is catching up.

In 2014, Brouwer et  al. generated the first large-scale sequencing data on A. 
filiculoides. The conditions for establishing Azolla as a model system for the lab 
could not be better. Foremost among them is the aforementioned growth rate;  
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experiments using hundreds of Azolla plants can be carried using a negligible amount 
of resources (including space; Fig. 2.1a). Azolla can be cultivated under controlled 
conditions using the well-established IRRI medium (Watanabe et al. 1992), and its 
entire life cycle can be completed under laboratory and greenhouse conditions. 
Furthermore, Brouwer et  al. (2014) showed that in  vitro fertilization of Azolla 
megaspores occurs at a decent success rate of up to 27%. This means that controlled 
crossing experiments with Azolla are feasible. Brouwer et al. (2014) went further and 
assessed possible strategies for preserving spores. They found that spores were viable 
after months of storage at −80 °C. In summary, Azolla is an easy-to-rear lab system 
that can be subjected to crossing experiments and has storable germplasm.

Despite being a floating fern, the sporophyte of Azolla has roots. Azolla’s roots 
arise at the nodes from which the ventral and dorsal leaves emerge. This highlights 
“primary homorhizy,” the growth pattern that shapes the roots of not only Azolla but 
ferns in general (Goebel 1930). What this means is that ferns form a root system that 
is mainly post-embryogenic and characterized by secondarily emerging roots 
(Schneider 2013). This is a stark contrast to root development of angiosperms. 
Regardless of whether the root system is characterized by a dominating taproot 
(allorhizy; e.g., in Arabidopsis or carrot) or fibrous roots ([secondary] homorhizy; 
e.g., in rice), they have a permanent primary root that is formed during embryogen-
esis. Ferns lack such a permanent embryonic root (Schneider 2013). The reason for 
this likely is found with their embryo development.

The embryos of angiosperms are bipolar. This bipolar arrangement is achieved 
by a concentration gradient of key developmental regulators such as auxin (facili-
tated by positioning of the PIN auxin efflux carrier proteins; Friml et  al. 2003; 
Petrasek and Friml 2009). This bipolar arrangement early establishes the root apical 
meristem that will form the primary embryonic root – a process again mediated by 
auxin (Friml et al. 2002; Blilou et al. 2005; Schlereth et al. 2010). Ferns however do 
not form such a bipolar embryo, although the molecular mechanisms underpinning 
fern embryo development have not been studied. It is, however, very likely that they 
will also involve auxin and PIN proteins, which have radiated in ferns independent 
of angiosperms (Bennett et al. 2014a; Bennett 2015). The involvement of auxin in 
fern root development however warrants attention.

In Arabidopsis roots, auxin accumulates in the root tip and is necessary for activ-
ity of the root apical meristem (Petrasek and Friml 2009; Petricka et  al. 2012). 
Another phytohormone, cytokinin, restricts this meristematic zone along the longi-
tudinal axis of the root by promoting differentiation (Dello-Ioio et al. 2007). The 
two phythormones are hence acting antagonistically in establishing the size of the 
meristematic zone: auxin promotes the size of the meristematic zone while cytoki-
nin restricts it (Dello Ioio et al. 2007). This pattern largely holds true for exoge-
nously applied auxin and cytokinin (cf. Dello Ioio et al. 2007) – very high exogenous 
auxin can have a slight inhibitory effect on root meristem size (Růžička et al. 2009). 
The roots of Azolla, however, respond very differently to exogenous application of 
these two classical phytohormones: auxin reduced the size of the Azolla root meri-
stematic zone while cytokinin promoted it (de Vries et al. 2016a). Sequencing of 
mRNAs collected from the tips of Azolla roots that have been exposed to exogenous 
auxin and cytokinin shows that the differential responses are likely governed by a 
chassis of protein cell wall modifiers (de Vries et al. 2016a).
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The different responses of the Azolla root toward auxin raise questions about the 
role of auxin in fern root development as in contrast to Arabidopsis. Are fern roots 
very different from those of other euphyllophytes? What does this mean for the 
evolutionary origin of the euphyllophyte root? The aforementioned insights gained 
from studying the response of the Azolla root toward these key phytohormones sup-
port the idea that the root apical meristem evolved from a shoot apical meristem (cf. 
Jiang and Feldman 2005; de Vries et al. 2016a; Harrison 2017), as development of 
the latter is known to be promoted by cytokinin (Kurakawa et al. 2007). Comparative 
analyses between molecular mechanisms that underpin primary and secondary 
homorhizy as well as detailed analyses of the fern embryo are bound to provide 
more comprehensive answers to these outstanding questions. Fortunately, the 
RNAseq data included large parts of the canonical auxin and cytokinin signaling 
pathways (de Vries et al. 2016a), and future studies – hopefully soon aided by a 
genome sequence  – can now thoroughly dissect these pathways to gain further 
insights into molecular developmental biology of ferns. In summary, Azolla has 
been proven to be a suitable system for evo-devo studies.

2.4.4  Evolution of Phytohormone Signaling as an Example 
for Azolla’s Potential for Plant Evolutionary Studies

Although auxin is best known for its role in plant development (Box 2.1), it plays a 
key role during symbioses with cyanobacteria and other nitrogen-fixing symbionts. 
This leads to the question how plants like Azolla, which participate in nitrogen- 
fixing symbioses, balance the level of this hormone without harming either its sym-
bioses or its development. For auxin, we know that many aspects of plant 
development are regulated based upon the creation of local auxin maxima or gradi-
ents (Bennett et al. 2014b). But this question is also valid for other plant hormones, 
for example, those required for defense responses against microbial pathogens. We 
have already touched upon the similarities between pathogens and symbionts and 
how plants may distinguish between them. But what if a pathogen occurs in parallel 
with a symbiont? Defense responses toxic to microbial pathogen may also be toxic 
to a symbiont. Given that Azolla is unable to grow without its cyanobiont in the 
absence of fixed nitrogen (Brouwer et al. 2017), the loss of its cyanobiont would be 
detrimental. How does Azolla protect its resources that should be allocated to its 
symbiont or the fixed nitrogen from the symbiont from pathogens? Fine-tuning 
mechanisms likely involve spatiotemporal regulation of phytohormone levels. Here 
we briefly discuss which phytohormones may be present in Azolla and how these 
could conceivably influence the symbiosis with its cyanobiont.

Some phytohormones are most closely associated with plant growth and devel-
opment, while others are more associated with defense responses and biotic stress. 
All of their signaling pathways are, however, integrated with each other (Robert- 
Seilaniantz et al. 2011; Berens et al. 2017, Box 2.1). What this means is that these 
phytohormones do not act in a binary fashion. Phytohormone action is a matter of 
fine-tuning the levels of a phytohormone present as well as their interaction in the 
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phytohormone signaling networks. For example, JA signaling alone is required for 
defense against herbivores, while the integration of JA and ET is required to trigger 
defense responses against necrotrophic pathogens (i.e., pathogens that actively 
induce plant cell death; Lorenzo et al. 2003; Glazebrook 2005). Another example is 
ABA, which funnels into the JA and SA signaling pathway. It was found to nega-
tively regulate systemic acquired resistance via the SA signaling pathway in 
Arabidopsis thaliana (Yasuda et al. 2008) and to negatively regulate both SA and JA 
during defense responses against a nematode parasite of rice (Nahar et al. 2012).

Phytohormone regulatory networks are at the heart of various plant functions. 
The nine best-studied phytohormones (Box 2.1) are mainly explored in angiosperms. 
This warrants attention, as not all plant lineages possess all of these nine hormones. 
Some biosynthesis and signaling pathways have evolved earlier in plant evolution 
than others (Han 2017). Therefore, different networks are presumably present in the 
different plant lineages. Auxin and CK are ancient. Their biosynthesis and down-
stream signaling machineries were found in streptophyte algae (Hori et al. 2014; Ju 
et al. 2015). IAA, an auxin derivative, is produced by streptophyte algae (Hori et al. 
2014; Beilby et  al. 2015), which are the closest algal relatives to land plants 
(Delwiche and Cooper, 2015; de Vries et al. 2016b; de Vries and Archibald, 2018). 
To find the antagonism somewhat inverted in terms of root development in Azolla 
(de Vries et al. 2016a) is a good example of why we need to broaden the range of 
physiological investigations.

ABA, JA, SA, and ET have been measured in various streptophyte algae (Beilby 
et al. 2015; Ju et al. 2015). Further, streptophyte algae have the genetic tools for 
using the phenylpropanoid pathway (de Vries et al. 2017), which some plants use as 
alternative route for SA production (Chen et al. 2009). With the exception of the JA 
pathway, homologs of most of the signaling components downstream of these hor-
mones can be found as early on as streptophyte algae (Hori et al. 2014). Theoretically, 
all four of these plant hormones should also exist in Azolla. Despite being present 
early in plant evolution, current data suggests that the JA and SA antagonism evolved 
after the split of gymnosperms and angiosperms (Kozlowski et al. 1999; Arnerup 
et al. 2013). Additionally, JA seems to have been lost several times during evolution. 
The model moss Physcomitrella patens does not produce JA, but only a closely 
related derivative (Stumpe et al. 2010). In agreement with this observation, Záveská 
Drábková et al. (2015) showed that within the bryophytes JA concentrations fluctu-
ate very strongly. The lycophyte Selaginella moellendorffii was recently shown to 
possess the JA biosynthesis pathway and synthesize measurable levels of the hor-
mone (Pratiwi et al. 2017). This makes ferns a possible “missing link” in terms of JA/
SA evolution. Analyses of published Azolla RNAseq data show that most of the 
biosynthesis, signal transduction, and downstream pathways of both JA and SA are 
present in A. filiculoides (de Vries et al. 2018). However, the data also suggest that 
the fern responds only to SA (de Vries et al. 2018).

SL induces branching of arbuscular mycorrhizal fungi, which is critical for the 
colonization of host plants (Akiyama et al. 2005). These symbioses are as old as 
land plants themselves, suggesting that they may be a crucial driver of 
 terrestrialization (Redecker et al. 2000). There is no direct evidence of how ancient 
SL is, but its importance in mycorrhizal symbioses suggests that it may be produced 
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by streptophyte algae. In agreement with this, signaling components of the SL path-
way can also be found in some streptophyte algae (cf. Hori et al. 2014). Hence SL 
may also be present in Azolla.

GAs seem to not be as old as auxin, CK, ABA, SA, JA, ET, and SL. While genes 
relevant for GA perception and signaling were found in P. patens and S. moellen-
dorffii, only the homologs of S. moellendorffii GA receptors were able to bind to GA 
(Hirano et al. 2007). Further, Hirano et al. (2007) showed that S. moellendorffii can 
produce GAs. Lycophytes evolved before ferns, and hence GAs should be produced 
by Azolla. Homologs of many components of the BR perception and signaling are 
present in streptophyte algae, P. patens and S. moellendorffii, although only angio-
sperms seem to have the entire perception module (Wang et al. 2015; cf. Ju et al. 
2015). These results hence suggest that at least some components for BR perception 
and signaling are present, but whether Azolla produces or is able to sense BRs is not 
known. It is, however, noteworthy that the pteridophyte Equisetum arvense L. was 
shown to produce BRs (Takatsuto et al. 1990), suggesting an alternative BR percep-
tion mechanism outside of the angiosperms.

Pathogens, like plants, require fixed nitrogen. They, therefore, try to exploit  
the plant not only for the photosynthates that were originally allocated for the 
symbiont but also for the fixed nitrogen (Horst et al. 2010) the symbiont produces 
for them. While sometimes higher nitrogen levels can also improve resistance 
against pathogens, infection success of other pathogens is reduced with lower 
amounts of fixed nitrogen (Hoffland et al. 2000). Hence this association highly 
depends on the plant- pathogen interactions. Interestingly, in Azolla, application of 
the defense-associated hormone SA reduces nifE expression (de Vries et al. 2018), 
thus directly impacting nitrogen fixation. Interestingly, SA signaling is highly 
regulated by nitric oxide (Tada et al. 2008; Lindermayr et al. 2010). It seems that 
SA not only regulates fixed nitrogen availability via a direct or indirect route (de 
Vries et al. 2018), but that NO is also a regulator of SA signaling (Tada et al. 2008; 
Lindermayr et al. 2010).

In summary, Azolla is an interesting case for studying phytohormone action. 
Every alteration in Azolla’s physiology is bound to have a great impact on the cya-
nobiont. The cyanobionts’ nitrogen fixation rate, for example, is highly sensible to 
drought, because reduced humidity leads to a drop in the fixation rate (Hechler and 
Dawson 1995). The stress hormone ABA could therefore be of vital importance to 

Box 2.1: A Snapshot of Phytohormones
The major plant hormones are auxin, cytokinin (CK), abscisic acid (ABA), 
gibberellin (GA), brassinosteroids (BR), ethylene (ET), strigolactones (SL), 
salicylic acid (SA), and jasmonic acid (JA). Auxin – probably the most stud-
ied plant growth factor – functions in plant development, from plant embryo 
development to the development of roots and shoots (Petrášek and Friml 
2009). CK can act as its antagonist (cf. Bishopp et al. 2011), and that seems 
to apply to some aspects of Azolla’s development, too (de Vries et al. 2016a). 

(continued)
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regulate drought and other abiotic stresses to act against a loss in fixed nitrogen. 
Azolla ought to be a very instructive case for understanding the integration of a 
permanent symbiont into plant molecular physiology.
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Chapter 3
Meristems of Seedless Vascular Plants: 
The State of the Art

Alicja Dolzblasz, Elżbieta Myśkow, and Edyta M. Gola

3.1  Introduction

The indeterminate growth and proper development of a plant are ensured by the 
continuous activity of specific groups of undifferentiated, dividing, and potentially 
immortal stem cells. They perpetuate organ growth and simultaneously maintain 
their meristematic condition. Depending on their location in the plant and morpho-
logical characteristics, meristems are generally categorized as (i) apical meristems, 
when located at the tips of axial organs; (ii) lateral meristems, when forming the 
inner cylinder parallel to the stem surface; and (iii) intercalary meristems, when 
meristematic cells are separated from the apical meristem by mature tissues (Evert 
2006). Because of the significance of these structures for proper plant function, it is 
increasingly necessary to study representatives of all major clades of vascular 
plants, specifically in the context of the evolutionary origins and developmental 
regulation. The shoot and root apical meristems (SAM and RAM) of the model 
angiosperm plant Arabidopsis thaliana are the best known and most intensively 
studied. Data on the function of meristems in seedless vascular plants are however 
scarce, scattered, and refer mostly to structural aspects and, on the molecular level, 
to the sequence homologies, where these are available.

Seedless vascular plants (SVPs) is a non-taxonomic name for a heterogeneous 
group of early-diverged vascular plants containing lycophytes (Lycopodiopsida), 
a sister lineage to all other vascular plants, and ferns (Polypodiopsida). Extant 
lycophytes are represented by three clades: clubmosses (Lycopodiales), quillworts 
(Isoëtales), and spikemosses (Selaginellales), whereas ferns include horsetails 
(subclass Equisetidae), ophioglossid ferns (Ophioglossidae) with whisk ferns 
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(Psilotales), marattioid ferns (Marattiidae), and leptosporangiate ferns (Polypodiidae) 
(PPG I 2016).

Since the nineteenth century, the meristem structure in ferns and fern allies has 
been the subject of intensive study; the first descriptions of shoot and root apical 
meristems come from these early days (e.g., Nägeli 1846; Bower 1889, 1923; 
Farmer 1890). Traditionally, fern apical meristems have been recognized as having 
a distinct pyramidal apical cell (AC), which is the main source of all cells in the 
meristem and, thus, the entire plant body. An alternative organization of the apical 
meristems, with a group of morphologically similar initial cells instead of the single 
AC, has been described in the Isoëtales and Lycopodiales (Farmer 1890; Härtel 
1937) as well as in some ophioglossid and marattioid ferns (Bower 1889, 1923; 
references in Popham 1951; Ogura 1972; Philipson 1990). In addition, because of 
specific growth of the Isoëtes corm, the vascular cambium in this genus has been 
described as an exceptional example of a secondary meristem in extant SVPs 
(Stokey 1909; West and Takeda 1915; Stewart 1947). Currently, the traditional 
description of the meristems in SVPs is generally accepted, and the data obtained 
with use of modern techniques of visualization and improved tools to analyze the 
meristem structure at the cellular and subcellular levels have not substantially 
changed it. In-depth analysis of the data concerning meristem development and 
activity in a particular genus is still not fully available, and sometimes confusing or 
even contradictory details occur. Recently, new data has been published for 
Ceratopteris and Selaginella as representatives of these genera have been selected 
as model organisms in evolutionary developmental research, but other groups are 
barely studied. We summarize in this review the data on meristem organization and 
its genetic regulation in all groups of the SVPs.

3.2  Shoot Apical Meristem (SAM) Structure

3.2.1  Ferns (Polypodiopsida)

In the majority of ferns, regardless of their taxonomic position (basal vs. advanced 
taxa), the structure of the SAM is still recognized as relating to the presence and 
activity of a single apical cell (AC). The AC is usually large and morphologically 
distinct from other meristematic cells. Mostly, it is of an inverted-pyramidal shape 
with the triangular or rectangular base directed toward the outside. The best-known 
example of such a tetrahedral AC is the SAM of horsetails (Golub and Wetmore 
1948a, b; Gifford and Kurth 1983; Gifford and Foster 1989; Evert 2006); and it has 
also been exhaustively documented for numerous genera and species of the lepto-
sporangiate ferns (Hirsch and Kaplan 1974; Lucansky and White 1976; Bierhorst 
1977; Hébant-Mauri 1975, 1977, 1984, 1990, 1993; Hébant-Mauri and Veillon 
1989; Imaichi 1980, 1982, 1988, 2008; White and Turner 1995).
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Interestingly, in several fern species, for example, in Platycerium alcicorne, 
Pteridium aquilinum, Polypodium vulgare, and water ferns (Salviniaceae and 
Azollaceae), instead of the typical tetrahedral AC, the AC is wedge-like or lenticular- 
shaped (Bower 1889; Campbell 1893; Ogura 1972; Foster and Gifford 1974; White 
and Turner 1995). In Salvinia, a lenticular AC with two alternating cutting faces has 
been visualized in confocal microscope (CLSM). The precise and regular sequence 
of its divisions and fixed fates of derivative segments are undoubtedly related to the 
dorsiventral symmetry of shoots and exemplify the specialization and adaptation to 
the environment (Croxdale 1978, 1979; Lemon and Posluszny 1997). The interrela-
tionship of the lenticular shape and the dorsiventral symmetry of organs have also 
been suggested for some rhizomatous fern species; however, detailed structural 
analyses confirmed the presence of the typical tetrahedral AC with the regular seg-
mentation pattern as in Microgramma (Hirsch and Kaplan 1974), Trichomanes 
(Hébant-Mauri 1984), Lomogramma (Hébant-Mauri and Gay 1993), Hypolepis, 
and Histiopteris (Imaichi 1980, 1982). In addition, the question of the AC shape is 
still more complicated as it can ontogenetically change from wedge-shaped in 
young plants to the typical pyramidal AC in adults as in Polypodium vulgare (Ogura 
1972) and Pteridium aquilinum (Dasanayake 1960).

Regardless of the shape, the AC undergoes regular divisions, cutting off deriva-
tive cells (segments, merophytes) precisely along the sidewalls. There are no divi-
sions parallel to the external wall; thus, the typical tetrahedral AC has three cutting 
faces giving rise to spirally arranged segments, either clockwise or counterclock-
wise when viewed from the top; and the lenticular AC has only two alternating 
planes of division. Subsequent divisions within each merophyte are according to the 
stable species-dependent sequence and result in a segmentation pattern of the whole 
apex. When the apex is convex and relatively tall, e.g., as in the textbook SAM of 
horsetails (Bierhorst 1959; Gifford and Kurth 1983) and Ceratopteris thelypteris 
(Hébant-Mauri 1977, 1993), the AC is pronounced and only few segments are trace-
able; when the meristem is relatively flat, more segments can be traced, although 
their inner borders demarking stelar tissue and the AC itself are less evident. Instead, 
the superficial layer of large anticlinally elongated so-called prismatic cells becomes 
more visible at the meristem as in Trichomanes, Cardiomanes (Hébant-Mauri 1984, 
1993), Microgramma (Hirsch and Kaplan 1974), and Filicales (Bierhorst 1977). As 
prismatic cells are formed in each newly formed merophyte due to uneven periclinal 
divisions, they surround the AC, which becomes almost indiscernible. Formation of 
the prismatic cell layer is probably why the single AC becomes obscure at the meri-
stem of ophioglossid ferns (Bower 1923; Bhambie and Madan 1980). Detailed stud-
ies on the meristem structure in the genus Botrychium demonstrated, however, that 
the SAM changes upon development and a single AC is present at the apex (Imaichi 
and Nishida 1986; Imaichi 1989; Stevenson 1976a, c), at least in young plants.

This view on the SAM structure and especially on the role of the AC was chal-
lenged in the 1970s and 1980s, when intensified research on the meristem structure 
in plants, especially in angiosperms, prompted researchers to compare fern meri-
stems with those in seed plants. Subsequent extensive studies on AC activity, poten-
tial polyploidy, segmentation pattern, and histogenesis within the apex covered a 
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wide range of fern species. The proposed histological zonation of fern SAMs was 
similar to that in seed plants with the following zones: the surface (initial) layer, 
containing the AC and prismatic cells; small subsurface cells, which give rise to 
procambial (stelar) tissue with more-or-less identifiable pith; and the peripheral 
zone where the initiation of leaf primordia takes place (e.g., in Botrychium, 
Dennstaedtia (Stevenson 1976b, c), and Matteuccia (Ma and Steeves 1994, 1995). 
However, developmental analyses proved that both the cell-lineage-dependent 
segmentation pattern and the cytological properties of derivative cells, their further 
divisions, and differentiation are integral parts of the proper functioning of the 
meristem (White and Turner 1995).

3.2.2  Lycophytes

In lycophytes, the SAM structure differs between orders. In the Selaginellales, the 
SAM organization is most widely recognized as related to the activity of a single 
AC (e.g., S. willdenowii, S. martensii, S. rupestris, and S. apoda; Barclay 1931; 
Dengler 1983; Jacobs 1988; Schulz et al. 2010), although two functioning apical 
cells (S. grandis, S. wallichii, S. kraussiana; Wand 1914) or a layer of initial cells (S. 
oregana, S. uncinata, S. lyallii, S. willdenowii; Wand 1914; Popham 1951 and refer-
ences therein; Cusick 1953; Ogura 1972) have also been reported. Similar to that in 
ferns, the AC shape shows interspecific diversity. Typically, they are either lenticu-
lar or wedge-shaped with two planes of division (e.g., in S. kraussiana, S. umbrosa) 
or pyramidal with three to (occasionally) five cutting faces (e.g., in S. martensii and 
S. apoda; Wand 1914; Popham 1951; Ogura 1972; Dengler 1983; Jacobs 1988; 
Philipson 1990; Schulz et  al. 2010). In addition, their shape can differ between 
shoots of the same plant, dependent on the age and size of the dichotomous branch, 
e.g., in Selaginella martensii (Wand 1914; Popham 1951; Dengler 1983; Lu and 
Jernstedt 2005).

This variability in the number and shape of the functioning AC is inconsistent 
even in the most current literature data. For instance, the SAM organization in the 
intensively studied species S. kraussiana remains disputable. Using CLSM, Jones 
and Drinnan (2009) demonstrated the presence of one AC with two cutting faces. 
This finding is contradictory to that of Harrison et al. (2007) who, based on clonal 
analysis of the mutagenized shoots (with albino sectors), inferred the presence of 
two ACs at the meristem. Furthermore, the latter authors argued that based on the 
apex geometry this arrangement is more probable (Harrison and Langdale 2010). 
However, the SAM structure in Selaginella appears quite changeable during the 
ontogeny due to frequent dichotomous divisions of the apex. Geometric changes of 
the apex both prior to and during the division, as well as the selection of the new 
initials for each meristem of twin dichotomous branches, significantly affect the 
meristem structure. Even given a single AC, which in other Selaginella species has 
been proven to be short-lived (Lu and Jernstedt 2005), it undergoes the segmenta-
tion prior to dichotomous division, giving rise to a pool of meristematic cells 
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that are larger, anticlinally elongated, and of transient rectangular shape in frontal 
longitudinal view.

In the order Isoëtales, in both extant genera Isoëtes and Stylites, one, two, or 
several functioning ACs have been mentioned (e.g., reviewed in Popham 1951, 
Paolillo 1963 and Philipson 1990). The single AC of lenticular or tetrahedral shape 
is found, if at all, in young plants (e.g., in I. lacustris; Scott and Hill 1900), and 
further ontogenetic changes of the SAM result in the presence of a group of undis-
tinguishable meristematic cells (Farmer 1890; Scott and Hill 1900; Paolillo 1963). 
The group of initial cells can also be found throughout the plant life, even in sporel-
ings, of I. japonica, I. hystrix, I. velata, and I. taiwanensis (West and Takeda 1915; 
Chiang 1976).

In Lycopodiales, the meristem contains a group of superficial multiple initial 
cells throughout the entire life of the plant (Härtel 1937; Wetmore and Smith 1942; 
Freeberg and Wetmore 1967; Stevenson 1976a; Gola and Jernstedt 2011). Generally, 
current authors do not distinguish a single AC in the meristems of lycopods, although 
such records were mentioned in the early literature of the subject (Treub 1886 after 
Popham 1951). The initial cells are indistinguishable based on morphology from the 
remaining meristematic cells (Härtel 1937; Wetmore and Smith 1942; Freeberg and 
Wetmore 1967; Stevenson 1976a), but it is possible to identify them and infer their 
function based on the position at the meristem and divisional behavior. Based on 
clonal analysis, four superficial impermanent initial cells were described to function 
at the SAM. Before the dichotomous division, their number significantly increases 
forming a pool of meristematic cells, from which new initial cells for both meri-
stems of twin branches are selected (Gola and Jernstedt 2011). The histological 
zonation of lycopod meristems has also been related to that of the seed plants. These 
studies showed the presence of distinct zones of superficial and subsuperficial ini-
tials, with the rib meristem, the source of procambial tissue, formed below these, 
and a peripheral organogenic zone (Stevenson 1976a).

Interestingly, in an evolutionarily distinct and independently diverged clade of 
lycophytes, structural solutions for the SAM organization show much higher diver-
sity and variability than in ferns or seed plants, posing questions about the develop-
mental and/or evolutionary origin of this structural diversification. Perhaps one of 
the driving factors is the mode of shoot branching, which in all lycophytes is dichot-
omous. A meristem with multiple initial cells, as in lycopods, appears beneficial for 
dichotomous branching. In apices with a single AC, this process requires the initia-
tion of new ACs for both twin branches by the segmentation of the original AC and/
or additional formative divisions in the derivative merophyte (Gola 2014). When 
two initials function at the apex, twin branches are formed in each of two sagittal 
sectors generated by them as in S. kraussiana (Harrison et al. 2007). In either case, 
the new extra initial cells must be initiated upon the meristem split. Conversely, in 
ferns terminal dichotomous branching is rarely described (Hagemann and Schultz  
1978; Lygodium, Mueller 1982). Mostly, branching is acrogenous or related to the 
formation of non-axillary phyllogenous or cauline buds, for which the ACs are 
formed on a regular basis and traceable early within the segmented apex (e.g., 
Bierhorst 1977; Hébant-Mauri 1993; White and Turner 1995). Therefore, it seems 
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likely that meristem structures preserved and fixed in ferns and diversified in lyco-
phytes are two examples of different adaptation and specialization to the dominant 
form of growth.

The question of which meristem structure, with a single AC or multiple initial 
cells, is ancestral is discussed in the literature (Imaichi 2008; Tomescu 2011). The 
view that the ancestral structure is a single AC is based primarily on the similarities 
to the bryophyte meristem structure and is supported by the lack of the single 
AC-based meristem in advanced lineages of seed plants. Conversely, the structure 
of SAM with numerous initial cells is considered as an advanced feature based on 
its convergence to that in gymnosperms. Lycophytes are the first group of extant 
vascular plants, which experimented with the meristem organization, and each 
structural solution was then adapted and tuned either in ferns or seed plants. 
Unfortunately, based on available fossil data, it is difficult to conclude which struc-
ture was first in the plant phylogeny (compare Tomescu 2011).

3.3  Root Apical Meristem (RAM) Structure

Root emergence was probably an independent innovation in the phylogeny of 
lycophytes and ferns (Pires and Dolan 2012). In addition, in both groups, the primary 
embryonic root is formed laterally in respect to the primary SAM and is only short- 
lived. In adult plants, roots are adventitious and originated endogenously close to 
the apex or in relation to leaves. Regardless of RAM origin, its organization, with a 
single AC or multiple initial cells, is generally similar to that of their SAM.

3.3.1  Ferns

In ferns, RAM is primarily based on the activity of the single AC, usually tetrahe-
dral in shape, but in contrast to that in the SAM it cuts off segments parallel to all 
the walls. The base of the pyramid is externally oriented, and the derivative cell 
cut off parallel to it gives rise to the root cap. The AC and its derivatives undergo 
divisions according to a fixed sequence, giving rise to particular tissues of the root, 
which have been shown for different species of ferns, e.g., Azolla (Gunning et al. 
1978; Nitayangkura et  al. 1980), Equisetum (Gifford and Kurth 1982; Gifford 
1993), Asplenium (Gifford 1991), and Ceratopteris (Hou and Hill 2002, 2004). The 
segmentation of the RAM is even more pronounced than the SAM as here the lateral 
organs (roots) are formed endogenously below the root apex and do not disturb the 
regularity of segments, while in the SAM there is intensive organogenesis within the 
apex itself. The same pattern is also observed during the formation of the lateral 
roots. The ACs of lateral roots are endogenously initiated due to the fixed sequence 
of divisions, from a single endodermal cell (most leptosporangiate ferns, e.g., 
Marsilea, Lin and Raghavan 1991; Ceratopteris, Hou and Hill 2002, 2004; 
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Adiantum, and Pteris, Chiang and Chou 1974) or below it, in the pericycle, if it 
consists of more than one cell layer (e.g., Osmunda and Angiopteris, Chiang and 
Chou 1974).

In contrast to the typical one-AC-based structure of the RAM, multiple initial 
cells have been reported in the roots of Osmunda regalis. Although initially one AC 
is present, the rate of its divisions reduces in older plants and the single AC becomes 
obscure. Similarly, multiple initial cells have been reported in RAMs of the families 
Osmundaceae and Marattiaceae (Bower 1923; Bhambie and Rao 1972; Freeberg 
and Gifford 1984; Ogura 1972).

3.3.2  Lycophytes

The organization of the RAM in lycophytes is highly diversified and typically 
related to the presence of a group of initial cells. In lycopods, roots are initiated in 
the cortex and/or in the stele below the apex and run in the cortex through the stem 
before emerging to the surface. Meristematic cells are similar to each other and 
show a tendency to form layers in a genus-dependent manner (Fujinami et al. 2017). 
In Lycopodium and Diphasiastrum, one group of unstratified initial cells is present, 
whereas in the genera Lycopodiella and Huperzia, three discrete meristematic tiers 
are specified for the root cap, for the protoderm, and for the ground tissue and stele 
(Fujinami et al. 2017). In Isoëtes, two separate layers were selected – the outermost 
one for the root cap and the epidermis and the internal one for the root cortex and 
stelar tissue (Paolillo 1963; Yi and Kato 2001); this seems to be slightly exaggerated 
as the most recent data suggest the presence of an unstratified group of meristematic 
cells forming the root meristem in this genus (Fujinami et al. 2017).

The RAM structure in the third order of the extant lycophytes, the Selaginellales, 
is more complicated as roots are initiated at the tips of specific root-bearing organs 
(rhizophores); thus, discussion of rhizophores and roots is given separately below.

3.3.3  Selaginella: Rhizophore and Root Apical Meristems 
and the Angle Meristem

Rhizophores are leafless cylindrical axes with the emerging roots at their tips, 
unique to the genus Selaginella. Due to combined shoot and root characteristics, the 
identity of rhizophores was widely disputed and historically interpreted as (i) trans-
formed shoots (Schoute 1938), (ii) roots in the aerial phase of their development 
(Webster and Steeves 1964, 1967; Webster 1992), or (iii) distinctive organs, char-
acteristic of Selaginella, with no homologies to any other structures of extant vas-
cular plants (Imaichi and Kato 1989, 1991; Imaichi 2008; Otręba and Gola 2011). 
The first, marginal, interpretation was supported by the developmental plasticity of 
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rhizophores, which, as well as typically being the root-bearing organs, have the 
potential to develop as leafy shoots (Schoute 1938) when the hormonal balance is 
changed (compare e.g., Imaichi and Kato 1989, 1991; Webster 1992; Jernstedt et al. 
1992, 1994). The other interpretations were much more intensively discussed, with 
the structure and ontogenetic changes of the rhizophore/root apex decisive in both 
viewpoints. Rhizophores develop in the branching point of the dichotomizing shoot, 
where another meristem characteristic exclusive to Selaginella, i.e., the angle meri-
stem, is located (Webster 1969, 1992; Jernstedt et al. 1992, 1994). The angle meri-
stem is defined as a meristematic residue (detached meristem), which remains 
temporarily dormant between twin branches after dichotomous division of the shoot 
apex. One meristematic cell within the angle meristem undergoes a formative divi-
sion, giving rise to a single tetrahedral AC with three cutting faces, typical of the 
SAM, whose further divisions cause the outgrowth of the rhizophore. Rhizophores, 
with preserved AC, can remain unbranched or divide dichotomously several times 
depending on the species, always continuing the same organization of resultant rhi-
zophore apices and the manner of the AC divisions (Imaichi and Kato 1989, 1991; 
Jernstedt et  al. 1992, 1994; Lu and Jernstedt 1996; Otręba and Gola 2011). 
Ultimately, at the rhizophore tips, the root primordia are formed; however, the manner 
of the initiation of root ACs caused discrepancies in the interpretation of the rhizo-
phore identity. Researchers questioned whether the functioning tetrahedral AC 
changes the division pattern to cut off an additional segment for a root cap parallel 
to the pyramid base. In such case, the same AC functions throughout the organ 
development, and the entire rhizophore-root system is a developmental continuum; 
thus, the rhizophore should be interpreted only as an aerial phase of root development 
(Webster and Steeves 1964, 1967; Webster 1992). The alternative interpretation 
states that the initiation of ACs for root primordia is independent and starts after the 
segmentation and disappearance of the original rhizophore AC. The sequence of 
developmental events leading to the root primordia formation was documented in 
detail in several Selaginella species, proving the structural and functional distinc-
tiveness of rhizophores and roots; thus, the currently accepted interpretation is that 
the rhizophores are the unique axial organs incomparable to roots or shoots of 
vascular plants (Imaichi and Kato 1989, 1991; Lu and Jernstedt 1996; Imaichi 2008; 
Otręba and Gola 2011). Furthermore, the results of more recent molecular analyses, 
which will be presented later, support this (Kawai et al. 2010).

3.4  Intercalary Meristems

Apart from the apical meristems, plant growth, especially the elongation of axial 
organs, can be related to the activity of the intercalary meristems (IM). The best- 
known intercalary meristems occur in monocots, and only rarely are present in 
dicotyledonous plants (Evert 2006). In SVPs, the intercalary meristems are rare and 
usually found only in relation to specific organs or growth forms. The most studied 
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was the IM in the genus Equisetum, characterized by noticeable internodes in the 
aerial shoots (Golub and Wetmore 1948a, b; French 1984; Vasco et al. 2013). Within 
the distinctly segmented SAM of horsetails, the precursors of the IM are deter-
mined already during the initiation of the third node and the internode below it. The 
cell, which will give rise to the internode, divides transversely, with the basal deriv-
ative cell being the incipient IM. Repeated transverse divisions of this founder cell 
produce a pile of short derivatives, which elongation starts from the first formed 
(basal) cells, leading to the rapid growth of the entire internode and thus plant. 
Simultaneously with differentiation of the IM cells in the fifth or sixth internode, 
successive intercalary meristems develop in the internodes above (Golub and 
Wetmore 1948a, b). On the other hand, in rhizomes two different patterns of inter-
node development can occur: with a normal IM (subgenus Hippochaetae) or with 
an uninterrupted meristem, non-disjunctive to the apical meristem (subgenus 
Equisetum; French 1984).

The presence of IM was also shown in the distal part of the rachis, just below the 
sporangial zone of the fertile spike, and in the sterile part of the frond of Ophioglossum 
petiolatum (Peterson and Cutter 1969; Vasco et al. 2013).

The IM is also the driving force for the growth of rhizophores of Selaginella 
kraussiana, and an adaptation for rapid delivery of roots to the soil, as the ACs of 
root primordia have initially only limited divisional activity. This meristem devel-
ops below both root primordia partly from their cells and partly from the cells of the 
rhizophore. The mixed origin and obscure disjunction from the RAM (by meriste-
matic cells of different fixed fate) result in the specificity of the intercalary meristem 
in Selaginella rhizophore (Otręba and Gola 2011).

3.5  Lateral Meristems: Vascular Cambium and Phellogen

In the extant plants, there are two types of lateral meristems, the vascular cambium 
and the phellogen (cork cambium), the activity of which results in the secondary 
thickening of the stem. These meristems are typically related to the woody pheno-
type, increasing mechanical properties and plants’ diameter. Both meristems are 
formed inside the plant, at the surface parallel to the stem circumference. Typically, 
their initial cells divide parallel to the stem surface (periclinally) giving daughter 
cells both inward and outward; thus, these meristems are called bidirectional or 
bifacial. Periclinal divisions of the cambial initials produce secondary phloem out-
side and secondary xylem inside, whereas phellogen gives rise to the phellem (cork) 
and phelloderm, respectively (Evert 2006).

Although lateral meristems were present in many representatives of extinct lyco-
phytes and ferns, among extant SVPs their presence is reported only exceptionally, 
in Isoëtes and Botrychium/Botrypus. As data is scattered and often contradictory, 
detailed descriptions of both cases will be given below.
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3.5.1  Isoëtes

 Vascular Cambium

Isoëtes is a perennial plant with a relatively short axis called “corm” divided into 
two parts: the upper with the SAM located in the small depression and giving rise to 
the leaves and the lower with numerous spirally arranged roots (Stewart 1947; 
Bhambie 1963; Paolillo 1963; Karrfalt and Eggert 1977b, 1978; Yi and Kato 2001). 
The central part of the corm is filled with the primary xylem composed of tracheids 
and parenchyma, with scarce irregularly arranged elements of primary phloem 
located outside of them (Paolillo 1963; Yang et al. 1975; Chiang 1976; Kruatrachue 
and Evert 1977; Chiang and Chen 1986); however, the presence of the latter tissue 
was also negated (Stokey 1909).

The thickening of the corm is derived from the activity of the cambium, consist-
ing of initial cells organized in two- or three-celled radial files (Yang et al. 1975; 
Chiang 1976; Kruatrachue and Evert 1977; Yi and Kato 2001). All cambial cells are 
similar in shape (Yang et al. 1975), thus in Isoëtes, two distinct types of cambial 
initials (fusiform and ray initials), which typically occur in seed plants (Evert 2006), 
are not distinguished. The mechanism of cambium function and characteristics of 
the secondary tissues produced are differently interpreted. According to some 
authors (Stokey 1909; Yang et al. 1975; Chiang 1976; Chiang and Chen 1986), in 
Isoëtes cambium is one bifacial vascular meristem dividing periclinally and giving 
rise to the inner prismatic layer (secondary vascular tissue) and the outer secondary 
parenchymatic cortex. Other authors suggest that the cambium is composed of two 
parts, the lateral meristem (corresponding structurally and functionally to the 
earlier- mentioned cambium) and the basal meristem, producing secondary xylem 
inside of the stem and root-bearing tissue outside (Paolillo 1963; Kruatrachue and 
Evert 1977; Yi and Kato 2001). The unity and continuity of both parts are evidenced 
in the central part of the corm and are additionally proved by the ability of cells to 
transform from one part of the meristem to another (Yi and Kato 2001).

Due to divisions of the lateral meristem, the inner prismatic layer and the outer 
secondary cortex are formed. The secondary cortex is composed of thin-walled 
parenchyma cells with abundant starch grains, and importantly, the phloem cells 
expected on this side of (typical) cambium have never been detected here. The 
thickness of the secondary cortex increases seasonally, but its external parts are 
sloughed off (Stokey 1909; Kruatrachue and Evert 1977). The identity of the cells 
in the prismatic layer is more controversial. Its location at the inner side of the cam-
bium suggests that these cells should have characteristics of secondary xylem; 
accordingly, xylem parenchyma cells and tracheids were recognized here (Stokey 
1909). Currently, the inner secondary tissues are accepted to contain the secondary 
phloem and parenchyma cells. Interestingly, the formation of the secondary xylem 
on this side can be delayed or even lacking depending on the species and the corm 
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age (Paolillo 1963; Kruatrachue and Evert 1977; Chiang and Chen 1986). In addi-
tion, since Isoëtes is an aquatic plant, the presence of the secondary xylem may be 
redundant for the proper plant functioning (Chiang and Chen 1986). The reason 
why the secondary vascular tissues are deposited only inward despite the presence 
of the bifacial cambium remains unsolved.

The basal meristem, interpreted as a functionally separate part of the cambium, 
forms a ribbonlike structure in the lower part of the Isoëtes corm and is a root- 
producing or root-bearing meristem (Paolillo 1963; Kruatrachue and Evert 1977; Yi 
and Kato 2001). The initial cells of this meristem form radial files of two or three 
cells, similar to those in the lateral meristem. They also divide periclinally produc-
ing derivative cells to both sides (bifacial meristem): parenchyma cells and tra-
cheids inside and cortical cells outside, increasing the thickness of the corm 
(Kruatrachue and Evert 1977; Yi and Kato 2001). These similarities to and continu-
ity with the lateral meristem led to the basal meristem being considered as a second-
ary meristem (Paolillo 1963; Kruatrachue and Evert 1977). Importantly, due to 
divisions of the cortical cells generated by the basal meristem, the primordia of 
adventitious roots are formed (Yi and Kato 2001). The continuous organogenic 
activity of the basal meristem, leading to the repetitive formation of roots, was com-
parable to that of the SAM indicating that the basal meristem is a primary meristem 
(Stewart 1947; Karrfalt and Eggert 1977a, 1978; Karrfalt 1982). Consequently, the 
xylem and parenchyma cells produced inward by this meristem should be inter-
preted as primary tissues (Chiang 1976). Currently, the basal meristem is assumed 
to be a distinct, unique, unparalleled meristem, characteristic only of Isoëtes due to 
its mixed primary (branching, organ formation) and secondary (corm thickening, 
bifacial activity) characteristics (Yi and Kato 2001).

The origin of vascular meristem is also disputable; with two hypotheses ini-
tially postulated to explain its development (reviewed in Paolillo 1963). The first 
suggests that the procambium is located outside of the primary xylem as the 
founder tissue (Scott and Hill 1900), as in conifers and dicotyledonous trees (Evert 
2006), whereas in the second the vascular cambium originates from the paren-
chyma cells located outside of the primary phloem (Stokey 1909; Lang 1915; West 
and Takeda 1915). Currently, it is assumed that the vascular cambium originates 
from the procambial cells, which are atypically located outside of the primary 
phloem (Paolillo 1963; Yang et al. 1975; Chiang 1976). In addition, although the 
lateral and basal meristems are functionally bifacial, derivative cells of both vas-
cular types are formed only inward. Furthermore, the lateral meristem is continu-
ous with the basal meristem (Yi and Kato 2001). Therefore, regarding all these 
issues and what we know now about the vascular cambium development and activ-
ity in different plant groups, in Isoëtes neither the basal nor the lateral meristem 
are the true vascular cambium. So-called vascular cambium in Isoëtes is a specific 
meristem incomparable to any other meristem in lycophytes (Stewart 1947) and 
plants in general.
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 Phellogen and the Secondary Protective Tissue (Periderm)

Data on the secondary covering tissue formation and morphology in Isöetes are 
extremely scarce and affected by interpretation of the nature of lateral and basal 
meristems. As mentioned above, the outermost parts of the secondary cortex are 
sloughed off every year (Stokey 1909; Kruatrachue and Evert 1977). Beneath these 
layers, the corm is covered by dead cells with suberized cell walls, forming the 
corky layers (West and Takeda 1915; Paolillo 1963; Kruatrachue and Evert 1977). 
Due to the controversial secondary nature of the cortex, it is unclear whether this 
corky layer is a primary or secondary protective tissue, especially as proliferative 
divisions of the cells in the primary cortex can also form the secondary cortex 
(Karrfalt 1982).

3.5.2  Botrychium/Botrypus

Botrychium and Botrypus are the other genera in which the presence of cambium 
was reported, although its activity ceases after several years, when all the cambial 
initials transform to the parenchymatous cells (Lee and Soh 1995). Also in the case 
of Botrychium/Botrypus, cambium features are differently regarded. This cam-
bium was considered as unifacial, producing exclusively the secondary xylem to 
the inside of the stem (Stevenson 1980), or as bifacial with the secondary xylem 
deposited toward the center and only parenchymatous cells to the outside. 
Furthermore, its structure is characterized by uniseriate, or sometimes biseriate, 
rays (Takahashi and Kato 1988). However, several developmental peculiarities 
have caused the identity of this vascular meristem to be challenged (Rothwell and 
Karrfalt 2008). The continuous cylinder of cambium originates before the first 
vascular elements of protoxylem and protophloem undergo differentiation, and 
metaxylem elements and secondary phloem are not formed in these genera at all 
(Stevenson 1980; Takahashi and Kato 1988). This indicates that there is no devel-
opmental continuity of successive phases (these should be proto- and metaxylem 
and phloem, followed by the secondary tissues). In addition, the formation of the 
continuous cylinder of vascular meristem and the presence of rays are not obliga-
tory markers of the cambium, and they can emerge even in the functioning procam-
bium (Evert 2006; Myśkow 2010). Based on these features, the vascular meristem 
in Botrychium/Botrypus should be interpreted throughout as the primary (procam-
bium) and not the secondary (cambium) meristem (Rothwell and Karrfalt 2008). 
The only feature related to the activity of the secondary meristem is the formation 
of radial rows of the cells in the cortex. This characteristic phenotype is related to 
the phellogen activity, which gives rise to the cork cells and phelloderm (Rothwell 
and Karrfalt 2008).
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3.6  Maintenance of the Meristem Identity

Molecular genetic studies are important to properly understand organism structure 
and development. In plant research, molecular mechanisms accompanying various 
processes were mostly investigated in a model organism, a representative of angio-
sperms, Arabidopsis thaliana. Conversely, SVP lineages have been little studied at 
the molecular level, and most recent research is focused on and discussed only 
from the evolutionary perspective. Limiting factors of research advancement were 
the lack of full sequences of nuclear genomes, none for fern species (Barker and 
Wolf 2010), and only one available for a lycophyte (Selaginella moellendorffii; 
Banks et al. 2011), and the lack of the efficient reliable protocols for stable trans-
formation. Importantly, in Ceratopteris richardii, there are promising preliminary 
studies presenting transformation protocols (Plackett et al. 2014, 2015b), and the 
sequencing of whole nuclear genome is anticipated. Unfortunately, development 
of a transformation protocol is still incomplete in Selaginella, and, in addition, 
although S. moellendorffii has been sequenced, it neither has yet been extensively 
used in molecular biology nor sufficiently developmentally characterized. Instead, 
S. kraussiana has been the object of several studies despite not yet being sequenced 
(Korall and Kenrick 2002; Harrison et al. 2005, 2007; Durantini 2009). In addition, 
SVPs encompass not only spikemosses (Selaginella) and leptosporangiate ferns 
(e.g., C. richardii), which are studied at the gene level, but thousands of genera and 
species, which are neglected in terms of molecular studies.

The central focus of developmentally oriented studies are the stem-cell-bearing 
shoot and root apical meristems, which maintain the complex signaling network and 
ensure indeterminate plant growth and development. Most research concerning 
genetic regulation of meristem activity in SVPs is derivative of knowledge already 
available for more studied plants, mostly Arabidopsis, and thus was initially con-
centrated on the search for key regulators from the best-known gene families. Due 
to insufficient methodological options, their probable functional relevance was 
assessed based on limited resources, typically by comparison of gene sequences and 
expression patterns, often accompanied by far-reaching interpretations and specula-
tions. This is currently often supplemented by ectopic expression or complementa-
tion studies performed in the model angiosperm plant A. thaliana, as transgenic 
SVPs are not yet created routinely and, thus, it lacks a native context. Below we 
present two examples where the orthologous genes from two different families of 
HD (homeodomain) transcription factors (TFs), knotted-related homeobox (KNOX) 
genes and WUS/WOX5 from Wuschel-related homeobox (WOX), which are key reg-
ulators of apical meristem maintenance in Arabidopsis, were identified and prelimi-
narily functionally characterized in Ceratopteris and Selaginella (for broader 
discussion, see Plackett et al. 2015a).
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3.6.1  KNOX Family

The KNOX genes are a class of HD TFs found in all green plant lineages. In mono-
cots and eudicots, the KNOX family is divided into two subclasses (Kerstetter et al. 
1994; Mukherjee et al. 2009): class I expressed in overlapping domains within the 
SAMs (Hake et al. 2004; Jackson et al. 1994) and class II showing diverse expres-
sion patterns (Zhong et al. 2008). Members of class I are important regulators of 
SAM development in angiosperms. For example, KNOTTED1 (KN1) activity in 
maize and related protein SHOOT MERISTEMLESS (STM) in Arabidopsis are 
required to prevent pluripotent cells from differentiation; thus, stm and kn1 mutants 
fail to establish and maintain a SAM (Smith et al. 1992; Long et al. 1996; Vollbrecht 
et al. 2000).

The Arabidopsis genome contains four class I KNOX gene expressions of which 
in specific domains maintains the activity of the SAM, its lateral organs, and stem 
boundaries. The first KNOX gene expressed during early embryogenesis is STM, 
which expression marks the whole indeterminate SAM (Long et  al. 1996). The 
established boundary between KNOX-expressing and non-expressing cells enables 
proper lateral organ development (Hake et al. 2004). Collectively called ARP pro-
teins (the name comes from ASYMMETRIC LEAVES1 (AS1) in Arabidopsis, 
ROUGH SHEATH2 (RS2) in maize, and PHANTASTICA (PHA) in snapdragon) in 
various plant species are expressed in a mutually distinct domain to that of KNOX 
proteins, distinguishing leaf founder cells from the meristematic cells, and repress 
KNOX expression during leaf development (e.g., see a review by Hay and Tsiantis 
2010).

In lycophytes, two class I (SkKNOX1 and SkKNOX2) and one class II (SkKNOX3) 
KNOX genes were found in S. kraussiana. Interestingly, in situ hybridization experi-
ments have shown that both SkKNOX1 and SkKNOX2 genes were expressed respec-
tively in the shoot apices, in the area directly beneath the large apparent AC, and in 
internodal regions and were not detected in the leaf primordia, resembling that of 
the class I KNOX genes in seed plant apices (Harrison et al. 2005). Interestingly, a 
recent study by Frank et al. (2015) has shown the presence of a class I KNOX gene 
also in the AC of S. moellendorffii. In S. kraussiana (and S. viticulosa), a single ARP 
gene (SkARP1) was found to be expressed in leaf primordia, stem vasculature, leaf 
traces, but also in the meristem. Using a heterologous system, SkARP1 was able to 
repress KNOX gene expression in Arabidopsis and thus is a functional equivalent to 
AS1. In Selaginella, ARP seems to disallow KNOX expression in microphylls and 
some parts of the stem, but KNOX genes seem not to repress ARP in the meristem. 
It is thus speculated that leaf development is regulated similarly in S. kraussiana 
and euphyllophytes and that the presence of ARP in the Selaginella meristem facili-
tates dichotomous division (bifurcation) by repressing SkKNOX at the midline of 
the apex (Harrison et al. 2005). Nonetheless, the exact mechanisms leading to the 
leaf initiation and the SAM dynamic regulation are yet to be determined, as there 
seem to be significant differences to evolutionarily younger plants.
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In addition, aside from the shoot apical region, the expression of the class I 
SuKNOX gene, homolog found and analyzed in S. uncinata, was detected in a rhi-
zophore of Selaginella, where it was found in the outer layer around the apex and 
weakly in vascular bundles, but not in root tips (Kawai et  al. 2010). As already 
described, the identity of the rhizophore is controversial, assumed as either the aer-
ial or stemlike root (Webster and Steeves 1964, 1967; Webster 1992). The expres-
sion of SuKNOX provided the first molecular evidence that the rhizophore has 
developmental mechanisms different from the roots, supporting the rhizophore con-
cept as a unique organ type (Imaichi and Kato 1989, 1991; Lu and Jernstedt 1996; 
Kawai et al. 2010).

In the fern Ceratopteris richardii, three KNOX genes (two class I and one class 
II) were characterized. Both class I KNOX genes were expressed, as assessed with 
in situ hybridization, not only in the shoot AC but also in leaf primordia, marginal 
parts of the leaves, and vascular bundles. Such an expression pattern resembles that 
of class I KNOX genes in angiosperms with compound leaves (Sano et al. 2005). 
Interestingly, the expression of KNOX in leaf primordia, in addition to SAM, was 
also observed in other fern species: Osmunda regalis (Harrison et  al. 2005) and 
Anogramma chaeophylla (Bharathan et al. 2002). Ectopic overexpression of fern 
KNOX in Arabidopsis resulted in plant phenotypes similar to that of overexpressing 
seed plant class I KNOX genes. Thus, it is speculated that class I KNOX genes may 
function similarly during meristem development in seed plants and ferns, but until 
the relevant mutants of ferns are obtained, the exact gene function will not be 
resolved. Interestingly, the data suggest that the sporophyte and gametophyte meri-
stems of seedless plants are not regulated by the same molecular mechanisms. This 
conclusion was drawn from studies with a fern C. richardii and a model moss spe-
cies Physcomitrella patens. Class I KNOX genes from both species seem not to be 
required for the development of the gametophyte (Sano et al. 2005; Sakakibara et al. 
2008). Nevertheless, studies on P. patens suggest that PpKNOX genes do not regu-
late the same as in Arabidopsis hormone pathways; the target genes diverge although 
the biochemical activity is retained (Sakakibara et al. 2008).

This example also highlights the potential pitfalls of interpreting gene transfer 
experiments across very distant lineages. Genetic tools for the studied organisms 
are required to properly assess endogenous gene function, to avoid misinterpreta-
tions drawn from different developmental context. Studies to identify KNOX target 
genes in evolutionarily older plants will enable the investigation of the native con-
text and degree of divergence and conservation of the KNOX pathway and to deci-
pher how this relates to morphological transitions during land plant evolution (for 
more see Hay and Tsiantis 2010).
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3.6.2  WOX Family

WOX genes can be divided into three clades by the time of their appearance in plant 
phylogeny: an ancient clade (WOX13, WOX14) and two derived clades, WUS/mod-
ern (WUS and WOX1–7) and WOX9/intermediate (WOX8, WOX9, WOX11, WOX12) 
(Haecker et  al. 2004; van der Graaff et  al. 2009); the names of the clades vary 
depending on the publication. With the exception of the HD common to all WOX 
family members, other unique motifs are shared only within a clade (e.g., Deveaux 
et al. 2008; van der Graaff et al. 2009; Lian et al. 2014). In Arabidopsis, WUS, a 
founding member of that family, and its close homolog WOX5 are expressed in the 
organizing center (OC) of the SAM and the quiescent center (QC) of the RAM, 
respectively, where they are essential for stem-cell maintenance. The WOX family 
proteins, almost exclusively of the WUS clade, were shown to prevent cell differen-
tiation and therefore determinate cell fate in various meristems of Arabidopsis: 
WUS in the shoot and floral meristems, WOX1 and WOX3 in the leaf marginal and 
plate meristems, WOX4 in the vascular cambium, and WOX5 in the RAM. Due to 
the WUS clade relevance for meristem development, that family was selected for 
experimental examination in SVPs. Based on the HD structure, unicellular green 
algae and the earliest land plants such as mosses cluster into a single ancestral 
orthologous group: WOX13. Lycophyte representatives, including S. moellendorf-
fii, aside from the WOX13-like genes, also possess potential genes from WOX9-like 
clade; and gymnosperms and angiosperms additionally possess the genes from the 
WUS-like clade. The number of WOX family genes increased substantially with the 
emergence of the vascular plant lineages. Five WOX genes have so far been identi-
fied in the incomplete genome sequence of the fern C. richardii; it is likely that 
more are present in the full genome. It has been suggested that the meristem’s com-
plexity and the organization of plant stem cells in various niches have significantly 
changed during the evolution of the vascular plants. This might have been enabled 
by WOX gene family evolution from ancient to WOX9-like, and to WUS clade, with 
strong expansion and diversification of WUS clade members in gymnosperms and 
angiosperms (Haecker et al. 2004; Mukherjee et al. 2009; van der Graaff et al. 2009; 
Lian et al. 2014; Zeng et al. 2015; Ge et al. 2016).

WOX genes have been identified and phylogenetically analyzed in both S. moel-
lendorffii (Mukherjee et al. 2009; Lian et al. 2014) and S. kraussiana (Harrison et al. 
2005, 2007; Ge et al. 2016). S. kraussiana was shown to possess at least five ancient 
clade WOX genes, SkWOX13A–E, and three WOX genes that do not group with the 
others. One non-WOX13-like gene was typical of the WOX9 clade (SkWOX11C), 
and two transitional between the ancient and WOX9 clades (SkWOX11A, B) seemed 
specific to lycophytes and vascular plants in general (Ge et al. 2016). The S. kraussi-
ana genome does not encode WUS clade genes (Nardmann and Werr 2012; Ge et al. 
2016). Ge et  al. (2016) also analyzed the expression pattern of the eight genes 
(SkWOX13A–E and SkWOX11A–C) in microphylls, shoot tips, rhizophore tips, and 
stems of S. kraussiana. The only preferentially expressed gene was SkWOX13B, 
which was linked to the rhizophore tip. The remaining genes could be detected in all 
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four tissues analyzed, though the expression levels varied: SkWOX13A and 
SkWOX11A were barely expressed, SkWOX13D was expressed at low level, and 
SkWOX13C, SkWOX13E, SkWOX11B, and SkWOX11C showed a relatively high 
expression level (Ge et  al. 2016). These data suggested that each of the SkWOX 
genes may play specific roles in different tissues. To distinguish their specific 
expression patterns, it seems important however to analyze other structures, diverse 
ontogenetic stages, and/or growth conditions. In addition, experiments showing 
spatial regulation of their expression using in situ hybridization instead of RNAseq/
qRT-PCR are needed to assess these genes’ relevance in particular tissues for more 
adequate functional interpretations. Interestingly, the expression pattern for three 
WOX genes in S. moellendorffii and S. kraussiana was assessed by in situ hybridiza-
tion in a PhD dissertation (Durantini 2009). In addition, Frank et al. (2015) have 
lately shown, also by in situ hybridization, that one of the WOX genes is expressed 
in the core domain and primordia of the shoot apex. Nevertheless, a comprehensive 
analysis of the whole family members is lacking.

The fern C. richardii was found to have WOX genes not only from ancient and 
WOX9 clades but interestingly also one WUS-like (CrWUL) gene, which grouped 
with the WUS lineage, and possessed a canonical WUS box, the characteristic motif 
of the WUS clade and an EAR motif also found in WUS/WOX5. The CrWUS gene 
was shown to be related to the meristematic tissues, as it was transcribed in the 
whole root tip (Nardmann and Werr 2012). In Arabidopsis, the stem-cell factors 
WUS and WOX5 establish respectively the shoot and root apical stem-cell niche 
(Mayer et al. 1998; Schoof et al. 2000; Sarkar et al. 2007), for which cell-to-cell 
movement is essential (Yadav et al. 2011; Pi et al. 2015). In addition, WOX5 and 
WUS are functionally interchangeable (Sarkar et al. 2007), and most of the WUS 
clade genes can functionally substitute for WUS, when expressed in the OC 
(Dolzblasz et  al. 2016). Zhang et  al. (2017) studied the functional potential of 
CrWUL gene in the evolutionary context. The fern CrWUL has a much longer pro-
tein sequence than the WUS/WOX5 proteins of seed plants, and thus was immobile, 
which prevented it from complementing Arabidopsis wus-1 and wox5 mutants’ 
defects, when expressed from WUS and WOX5 promoters (Zhang et  al. 2017). 
Importantly, CrWUL can perform stem-cell-related functions in Arabidopsis (as 
WUS/WOX5 in SAM/RAM, respectively), when expressed in a broader domain 
encompassing not only OC/QC but also the adjacent stem cells or when a truncated 
version expressed in OC/QC was able to migrate into the L1 and L2 layers and to 
the columella, respectively. In both cases, wus-1 and wox5 defects in Arabidopsis 
were complemented (Zhang et al. 2017). The results suggest that the shoot/root api-
cal stem-cell maintenance activity of the WUS-like gene was present in the common 
ancestor of ferns and seed plants and was independent of intercellular protein mobil-
ity. This new feature was gained after the split of the fern lineage, when the WUS/
WOX5 predecessor became shorter, which seems crucial for stem-cell maintenance 
in flowering plants. Mitotic activity of the single AC in the root meristem and 
broader expression of CrWUL in the whole root tip (in contrast to QC of seed 
plants) suggest a cell-autonomous action of this gene in the regulation of meriste-
matic potential (Nardmann and Werr 2012; Zhang et al. 2017). Beyond an inability 
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for intercellular movement, CrWUL may still behave differently from seed plant 
WUS, as its broader expression in the SAM in Arabidopsis (from the CLV3 pro-
moter) did not cause the enlargement of the meristem with increased stem-cell pop-
ulation, as Arabidopsis WUS gene does (Brand et al. 2002; Yadav et al. 2010; Zhang 
et al. 2017).

Moss WOX genes (PpWOX13Ls) have been shown to play a role in apical stem- 
cell formation and regeneration (Mukherjee et  al. 2009; Sakakibara et  al. 2014). 
Thus, although the WOX13 lineage seems to have no function in apical stem-cell 
maintenance in flowering plants, it is highly probable that some genes of that clade 
in SVPs, despite not being sequentially similar to the WUS clade genes of evolu-
tionarily younger plants, might also perform stem-cell-related function. Progress in 
developing molecular techniques in SVPs will hopefully enable future 
investigations.

Interpretations of gene function based on such limited data must be taken cau-
tiously. Gene homologs, selected based on their function in stem-cell regulation in 
Arabidopsis, are usually members of a larger family, which underwent sub- and 
neofunctionalization; thus, the direct comparison of possible functions between 
Arabidopsis and SVPs can be misleading. In addition, the apices of lycophytes and 
ferns depend on apical initial function, whereas that of more studied angiosperms 
are layered, with multiple initials, and maintain a stem-cell population (Evert 2006). 
It is tempting to speculate that, with growing interest of the scientific community in 
SVPs like Selaginella and Ceratopteris, advances in experimental techniques will 
occur and enable more in-detail functional characterization of genes.

3.7  Mechanisms Protecting the Meristem Identity

The significance of the meristems for proper plant growth and development is indis-
putable, posing the question of how their genetic information is protected against 
potential mutations during DNA synthesis in successive cell cycles. It is especially 
important in meristems with a single initial cell (so-called structural meristems), 
such as in the majority of SVPs, as any change in the genetic information of the AC 
is passed to all derivative cells and may possibly affect the development of the entire 
organism (Klekowski and Kazarinova-Fukshansky 1984). A particularly interesting 
strategy for preferential inheritance and transfer of the template DNA strand has 
been described for Marsilea (Kuligowski-Andrés 1975a, b; Kuligowski-Andrés and 
Tourte 1978). During successive divisions, the original template DNA always 
remains in the AC, whereas the DNA molecule synthesized based on the comple-
mentary strand is passed to the derivative cell. This preferential maintenance of one 
DNA strand is related to the establishment of the AC in the embryo and is retained 
throughout the meristem life (Kuligowski-Andrés 1975a, b).

An alternative mechanism for protecting the genetic information is the imperma-
nency of the initial cells, postulated for the stochastic meristems (with multiple 
initials). In such meristems, unaffected cells may be selected from the pool of 
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 existing meristematic cells, preventing the uncontrolled passing of the mutational 
changes (Klekowski and Kazarinova-Fukshansky 1984; Ruth et al. 1985; Zagórska- 
Marek and Turzańska 2000). Importantly, initial cell replacement has been docu-
mented in the SAM of the lycopod Huperzia, which structurally resemble those of 
gymnosperms. Here, four initial cells typically function at the meristem surface, 
though they are transient and can be shifted from the apex center, losing their func-
tion. Concurrently, new meristematic cells at the apex take over their initial role. 
Recurrent dichotomous divisions additionally affect the geometry of the apex and 
the number of functioning initial cells facilitating their regular replacements (Gola 
and Jernstedt 2011). Interestingly, even meristems classified as structural demon-
strate the potential to behave as stochastic meristems upon dichotomous division. 
Formation of new meristems for both twin apices during dichotomy requires de 
novo initiation and/or selection of additional (new) ACs; thus, the meristem bifurca-
tion indirectly forces the replacement of functioning initial cells. This process of 
recurrent initiation and selection of new ACs has been shown, e.g., during the 
branching of the rhizophore/root complex in Selaginella (Imaichi and Kato 1989, 
1991; Otręba and Gola 2011).

Formation of new potential ACs within the functioning meristem can occur on a 
regular basis during ontogeny as in rhizomes of the whisk fern Psilotum nudum 
(Takiguchi et al. 1997). Here, apart from the single functioning typical AC, numer-
ous new ACs are regularly initiated in successive merophytes. Consequently, a pool 
of potential initial cells, temporarily dormant, is constantly available at the meri-
stem surface, although the authors stated that their selection and activation are not 
comparable to those in stochastic meristems nor have to be related to mechanical 
damage of the AC (Takiguchi et al. 1997). However, regardless of whether the selec-
tion of additional ACs in Psilotum is the strategy to maintain meristem integrity, it 
still leads to the exchange of functioning initial cells and, when viewed from the 
organismal perspective, to protection of the genet (regardless of the ramets’ fates).

In all fern taxa, the regular formation of the leaves at the apex is related to the 
repeated initiation of the apical cells, which will initiate the growth of leaf primor-
dia (compare, e.g., White and Turner 1995; Imaichi 2008; Vasco et  al. 2013). 
Interestingly, experimental studies on Osmunda and Dryopteris showed that, at the 
early stages of development, the leaf primordia are not fully determined and main-
tain totipotency. Their programmed developmental fates can be changed, and pri-
mordia can revert into shoots, when isolated from the influences of the SAM and/or 
older leaves (for the review see Vasco et al. 2013). Whether this ability of apical 
cells of the leaf can be utilized to replace the original functioning AC of the shoot, 
for example, in case of its mechanical or mutational damage, requires further analy-
ses. The temporary maintenance of the undetermined characteristics of the leaf AC 
is further evidenced in the ferns Lygodium and Salpichlaena, where transient iden-
tity and prolonged apical growth of the leaf are adaptive mechanisms to climbing 
behavior (Mueller 1983; Vasco et al. 2013). Importantly, the leaf AC’s totipotency 
may be related to the broader expression pattern of genes relevant for the mainte-
nance of the meristem function and undetermined stem cells. For example, the 
abovementioned Ceratopteris CrWUL gene has been detected in both the single AC 
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and the adjacent meristematic stem cells (Nardmann and Werr 2012; Zhang et al. 
2017), possibly determining the totipotency of the apex, including the leaf ACs, in 
contrast to precisely delimited domains of WUS/WOX5 expression in seed plants 
and determined fates of leaf primordia.

3.8  Conclusions

The early-diverged lineages of land plants present an interesting mixture of ances-
tral and progressive features, illustrating a million years of independent evolution. 
Unfortunately, even their structure, seemingly so well known at the tissue, cellular, 
and sometimes ultra-cellular levels, is not really fully acknowledged nor develop-
mentally understood. Moreover, the genetic and molecular mechanisms behind the 
extreme diversity of forms and underlying developmental processes remain largely 
unrevealed. Thus, although ferns and fern allies have been studied for more than a 
hundred years, they still pose new challenges.
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Chapter 4
Biotechnology in Clone Gametophytes:  
Future Perspectives in Homosporous Ferns

Deepali Johari and Ajit Pratap Singh

4.1  Introduction

Pteridophytes (ferns and fern allies) are ancient vascular plants and exist from the 
Silurian period. They are spore-bearing land plants and comprise 10,000 species 
under 250 genera (Smith 1972). They grow in moist, cool climatic condition of 
tropical and temperate forest of the world, from lowland to alpine zones (Tryon and 
Tryon 1982), but some species are confined to certain locality in small population 
as endemic and endangered (Chiou et al. 2006). On the basis of spore morphology, 
they are divided into homosporous and heterosporous ferns. Homosporous ferns 
produce only one kind of spores, but the life cycle of heterosporous fern is more 
analogue to the seed plants, where it produces megaspore and microspore (Raghvan 
1989). The megaspore and microspore give rise to independent gametophytes that 
bear female and male sex gametes, respectively. All spores of a homosporous fern 
give rise to bisexual gametophyte by the mitotic division of single-celled spore. 
Ferns represent a crucial, unexplored genetic diversity that may be exploited for 
understanding evolutionary trends in plants. Gametophytes are usually haploid and 
produce gametes for sexual fertilization. Gametophyte of fern is comparatively 
long-lived than to the gametophytes of other plant groups; therefore, they could be 
best organism for the study of development biology, reproductive mechanisms, 
genetic barriers, homozygous and heterozygous traits (Singh et al. 2017) and poly-
ploidization (Fauzi et al. 2016), as their genome usually remains pure and haploid. 
The haploid, pure genome of gametophytes could be used in improving plants via 
gene-transfer technologies. Genome sizes of ferns get increased by the substitution 
of an additional set of chromosomes (Otto 2007) that leads to polyploidization. 
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Polyploidy in ferns can occur spontaneously or by error in meiotic or mitotic divi-
sion, including the fusion of unreduced gametes (Comai 2005). Sometimes, meiotic 
failure in sporogenesis results diploid spores that produces apogamous sporophyte. 
Thus, in both the stages, i.e. gametophyte and sporophyte, the fern species remain 
pure diploid cytotype, which in other word would be the most important organism 
for biotechnological investigations. Application of biotechnology in fern gameto-
phytes began prevalent, while people attempted to produce ferns by means of asex-
ual or sexual methods in culture conditions. The in  vitro culture of spore, 
gametophytes and sporophytes were carried out (Dyer 1979; Sheffield et al. 2001; 
Mikula and Rybczynski 2006; Rybczynski and Mikula 2011; Behera et al. 2011; 
Singh et al. 2013, 2017) with different aims, using a variety of culture combination. 
Except the contributions (Chiou and Farrar 1997; Fernandez et al. 1999; Singh et al. 
2012, 2013), nothing is known about production of clone gametophytes in ferns. 
Fern gametophytes were used as germplasm for gene banks, genome-wide analysis 
of reproductive barriers (Nakazato et al. 2007), genetic diversity (Sigel 2016), clon-
ing and expression of genes (Huang et al. 2014; Ruiz-Estevez et al. 2017), unique 
model for somatic embryogenesis (Mikuła et al. 2015), model for exploration of 
fern genome space (Wolf et  al. 2015; Fauzi et  al. 2016), genetic transformation 
(Plackett et  al. 2015), perspective of apomixes (Grusz 2016), mating systems 
(Haufler et al. 2016) and barcoding for species identification (Pinson et al. 2017). 
Clone gametophytes could be used for elucidating the progresses in the genetics and 
evolutionary biology, as well as resolving the issues of fern biology in this genomic 
age (Baker and Wolf 2010). Gametophyte produces the sporophytes, which could 
be harvested for prospection of potential molecules. Tectaria macrodonta, reported 
for insecticidal protein (Tma12) to whitefly (Shukla et al. 2016), was required in 
bulk during prospection; the mass multiplication helped to achieve the goal. Possible 
function of such proteins in the ferns is still to be discovered, which can be achieved 
by exploring the expression of proteins and genes in different developmental stages 
of this species. Production of clone gametophyte can provide different developmen-
tal stages. This would help to elucidate presence of specific proteins and genes, as 
these molecules express at a certain age of the gametophytes or sporophytes. The 
biotechnology in higher plants has advanced, but such researches in ferns are lagged 
behind. There is only one sequenced genome of fern allies, i.e. Selaginella moel-
lendorffii, and none from any homosporous ferns (Sessa and Der 2016). In spite of 
above uniqueness of ferns, there is inappropriate efforts to take the fern gameto-
phyte as a model organism to understand evolution pattern, genetic barriers, cloning 
potential, sexual expression, mating system, genomic spectrum and response of 
silenced or expressed half set genome in haploid and diploid stage and prospection 
of active biomolecules. In view of above, present chapter provides information 
about the problem in homosporous ferns, genetic barriers, gametophyte as a model 
organism, gametophyte clone formation, in vitro methods for gametophyte develop-
ment and explant culture, regeneration of clones, sexual expression and matings in 
clone, sporophyte production, transplantation, hardening and acclimatization and 
prospection of active biomolecules for transgenic crops.
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4.2  Problems in the Gametophytes of Homosporous Ferns

Majority of the ferns (Fig. 4.1a–c) are under threat of survival. Population of such 
ferns are reducing either by edaphic or genetic factors. Amongst these factors, the 
genetic factor plays a significant role, because the establishment potential is deter-
mined by the sexual efficiency of gametophytes. Genetic traits, viz. spore germina-
tion, gametophyte development, sexual expression, functional gametes (eggs, 
sperms) and gamete fusion, are inherited traits of the gametophyte. To investigate 
the sexual potential of ferns, it is important to apply the biotechnological approaches, 
studying the sexual compatibility of different genotypes, functional gametes and 
lethal alleles inhibiting fertilization, though homosporous ferns are usually bisexual 
and mates either through intragametophytic selfing, intergametophytic selfing or 
intergametophytic crossing (Nayar and Kaur 1971). Nevertheless, it happens to hap-
pen that the inbreeding depression, gap in sexual expression, incompatibility of 
different genotype and their alleles are the subsidiary factors (Banks 1997) in the 
success of fern establishment. Changing climate, habitat fragmentation and anthro-
pogenic intervention are also exerting selection pressure in the species to colonize 
new areas. Disturbance reduces their reproduction ability or forces the species to 
colonize in new areas over long distances (De Groot et  al. 2012). Amongst the 
unknown reasons, it is being hypothesized and speculated that the set of lethal genes 
altogether causes failure of fertilization and population establishment (Goodenough 
1978). Most important and challenging issues in the biotechnology are to under-
stand the genetic cause of reproductive bottlenecks using the fern gametophytes to 
ensure endurance for their sustainable utilization.

4.3  Genetic Barriers in Gametophytes

Homozygous gametophytes in ferns exhibit two copies of similar genetic alleles. 
Both of these alleles are responsible for similar traits. These alleles are inherited 
from parent gametophytes during fertilization and are randomly united during pair-
ing of the homologous chromosomes. In fertilization, one chromosome in each pair 
comes from male and another from female parents. Alleles on these chromosomes 
usually determine the traits in sporophytes. Homozygous alleles could be dominant 
or recessive for a particular trait. Fusion between two gametes exhibiting similar 
alleles for a trait could be lethal for some other specific desired traits. In heterozy-
gous conditions, the gametophytes exhibit variable set of alleles and express differ-
ent phenotypes. Since the homozygous genotype express one phenotype, therefore, 
usually, the heterozygous dominant allele may mask the recessive allele phenotype, 
which usually happens to be lethal for the individual. Ganders (1972) subjected to 
breeding tests in homosporous ferns to reveal the presence of recessive lethal alleles 
in their genotypes and suggested that natural selection operates to strongly favour 
heterozygous sporophytes. In heterozygous genotype, the traits of two different 
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Fig. 4.1 Threatened fern species. (a) Anemia rotundifolia Schrad. (b) Cyathea spinulosa Wall. ex 
Hook. (c) Pronephrium nudatum (Roxb.) Holtt
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alleles co-express, which minimize the chance of lethality for required traits. In 
addition, the genetic traits altogether with their homozygous or heterozygous geno-
typic alleles determine the fate of species population (Wubs et al. 2010). The allele 
in homozygous genotype become lethal in inbreeding (Wubs et al. 2010), which 
also has a huge impact on population structure. In addition to the biotic as well as 
abiotic factors, the allele in both the homozygous and heterozygous genotype has 
significant ability in establishing the ferns population. Studies have evidence that if 
some lethal genes are favoured in the heterozygous state, the level of genetic load 
maintained in the population will be even higher (Goodenough 1978). The sources 
of genetic load include somatic mutation. These mutations may be transmitted 
through next generation of gametophytes; particularly, outcrossing populations may 
accumulate some of this genetic load. Presence of any genetic load would prevent 
the establishment of viable sporophyte from most isolated gametophytes. For the 
reason of existence of homozygous, heterozygous and homoeozygous genotypes, 
the gametophyte of ferns could serve as a best model to discover the mating mecha-
nism and elucidate the genetic barriers.

4.4  Gametophyte as a Model Organism for Biotechnological 
Studies

In ferns, the gametophyte is multicellular, green, autotrophic, haploid phase (with 
half set of chromosome), which alternates with a diploid sporophyte phase. 
Gametophyte development in fern is more distinct, as it is only terrestrial organism, 
which has comparatively long-lived haploid stage for study of the phenotypic, geno-
typic and physio-biochemical processes. Fern gametophyte provides a novel source 
of germplasm that can circumvent many of the problems associated with develop-
ment, evolution, sexual expression, genetics of matings, inheritance of genetic 
traits, genetic barriers, fertilization, apogamy, apospory and polyploidization 
(Nakazato et  al. 2007; Haufler et  al. 2016). They can be best source of genetic 
manipulation, as the trait(s) expressing alleles and genes can be easily handled for 
the reason of their pure line haploid homozygous, heterozygous or homoeozygous 
genotypes. From a genetic perspective, they are interesting because their polyploids 
represent the union of divergent parent genome (Sigel 2016). Ceratopteris richardii 
has proven to be useful in identification and characterization of mutations affecting 
the key development process in gametophyte (Banks 1999). Different stages of 
gametophytes can be easily and quickly multiplied (Fernández and Revilla 2003), 
as they also possess the ability to regenerate from gametophyte tissues (Fernández 
et al. 1999). Gametophytic explant’s raised regenerates usually comprise of homo-
zygous, heterozygous or homoeozygous genotypic alleles. For the reason of exhib-
iting different genotypic alleles, the mating in ferns often varies from species to 
species. It is the genetic make-up of these peculiar genotypes, which can help in 
identifying the range of genetic variation between the extant ferns and their 
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progenitors. In addition to above, the ferns are useful in studying the natural poly-
ploidization (Fauzi et  al. 2016); therefore, they could be as a best organism for 
biotechnological approaches.

4.5  Clone Gametophyte Formation

Apogamous sporophyte is known to have low (Peredo et al. 2013) as well as high 
level of genotypic diversity (Ootsuki et al. 2011) and resulted from frequent clone 
formation of sexual progenitors. For the reason of maintenance of similar genotype 
in both the gametophytic and sporophytic phases, the apomicts may be assumed to 
produce genotypically clone offspring (Grusz 2016). Clonal potentiality is not con-
fined to apomicts, but each cells of the gametophyte being totipotent has ability to 
regenerate a new gametophyte. Albaum (1938) described the clone formation from 
the pieces of prothallus of Pteris aquilina and Pteris longifolia. There were many 
methods, viz. explant culture, cell culture, homogenization of gametophytes, proto-
plast culture of gametophytes and callus and cell suspension culture of gameto-
phytes (Fernandez et  al. 1999; Maeda and Ito 1981) for clone formation. To 
demonstrate the total totipotency of any cell, the cell is to be isolated and cultured 
in suitable culture media to produce numerous regenerates. Ito (1962) isolated the 
single cells from the gametophyte and cultured in a mineral salt medium for regen-
eration of clone gametophytes. Isolated single cells from the gametophyte enzy-
matically dissociate from cells of their walls and follow the isolated protoplasts 
through steps involving reformation of the cell wall, growth and regeneration of the 
clone gametophyte. Fernandez et  al. (1999) mechanically triturated the gameto-
phyte, and resulting homogenates were culture on the culture media. These homog-
enized pieces of gametophytes gave new cloned gametophytes. Robertson (2002) 
used the fern gametophytes to produce arrays of genetically identical clones. These 
clones helped in determining the ability of clones for sporophyte production. Such 
identical clones of individual gametophyte or different gametophyte origin were 
combined in pairs in all possible ways to produce the possible mating scheme. 
Singh et al. (2012) described that culturing the apical, median and basal explants of 
gametophytes of Anemia rotundifolia on the P&T culture media produces numbers 
of clone gametophytes. Apical and median explants show higher clone formation 
potentiality than to basal explants; basal explants lost their viability on culturing in 
extended period. In extended culture, the gametophytic explants produce numbers 
of primary and secondary regenerate gametophytes, which bears male and female 
gametes, respectively. The clone gametophytes are offspring with pure line of 
homozygous genotype than to the parents. Genotypic expression of the clone game-
tophytes achieved in successive generation (T0 to T∞) may provide information 
about the range of genetic variation to elucidate the process of genome evolution. 
Since the clones are the pure genotypic lines of the progenitors, therefore, they show 
the sequence of genetic substitution or deletion over the period of extant ferns evo-
lution. Clone can provide an understanding on the heritable gene expression 
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amongst the progenitors, early stages of evolutionary divergence in sexual as well 
as apomictic ferns (Ferreira et al. 2016). Clone gametophytes could serve as best 
resource with pure line genetic traits to handle the biotechnological implications, 
besides their significant characteristics feature of multiplication.

4.6  In Vitro Gametophyte Development

Gametophytes can be developed either in nature or in  vitro culture conditions 
(Nayar and Kaur 1971) with the spore germination. They can also be multiplied by 
culturing the gametophyte explants (Singh et al. 2012; Fernandez et al. 1999) on a 
variety of culture media, viz. Murashige and Skoog (MS) medium (Somer et  al. 
2010) and Parker and Thomson’s (P&T) media (Klekowski 1969a, b; Klekowski 
and Lloyd 1968). Authors have successfully developed the gametophytes of many 
homosporous ferns, viz. Adiantum peruvianum, Anemia rotundifolia, Cyathea spi-
nulosa, Lepisorus nudus, Pronephrium nudatum and Pteris biaurita, growing the 
spores on P&T culture media (Singh et al. 2012, 2013, 2017). For in vitro develop-
ment of gametophyte, the single fertile frond containing spores was collected in 
paper packet and kept in desiccators for a week to release the spores. Spores were 
sterilized with 2% sodium hypochlorite solution for 2 min and rinsed with sterilized 
water, thrice. Culture media comprising macro (Parker’s) and micro (Thompson’s) 
elements were prepared in 1 L distilled water, solidified with agar and autoclaved 
(Klekowski 1969a, b; Klekowski and Lloyd 1968), maintaining the pH at 5.6. 
Sterilized spores were sown on the petri dishes containing culture media and kept in 
laboratory at 50 μmol m−2 s−1 light intensity (photoperiod of 10:14 h light and dark), 
temperature 25 ± 1° C, 50–75% relative humidity. After germination, spore pro-
duces green, autotrophic, different, viz. two celled, filamentous, spatulate, semi- 
cordate, cordate, sexual gametophytes (Fig.  4.2a–i) for fertilization as well as 
sporophyte production (Fig.  4.2j–l). Nayar and Kaur (1971) defined pattern of 
gametophyte development, viz. Adiantum type, Aspidium type, Ceratopteris type, 
Drynaria type, Kaulinia type, Marattia type and Osmunda type. These types of 
gametophyte development differ in the sequence of cell divisions and the region at 
which meristem developed. In vitro studies on Dipteris wallichii and many other 
ferns (Behera et al. 2011; Singh et al. 2012, 2017; Khare et al. 2005; Nair et al. 
2013; Srivastava and Uniyal 2014; De Groot et al. 2012) were carried out on differ-
ent culture media to investigate the developmental pattern, sexual expression, mat-
ing systems, genetic barriers in gametophytes and ability as well as efficiency of 
these culture media to produce high numbers of gametophytes and sporophytes. 
Nutritional requirements, including other environmental sex determination (ESD) 
factors for the development of the gametophyte in ferns, differ from species to spe-
cies (De Soto et al. 2008). Gametophyte growth is also affected by the water, sugar, 
light, temperature and micro and macro elements in in  vitro conditions (Brown 
1923). Different steps of in vitro gametophyte development could be understood by 
the provided flow chart (Fig. 4.3).
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4.7  In Vitro Gametophyte Explant Culture

Typically, the single spore gives rise to one gametophyte, but an individual 
gametophyte can result numerous regenerates subject to availability of favourable 
axenic conditions, rationale nutritional supply and feasible ESD factors. Majority of 
the ferns exhibit notched apical meristem region, but the ferns having pluri- 
meristematic cells are not uncommon (Nayar and Kaur 1971). Therefore, the tissues 
excised from different regions of a cordate gametophyte, culturing on suitable 
media, may response variably. The gametophytes of ferns are known to have a great 
multiplication potentiality, possibly for the reason of their totipotent cells. 
Unfortunately, the studies on explant culture in ferns sprint around the sporophytes, 
using frond (Makowski et al. 2016), rhizome meristem (Thakur et al. 1998), scales 
(Ambrozic- Dolinsek and Camloh 1997), apices and stolon (Lazar et al. 2010) and 
green sporangia (Soare 2008; Somer et al. 2010), including somatic embryogenesis 
(Mikuła et al. 2015). Investigations on culture of gametophyte tissues, callus, cells, 
protoplasm, cell suspension and homogenized tissues show that the culture medium 
can contribute to increase sporophyte production in ferns (Fernández et al. 1999; 
Soare 2008; Somer et al. 2010), but the efforts to propagate ferns from gametophyte 

Fig. 4.2 Morphological structures observed when cultured ferns in  vitro. (a) Spores. (b) First 
protonemal cell. (c, d) Filamentous gametophytes. (e) Two-dimensional gametophyte. (f) Semi- 
spatulate gametophyte. (g) Spatulate gametophyte. (h, i) Cordate  and sexual gametophytes. (j) 
Archegonia. (k) Antheridia. (l) Sporophyte. Scale bar for (a, e) = 0.25 mm, (b–d, f, j, k) = 0.1 mm, 
(g–i, l) = 0.5 mm
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were least attempted. Attempts to raise multiple gametophyte and sporophyte 
through homogenized gametophytes of Woodwardia virginica, Dryopteris affinis, 
Osmunda regalis, Pteris ensiformis and other ferns were randomly made (Fernández 
et al. 1993; Fernández et al. 1999; Soare 2008; Somer et al. 2010). In the process, 
homogenized tissues were cultured on the culture medium, which regenerated new 
gametophytes and produced almost thousand sporophytes. Culturing the 
gametophyte of Pteris vittata, Ampelopteris prolifera and Woodwardia orientalis 
(Khare 2001) determined two different patterns of regeneration. In A. prolifera, 
regeneration begins only from the apical meristem region, while in other two species 
it started from the margin of the wings, showing variable pattern of sexual expression 
in the parent as well as regenerate gametophytes. Gametophyte explant cultures in 
Anemia rotundifolia, Adiantum peruvianum (Singh et al. 2012, 2013) and Cyathea 
spinulosa, and Pronephrium nudatum led to investigate the viability of explants, 
regeneration of clone gametophyte, sexual expression in clone, mating, sporophyte 
production and possible mode of conservation, besides providing numbers of pure 
line homozygous genotypes. This can be used to promote mating between pure line 
contrasting genotypes and to elucidate pattern of genetic variation between progeni-
tors and recent species, predicting the genome evolution pattern. In vitro gameto-
phyte explant culture could be easily explained by the provided flow chart (Fig. 4.3).

Semi-spathulate gametophyte

Spores Spores

Filamentous gametophyte Filamentous gametophyte

2-dimensional gametophyte Spathulate gametophyte

Cordate gametophyte

Gametophytes cut vertically

Explant inoculation

Cloned gametophyte formation

Sexual expression on clones

Semi-cordate gametophyte

Cordate gametophyte

Sexual expression on gametophyte

Mating System Mating in clones

Sporophyte production Sporophyte production

Transplantation of Sporophytes Transplantation of Sporophytes

Acclimatization and hardening of
sporophytes

Acclimatization and hardening of
sporophytes

Spathulate gametophyte

Fig. 4.3 Flow chart showing in vitro propagation of gametophytes through spores and gametophyte 
explant
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4.8  Regeneration of Clone Gametophytes

Clones of the gametophytes are genotypic and phenotypic identical replica of the 
parent gametophyte. Clone production is reliant on regeneration ability of the parent 
gametophyte. Regeneration is ability of the explants, tissues, cells, homogenized 
cell suspension or protoplast of the gametophyte to reconstitute a normal functional 
identical gametophyte from the part of the original ones. Cells of gametophytes are 
totipotent, thus they have ability to produce clones in favourable conditions. Ito 
(1962) isolated cells from the gametophyte of Pteris vittata, cultured on medium 
and summed that every single isolated cell regenerates and grows to a mature game-
tophyte. Reynolds (1979) cultured substance diffusing from the meristematic region 
of the gametophyte of Anemia phyllitidis and found that indole acetic acid (IAA) 
promotes regeneration of adventitious gametophytes while  abscisic acid (ABA) 
inhibits regeneration from the meristem cells (Reynolds 1981). Protoplasts of 
Lygodium japonicum grown in a culture medium began to divide within 8 days of 
culture and formed ten-cell clusters on the 30th day. Transfer of these cell clusters 
into fresh media resulted development of rhizoids and protonemata. These protone-
mata regenerated a common gametophyte within 50 days of culture and produced 
sporophytic leaves and roots (Maeda and Ito 1981). Authors attempted to regenerate 
the clone gametophytes  in Anemia rotundifolia. In the process of clone develop-
ment, the mature gametophytes were cut into small pieces (1–2 mm) from three 
regions (apical, median, basal). Culturing of these explants on P&T culture media 
revealed (Fig. 4.4a) that the cells in apical explants near the meristem tissues divided 
transversely and vertically to form numerous semi-cordate secondary gametophytes 
on the 10th day after inoculation (Fig. 4.4b). Semi-cordate secondary gametophyte 
develops laterally and grew into an elongated unusual gametophyte with undulate 
margins (Fig. 4.4c). After 45 days, numerous regions in the unusual gametophytes 
performed meristematic activity. Meristematic regions cut the cells tangentially and 
vertically and led to shuttle the vegetative tissues obliquely to emerge regenerates. 
This led to form tertiary regenerates on secondary regenerate gametophyte 
(Fig. 4.4d). Each secondary gametophyte bears an average numbers of eight to nine 
clone gametophytes. Clone formation process assorts the heterozygosity and for-
wards homozygous alleles in offspring regenerates. Comparative analysis on regen-
eration ability of the gametophyte explants (apical, median, basal) revealed that 
after 1 year of culture, the apical explants produced an average of 75.5 regenerates 
per 15 explants; however, the median and basal explants produced 70 and 64.3 
regenerates, respectively (Singh et al. 2012). Authors also observed the clone for-
mation in Cyathea spinulosa, using gametophyte explants and growing on P&T 
media. On culturing, the excised region of the explants became brown; however, the 
intrinsic heterogeneous chlorophyllous cells formed a thick area by their active divi-
sion. The viable cells divided subsequently, resulting development of secondary 
gametophyte. Some of the meristem cells in the secondary gametophyte produced 
secondary regenerates on or after 20  day of inoculation. Comparative analysis 
revealed that in extended period of inoculation, highest regeneration potentiality of 
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Fig. 4.4 Regeneration in clone gametophytes. (a) Gametophyte explant grown on P&T media. (b) 
Secondary regenerates with thickened medial region. (c) Multilobed secondary regenerates. (d) 
Tertiary regenerates develop on secondary regenerates. (e) Archegonia on tertiary regenerate. (f) 
Antheridia present on tertiary regenerate. (g, h) Developmental stages of sporophytes. (i, j) Mass 
propagation of sporophytes in in vitro conditions. (k) Acclimatization of sporophytes in earthen 
pots. (l, m) Hardening and transplantation of sporophytes. Scale bar for (b)  =  0.25  mm, (e, 
f) = 0.1 mm, (c, d, g, h) = 0.5 mm
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gametophytes was achieved in apical region (40.5 regenerates) followed by the 
median (25.3 regenerates). All the basal gametophyte explants lost their viability 
after 2 months of inoculation; as a result the basal explants could not produce any 
regenerates. Authors also grew the gametophytic explants of Pronephrium nudatum 
in P&T culture media and observed that the outer cells of the excised region became 
brown, but the inner one to two layers of cell remained brownish green and viable. 
These viable cells acted as meristem and divided to give rise secondary gameto-
phytes. Few of the vegetative cells in the secondary gametophyte became thickened 
with dense protoplasm. These distinct cells divided to form a regenerate, developing 
from the secondary gametophyte after 20 days of inoculation. Numbers of second-
ary regenerate gametophyte emerged on parent gametophyte. Cells of these second-
ary regenerates were green, homogeneous throughout, except in the apical region, 
where cells were smaller. Frequent divisions occur in small cells to produce juvenile 
secondary regenerates after 42  days. These regenerates developed into cordate 
gametophyte and called as secondary regenerates. Analysis of regenerate produc-
tion revealed that apical explants have highest regeneration potentiality as it shown 
an average numbers of 68.2 regenerates per fifteen explants. Median explants pro-
duced an average number of 52.5 regenerates per fifteen explants, whereas the basal 
explants lost their viability as well as regeneration potentiality after 6  months. 
Authors observed that usually the new proliferation arises from the margins of the 
prothallus, although it was not uncommon to find regenerates on the midrib or the 
region of the apical meristem. It is assumed that as long as the cells are capable of 
mitotic activity, the gametophyte exhibit high regeneration potentiality. Authors 
could not observe the differences between the pattern and growth of the gameto-
phytes arises either from the spore or gametophyte, itself. Regeneration of clone 
gametophytes is significant for investigation of the genetic variations, amongst the 
different populations. Since the clones are offspring resulted from subsequent 
mitotic division in the parent gametophytes, thus, they inherit and move the trait 
towards homozygous genotype due to continuous genetic assortment in successive 
generation. Clone may provide genotype that can serve as germplasm with pure 
genotypic traits for biotechnological implications.

4.9  Sexual Expression and Mating in Clones

Gametophytes in fern have potential to generate sexual gametangia. Most of the 
homosporous ferns produce bisexual gametophytes that promote inbreeding and 
attainment of homozygosity in the progeny. The clones, which are replicas of parent 
gametophyte, inherit the parent genotypic traits. They bring about the sexual expres-
sion, but the stage and pattern of sexual expression may vary because of their move 
towards homozygosity. Sex of gametophyte can vary depending on its social envi-
ronment and by the pheromone antheridiogen (Atallah and Banks 2015); therefore, 
besides homozygous alleles, these factors may also influence the sexual expression 
in clone gametophytes. There were many observations on the regeneration of the 
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gametophytes (Khare 2001; Somer et  al. 2010), but observations on the sexual 
expression in clone gametophytes were never made. Authors regenerated the clones 
by culturing the explant gametophytes on P&T culture media and observed the pat-
tern of sexual expression and mating system in secondary or tertiary regenerates, 
whether the regenerates are homothallic (self-compatible) or heterothallic (self- 
incompatible). Mating in fern depends on the timing and sequence of the sexual 
expression and can be determined on the basis of phenotypic traits or using the 
microsatellite markers and evaluating genetic diversity and structure of different 
population of clone gametophytes (Imai et al. 2016). Observation on A. rotundifolia 
revealed that numerous cells on the secondary clones became distinct and matured 
into archegonia. These secondary clones did not produce any antheridia during and 
after the emergence of archegonia (Fig. 4.4e). Some cells in the middle region of 
tertiary clones were distinct and turned into archegonia. Few cells near the archego-
nia on tertiary regenerate became globose, elevate out of the cells and matured into 
antheridia (Fig. 4.4f). The secondary gametophyte bears only archegonia, but not 
antheridia. This showed lethality effect in the first clone gametophyte that could be 
due to the impact of moderate heterozygosity in explant gametophyte. Tertiary 
regenerates bear both the gametes with overlap expression. This led option for both 
intra- and inter-gametophytic selfing, i.e. (i) intra-gametophytic selfing in a tertiary 
regenerates and (ii) intergametophytic selfing between the secondary and tertiary 
regenerate gametophytes. This could happen for the reason because all the tertiary 
regenerates were comprised of pure line homozygous allelic genotype. Homozygosity 
has accelerated the expression of both the gametes to perform inter- and intra- 
gametophytic selfing for sporophyte production on the 85th day (Fig.  4.4g, h). 
Homozygosity of isolate gametophyte was carried forward to the regenerates that 
compassionated for the intra- or inter-gametophytic selfing. Analysis revealed that 
the sporophyte production through gametophyte explants reached about 135.5%. 
Authors also observed sexual expression in the clone gametophytes of Cyathea spi-
nulosa by culturing the gametophytic explants on P&T culture media. Both the 
male and female gametangia developed on the same secondary regenerate gameto-
phytes on different days showing monoecious tendency. Nevertheless, the determi-
nants of sexual phenotype in ferns are diverse (Brown 1923; De Soto et al. 2008) 
ranging from sex chromosomes to cross talk between individuals of Ceratopteris 
richardii (Tanurdzic and Banks 2004) and many other ferns. Secondary regenerates 
exhibit both the gametes showing maximum chances of intra-gametophytic selfing. 
This resulted maximum possibility of fusion of the gametes (produced on secondary 
regenerates that had derived from common parent gametophyte explants) to demean-
our fertilization and sporophyte production. Analysis revealed that 19 sporophyte 
were produced by an average numbers of 40.5 homozygous regenerates that had 
derived itself from apical explants only. Average sporophyte production was 
achieved 190%. Sexual expression in Pronephrium nudatum by culturing the game-
tophytic explants on P&T culture media revealed that both the antheridia and arche-
gonia were present on different regenerate gametophytes showing dioecious 
tendency. Archegonia developed on the secondary regenerate on the 55th day; how-
ever, antheridia developed on small lanceolate tertiary regenerate. Both antheridia 
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and archegonia derived from secondary and tertiary regenerate gametophyte were 
available for inter-gametophytic selfing, as both secondary and tertiary regenerate 
gametophyte were derived from the same explant gametophyte. The secondary and 
tertiary regenerate gametophyte served as clone of the parent gametophyte. Through 
the three generations, they have got opportunity for assortment of homozygous or 
heterozygous genotype, if any. After maturation of the sex gametes, numerous spo-
rophytes were produced by fertilization on 113th day. Average sporophyte produc-
tion through apical, median and basal explant culture reached about 88.8%. Result 
asserted that single gametophyte produced from a single spore can produce multiple 
regenerate gametophytes, which after fertilization, may produce numbers of sporo-
phytes. Study on sexual expression in clone gametophytes can help in manipulation 
of different genotypes for pure line culture of required traits, multiplication of the 
targeted genotypes, inheritance and expression of required traits, analysis of genetic 
variations across the filial generations and multiplication for conservation.

4.10  Propagation of Sporophyte

Conventional method of ferns propagation is spores, but the vegetative propagation 
can also be an effective technique for propagation of ferns using a variety of culture 
media and culturing the vegetative portion of sporophyte under feasible in  vitro 
culture conditions. Propagation of sporophyte may be achieved by the methods as 
discussed in heading 4.6 of the chapter. Similar to that the sporophyte can be propa-
gated for various purposes. Sporophyte propagation under in vitro culture condition 
was carried out by many worker (Fernandez and Revilla 2003; Somer et al. 2010); 
reporting the regeneration through the frond (Makowski et  al. 2016), rhizome 
(Thakur et al. 1998), scales (Ambrozic-Dolinsek and Camloh 1997), stolon (Lazar 
et al. 2010), green sporangia (Somer et al. 2010), somatic embryos (Mikuła et al. 
2015) and homogenization process. The micropropagation using shoot tip as initial 
explants was first reported by Hennen and Sheenan (1978) for Platycerium stemaria, 
who reported that the bud development occurred at the base of the explants and on 
the leaves connected with the culture media. Wee et al. (1992) used rhizome pieces 
as explants and cultured on MS media supplemented with some growth regulators 
to initiate the in vitro culture of Platycerium coronarium and P. ridleyi, where spo-
rophytes were produced after 2 months. Authors realize that the use of scales as 
explants to propagate sporophyte is difficult task because their tissues become dead 
as soon as scale reaches to maturity. Nevertheless, Ambrozic-Dolinsek and Camloh 
(1997) used scale for culturing on nutrient medium and observed that regeneration 
begins on or after 30 days of culture and new proliferated group of cells formed 
which later turned into buds and aposporous gametophytes. Sporophytes were also 
propagated using green globular bodies (GGB) on culture media supplemented with 
cytokinin. These GGBs later developed into sporophytes (Amaki and Higuchi 
1991). Besides, the somatic embryogenesis in ferns and fern allies has rarely been 
described; it was reported for Huperzia selago (Szypula et  al. 2005), including 
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Mikuła et al. (2015). Another micropropagation process (Cooke 1979) was studied 
by homogenization of cell and culture, who was the first to use the term homogeni-
zation and used homogenized sporophytes of Platycerium species for multiplica-
tion. Hegde et  al. (2006) obtained callus from the rhizome tips of Drynaria 
quercifolia and cultured on Knop’s salt solution in different concentrations of aux-
ins, to harvest the sporophyte. Besides, there were many studies (Singh et al. 2013, 
2017; Ravi et al. 2015) on mass propagation of sporophytes using in vitro gameto-
phyte cultures. Survey of literatures as well as studies by the authors (Behera et al. 
2011; Singh et al. 2012, 2013, 2017) suggests that the gametophyte is the best mate-
rial for propagation of fern sporophyte. There, the spores can be sown on a variety 
of culture media (P&T, MS) under in vitro culture conditions (50 μmol m−2 s−1 light 
intensity with photoperiod of 10:14 h light and dark, 25 ± 1° C temperature, 50–75% 
relative humidity) to achieve different developmental stages, viz. filamentous, 
spathulate, semi-cordate, cordate and sexual of gametophytes for large-scale propa-
gation of sporophytes (Figs. 4.2a–l and 4.4a–h) through mating of gametophytes 
either produced by the spore germination or explant culturing. Newly produced 
sporophytes were left to grow in the petri dishes (containing culture media) either 
for 4–5 weeks or till they achieve about 12–15 cm height so that they can be main-
tained in the glass chimney (Fig. 4.4i, j).

4.11  Transplantation of Sporophytes

In in vitro practices, the transplantation may be referred as shifting of the in vitro 
growing ferns from one medium to another medium, where the medium may be 
either artificial culture media (MS, P&T) or the soil, in addition to the variable cli-
matic conditions (light, temperature, relative humidity, moisture, air, etc.). Although 
sporophytes in many form were produced (Singh et al. 2012, 2013, 2017; Ravi et al. 
2015) and were transplanted from one petri dish to another petri dish, none of them 
described the transplantation method in the contributions. Oh et al. (2014) stated 
that the in vitro-raised sporophyte of Isoetes coreana may be subjected to acclima-
tization and transplantation to a test tube containing vermiculite and sand mixture 
(1:1) after 4 weeks of incubating light. After another 2 weeks of incubation, the 
sporophytes with roots and five leaves were suggested to be transferred to potting 
soil. Plackett et  al. (2015) merely stated that the T0 sporophytes of the fern 
Ceratopteris richardii may be transferred for a period of 8 weeks on medium con-
taining the antibiotics, but this suggestion was for transgenic model. Authors sug-
gest that the in  vitro-raised sporophytes may be allowed to grow on the culture 
media containing petri dish, until they attain a height of approximately 12–15 cm 
(Fig. 4.4i, j). It is to remember that the sporophytes are repeatedly transferred from 
one culture containing petri dish to another culture containing petri dish, once the 
media is utilized. Shifting of sporophytes from petri dish to petri dish is done after 
15 days, but it can also vary, as many species require high amount of culture media; 
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however, a few use it in less quantity. Authors transplanted many ferns for their 
conservation, after they were grown in in  vitro culture conditions (Fig.  4.4j). 
Transfers of sporophyte were done under axenic condition to avoid any contamina-
tion, as algae often have been noticed to make a green film all around the culture 
media, which inhibits the growth of the sporophytes. Conventionally, the ferns were 
collected from the forests and directly introduced to captivity centre for long-term 
conservation. Authors collected many ferns, including Helminthostachys zeylanica 
from nature and transplanted in the fern house of the institute. Direct transplantation 
revealed that this method of multiplication and conservation of ferns in the captivity 
was not satisfactory, as in the captivity they are difficult to grow due to their specific 
requirements. Transplantation through in vitro-raised sporophyte may become more 
worthy, as it maintains axenic climatic condition, temperature, light, humidity and 
nutritional requirements for proper growth and development of ferns.

4.12  Hardening and Acclimatization of Sporophytes

Hardening is a process of giving exposure of a variety of climatic factors, viz. 
relative humidity, light irradiance, temperature, air and pressure to the in  vitro-
raised plants in increasing order to strengthen their physio-biochemical, 
morphological, anatomical as well as cellular response, if any. Shukla and Khare 
(2014) and Shekhawat and Manokari (2015) provided information about the 
hardening and acclimatization procedure for the sporophytes of Cyathea spinulosa, 
Nephrolepis biserrata and Marsilea quadrifolia, respectively. Authors hardened 
many fern sporophytes in the laboratory and suggest that it can be achieved by given 
exposure of increasing relative humidity, temperature as well as irradiance of light 
to the in vitro- raised sporophytes. The well-developed and rooted sporophyte (with 
3–5 small fronds up to 12–15 cm) can be removed out from the petri dishes along 
with culture media and transferred to the earthen pots previously filled with the soil, 
peat, moss and compost (1:1:1:1). The earthen pots (containing newly emerged 
sporophytes) are brought to the plastic tray (partially filled with water), where the 
pots are to be placed on a platform, which is partially dipped into the water of plastic 
tray (Fig.  4.4k). The earthen pots containing the sporophytes were kept in the 
laboratory conditions with controlled light, temperature and humidity for 1–2 weeks. 
Sporophyte containing pots were covered with a transparent, closed plastic hood so 
that the sporophyte can receive the light and increasing humidity to get hardened 
and ready for acclimatization (Fig. 4.4l, m). These plants were regularly sprayed 
with water, as soil should be kept moist-wet at all times. During process, the sporo-
phytes gradually response to the factors and harden the cells, tissues and cuticles to 
acclimatize. Proper hardening and acclimatization reduces the mortality rate of 
in vitro-raised sporophytes. It enhances the multiplication rate of those ferns, which 
were produced by sophisticated in  vitro culture techniques and whose survivals 
were always on risk. Authors observed that the sporophytes were hardening and 
acclimatization shown 80% of survival rate. After hardening, the ferns were 
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successfully transferred to the fern house of institute, where they were growing in 
captivity under controlled light, temperature, humidity and water, portrayed by net-
lon shade and functional sprinkler as well as water mists.

4.13  Biotechnology in Ferns: Biomolecules, Transgenic 
and Future Perspectives

Lower plants, particularly the ferns and fern allies, got little attention of 
biotechnological implications for prospection of protein, gene, bioactive compounds 
and secondary metabolites (Schaufelberger and Hostettmann 1983; Jones and Firn 
1978; Nakazato et al. 2006; Leroux et al. 2013), including genetic inheritance and 
genomic evolution. There is urgent requirement for sequenced genomes (Cronk 
2009) in ferns. Studies on Azolla and Ceratopteris (Sessa et al. 2014) have revealed 
nuclear genome structure only in two ferns; however, they are exemplars of 
polyploidy and a variety of mating system, particularly inbreeding. Ferns can be 
helpful in understanding the genetics as well as inheritance of genetic traits (Sigel 
2016). It can generate DNA sequence data to understand the phylogeny, evolution 
of plastid and nuclear genome, duplication of genome, speciation and gene function 
(Barker and Wolf 2010). There are no full sequenced fern genomes (Wolf et  al. 
2015); the NCBI short read archive (SRA) database has incomplete genome data for 
Ceratopteris richardii and Pteridium aquilinum (Der et  al. 2011; Leroux et  al. 
2013). Okamoto et al. (1997) transformed phytochrome gene (PHY1) cDNA from 
the Adiantum capillus-veneris into Arabidopsis ecotype Landsberg erecta and 
found that the fern phytochrome gene can incorporate in the chromophore of the 
host plants. Similarly, MADS-box genes were cloned and analysed in Ceratopteris 
richardii and Ceratopteris pteridoides, but a new MADS-box gene, 
DfMADS1(GU385475), was cloned from Dryopteris fragrans to understand the 
role of MADS genes in the evolution (Huang et  al. 2014). Identification and 
characterization of TALE homeobox genes in Vandenboschia speciosa (Ruiz-
Estevez 2017) was also made recently. It’s not time to only clone and express the 
gene, but there is urgent need to develop methods for genetic transformation of the 
ferns through a variety of vectors. There is a known fern, Tectaria macrodonta, 
which has potential Tma 12 proteins and genes (Shukla et al. 2016) that require 
genetic transformation to develop transgenic lines for extended investigations. 
Though, Plackett et al. (2015) developed a protocol for genetic transformation of 
the Ceratopteris richardii through microparticle bombardment to achieve transgenic 
progeny for antibiotic resistance, but possibly it does not meets robust transformation. 
Ferns exhibit insecticidal proteins causing 70–100% morality of Spodoptera 
frugipedra and Helicoverpa zea (Markham et al. 2006). Recently, a protein (Tma 
12) from Tectaria macrodonta that is insecticidal to whitefly and interferes with its 
life cycle at sublethal doses was discovered (Shukla et al. 2016). A transgenic cotton 
lines using the Tma 12 gene was developed (Fig. 4.5). Transgenic cotton lines were 
resistant to whitefly infestation in contained field trials, with no detectable yield 
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penalty. Transgenic cotton lines were also protected from a whitefly-borne cotton 
leaf curl viral disease, showing that Tma 12 might be well suited for deployment in 
GM crops to control whitefly and the viruses it carries (Shukla et al. 2016). Such 
potentiality of ferns suggests that the knowledge about the complete genome 
sequence may provide insights into genome evolution, genetic and genomic features 
that characterize ferns and also opens the door for transgenic development. Authors 
believe that the biotechnological approaches may produce clones of a variety of 
genotypes, viz. homozygous, heterozygous and homoeozygous. It could differentiate 
the extent of homoeozygous genotype constituent in the ferns by the cytogenetic 
testing. It can also assist in elucidating the genetic variation between the progenitors 
and divergent extant ferns, in addition to the substitution and subtraction of genetic 
constitutions during polyploidization and genome evolution (Sigel 2016) in sexual 
and apomict (Grusz 2016) ferns. Ferns have potential molecules, proteins and genes 
that can help to develop the transgenic plants. Only thing is that we have to 
investigate those ferns of tremendous potentiality and infuse their ability to combat 
against various challenges in plant diseases, proteomics, genomics and genome 
evolution.

Fig. 4.5 Schematic representation for prospection of T. macrodonta to develop transgenic cotton 
against whitefly (Part of photo from Shukla et al. (2016))
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4.14  Conclusion

Gametophytes of homosporous ferns are usually bisexual with undecided sexual 
expression or occasionally apomicts behaviour. Gametophyte exhibits genetic bar-
riers at different developmental stages and may be of homozygous, heterozygous or 
homoeozygous genotype. They are short-lived, autotrophous independent, haploid 
organism and can serve as source of model organism for molecular study. They have 
tremendous ability of clone formation and, thus, can be grown and multiplied either 
through spores or explant culture in in vitro conditions. Clone is a replica of parent 
gametophytes with homozygous alleles; thus, they could be helpful in investigating 
mating system and genetic variation between progenitors and divergent extant ferns, 
including genome evolution. Gametophytes can produce sporophyte by sexual 
fusion between the gametes produced on parent or clone gametophytes. Proper 
transplantation of sporophytes for hardening and acclimatization may enhance the 
possibility of sporophyte production in higher rate. Mass propagation and multipli-
cation of ferns make availability of their biomass for future prospection, particularly 
for isolation of biomolecules, proteins and gene to be used to develop transgenic 
crop plants in future.
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Chapter 5
Morphogenic Events in Ferns: Single 
and Multicellular Explants In Vitro

Jan Jarosław Rybczyński, Karolina Tomiczak, Małgorzata Grzyb, 
and Anna Mikuła

Abbreviations

0.5MS medium ½ Strength MS medium
2,4,5-T 2,4,5-Trichlorophenoxyacetic acid
2,4-D 2,4-Dichlorophenoxyacetic acid
2-iP N6-(2-Isopentenyl adenine)
AC Active charcoal
BA 6-Benzylaminopurine
CH Casein hydrolysate
CM Coconut milk
CPW solution Mineral salt complex (Frearson et al. 1973)
GA3 Gibberellic acid
JA Jasmonic acid
MFMM Murashige Fern Multiplication Medium
MS medium Murashige and Skoog medium (1962)
NAA α-Naphthaleneacetic acid
SE Somatic embryo
SERK Somatic embryogenesis receptor kinase gene
TDZ Thidiazuron-1-phenyl-3-(1,2,3-thiadiazol-5-yl) urea

5.1  Introduction

Ferns undergo both sexual and asexual (apogamy or apospory) reproduction, and 
in vitro culture conditions extend these possibilities. Under these conditions, the 
fern body provides a source of various explants, both single-celled and 
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Table 5.1 Comparison of the involvement of plant parts in both in vivo and in vitro vegetative 
propagation

No. In vivo/in the habitata In vitro References for in vitro studies

1. Stolons subterranean 
and aerial

Somatic embryos Mikuła et al. (2015), Li et al. (2017)

2. Bulbils on leaf rachis Green globular bodies Amaki and Higuchi (1991), Bertrand 
et al. (1999), Liao and Wu (2011), Yu 
et al. (2017)

3. Creeping rhizomes Gametophytes Goller and Rybczyński (1995, 2007)
4. Proliferous leaves Leaf primordium Shukla and Khare (2012a, b)
5. Division of the leafy 

crown of the plant
Rhizome Hegde et al. (2006)

6. Tassels Shoots and their organsb Mikuła et al. (2015)
7. Auricles Callus Kwa et al. (1995, 1997), Hegde et al. 

(2006), Packett et al. (2014)
8. Tubers Callus tissue on 

homogenized 
gametophytes

Menéndez et al. (2006)

9. Propagation from 
spores

Meristemoids Shukla and Khare (2012a)

10. Aerial layering Cell suspensions Bryne and Caponett (1992), Teng 
(1997), Teng and Teng (1997)

11. Root buds Single cells Kato (1964)
12. Protoplasts Redford et al. (1987), Maeda et al. 

(1990)
13. Leaves Bristow (1962)
14. Stolon pieces Ambrósio Melo (2004)
15. Scales Ambrozič-Dolenisek et al. (1999)
16. Knots Davidson et al.(2008)
17. Epidermal cells of 

excised leaves
Hirsch (1975, 1976)

18. Root culture Munroe and Sussex (1969)
19. Epidermal hairs 

developed gametophyte
Martin et al. (2006)

20. Shoot apices Hicks and Aderkas (1986)
21. Disinfected rhizomes Bertrand et al. (1999)
22 Polyembryony Ravi (2016)
23. Circinate part of young 

leaves
Salome and Pais (1987)

24. Gemmae Emigh and Farrar (1977)
25 Green sporangia (sori) Soare et al. (2010)
26 Frond, frond 

micro-cuttings
Avila-Peréz (2011)

Shoot apex Plackett et al. (2014, 2015)
aThe content of this part of the table was prepared based on Chap 16 of Encyclopedia of ferns by 
D.L. Jones
bStipe, internode, shoot apical meristem
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multicellular (Table  5.1), and these have been explored in regeneration experi-
ments and in more advanced experiments involving plant genome manipulation 
(Plackett et  al. 2015). Many similarities can be recognized between spermato-
phytes and spore-producing plants; however one significant difference is the 
absence of secondary growth in the latter.

The majority of published papers concerning fern tissue culture and biotechnol-
ogy stress the importance of an alternation of generations between a haploid game-
tophyte and a diploid sporophyte in the natural life cycle of a fern, and the egg cell 
is fertilized within the archegonium. Each generation commences with the develop-
ment of a single cell; in the case of the gametophyte, this is the haploid spore, and 
in the case of the sporophyte, it is the diploid zygote. Both generations of the fern 
are able to survive independently of each other (Bui et  al. 2012). They are very 
adaptable to a wide range of climatic conditions and thus vary greatly in their mor-
phology, from annual and herbaceous to perennial tree ferns. A number of structures 
may be produced by the sporophyte that enable vegetative propagation. These 
include modification of the shoot rhizomes, or the leaves, which may bear bulbils. 
These bulbils are formed on the main midrib of the leaf (Fig. 5.1). Once dissemi-
nated, on reaching the ground, and under favorable conditions, they continue to 
grow with further development of the initial leaf and the formation of roots, result-
ing in the establishment of a new individual and independent plant.

In vitro conditions reveal the additional morphogenetic potential of both genera-
tions. Thera are numerous papers describing the fern multiplication system in vitro 

Fig. 5.1 Bulbils 
regenerated on the midrib 
of Tectaria cicutaria leaf 
(Image was taken by the 
authors in a greenhouse at 
the Polish Academy of 
Sciences, Botanical 
Garden-CBDC in Warsaw, 
Poland)
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basing on culture of spores, multiplication of gametophyte (Camloh and Gogala 
1992), and spontaneous syngamy finally giving sporophytes. Various organs of the 
sporophyte produce green globular bodies (see later). Very rarely, scales from the 
juvenile sporophyte (Platycerium bifurcatum) have been used for morphogenesis 
experiments in ferns.

When whole sporophytes of Asplenium nidus and Pteris ensiformis were cul-
tured on MS medium supplemented with 4.4 μM BA, the rhizomes became swollen 
due to bud proliferation. Isolated and homogenized rhizomes were plated on MS 
hormone-free medium. In Pteris ensiformis, the rhizome explants developed into 
sporophytes, but for Asplenium nidus both gametophyte and sporophyte regenera-
tion occurred. The system was quite effective giving approximately 500 sporophytes 
from homogenates of 0.5  g of BA-treated rhizomes (Fernández et  al. 1997a). 
Isolated shoot apices of Matteuccia struthiopteris cultured in the presence of kinetin 
developed in multibud structures giving the first step of the species multiplication 
on Knudson’s medium (Hicks and von Aderkas 1986). Ambrozič-Dolenisek et al. 
(1999) have reported the development of sporophytes following adventitious shoot 
formation when scales were cultured on MS medium in the absence of plant growth 
regulators. Also, epidermal cells of the excised leaf of the fern Microgramma vac-
ciniifolia produced both aposporous gametophytes and sporophytes (Hirsch 1975, 
1976). Sporophytes were produced by initiation of cell division in the adaxial epi-
dermis cells and the internal proliferation of epidermal derivatives, resulting in the 
formation of an embryo-like structure. The first leaf of this structure emerged pre-
cociously through the abaxial epidermal surface (Hirsch 1976). Later histological 
analysis of indirect somatic embryogenesis in pteridophytes was given by Atmane 
and co-workers (2000) for Lycopodiella inundata.

On the other hand, large numbers of adventitious gametophytes and single-celled 
gemmae are produced on a very simple medium, being these gemmae initiated by 
meristematic activity of marginal cells of the gametophyte (Emigh and Farrar 1977; 
Fernández et al. 1997b).

The callus tissue of ferns can contain cells representing both generations and, if 
derived from cell suspensions and protoplasts that have the morphogenic capacity to 
regenerate both gametophyte and sporophyte, may be used as the initial stage for 
plant cell manipulation (Kwa et al. 1997; Byrne and Caponetti 1992; Teng and Teng 
1997; Kwa et  al. 1997; Joyce et  al. 2014). More complex regeneration systems 
appeared in in vitro cultures of ferns during sporophytic bud regeneration in apos-
porous gametophytes. Regeneration of transformants was observed for shoot apex- 
derived callus (Plackett et al. 2014, 2015) modified by microparticle bombardments 
using 35S:GUS plasmid pCAMBIA1305 (Cambia) (Plackett et al. 2014).

The in vitro phenomenon of somatic embryogenesis has intrigued the experi-
mental biologist since the 1950s, firstly in terms of the structural changes and mor-
phogenic processes involved, but, more recently, in terms of genetic control (Ledwoń 
and Gaj 2011; Gaj 2011) and proteomics (Domżalska et al. 2016). The beginning of 
the present century saw the publication of the description of somatic embryogenesis 
in the cryptogamic plants Lycopodiella inundata (Atmane et al. 2000) and Huperzia 
selago (Szypuła et al. 2005). Later, mitotic activity of one cell was indicated in the 
culture of Argyrochosma nivea gametophyte, giving proliferative area from which 
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finally apogamous sporophytes were formed (Galan 2011). In our lab, more recently 
somatic embryogenesis of tree ferns (Cyathea delgadii) has been described (Fig. 5.2) 
involving plant regeneration from a single epidermal cell on hormone-free medium 
in darkness. In the near future, this may provide a new avenue for fern somatic cell 
genetic manipulation (Mikuła et al. 2015).

5.2  Callus Induction, Maintenance, and Its Morphogenic 
Potential

Information about spontaneous callus formation in gametophytes was first provided 
by Morel and Wetmore (1951) for Osmunda cinnamomea grown on agar medium 
containing inorganic salts, sugar, and vitamins. Gametophytes of Pteridium aquili-
num were the second to show experimental induction of callus formation in the 
presence of sugar and yeast extract (Sussex and Steeves 1953).

The gametophytes and sporophytes that develop from these are very different in 
their morphology. Recognizing these main differences is fundamental to the creation 
of culture conditions for inducing and maintaining callus tissue and for the expres-
sion of its morphogenic potential (Fig. 5.3). Both generations appear not to undergo 
secondary growth. In order to better convey the details of callus induction, its main-

Fig. 5.2 Diagram showing somatic embryogenesis position in sexual and asexual reproduction 
in fern
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tenance and differentiation, this part of the review is divided according to whether 
the source of explants was gametophytic or sporophytic. Numerous papers have 
appeared in the literature regarding the development of particular species, with spe-
cial emphasis on morphogenic events, the initiation of spore germination, prothallial 
development and gametophyte proliferation, and the development of a relatively 
undifferentiated multicellular body. The photosynthetic surface comprises active 
cells that are able to relinquish their prime function and start to self-replicate, result-
ing in the formation of callus tissue and the potential to form a new generation.

5.2.1  Gametophytic Source of Explants

Pteris vittata (Joyce et  al. 2014) and Adiantum capillus-veneris (Maridass et  al. 
2010) were the fern species selected for callus induction and plant regeneration 
from callus tissue initiated in fully developed prothalli. Prothalli of P. vittata were 
transferred onto callus induction medium consisting of 0.5MS medium supple-
mented with 20 g l−1 of sucrose, 1.4 μM gibberellic acid (GA3), and 2.2 μM BA, 
known as Yang medium. The callus tissue contained two types of cells: the first were 
actively dividing whereas the other contained a single large vacuole. Sporophytes 
regenerated from callus asynchronously form clusters of cells in a manner appar-
ently analogous to direct organogenesis. Extracellular matrices were observed in 
actively growing callus and at the base of regenerating sporophytes (Joyce et al. 
2014). Callus induction of A. capillus-veneris prothalli occurred when grown on 
MS medium supplemented with 1.5 μM 2,4-D + 2.0 μM BA, i.e., a commonly used 
combination of plant growth hormones. A combination of two auxins, namely, 

Fig. 5.3 Diagram indicates the various relationships that exist between generations, the callus 
being the central subject for all fern cell manipulations
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2,4-D and IBA, at concentrations of 0.75 and 1.50 μM, respectively, produced unex-
pected and rather peculiar results (Maridass et al. 2010).

5.2.2  Sporophytic Source of Explants

For Cyathea spinulosa, Parker and Thompson medium supplemented with 9.04 μM 
2,4-D and 2.21 μM BA was found to be the most suitable for the induction of deep- 
yellow to greenish callus tissue from the cut surface of leaf primordium explants 
excised from in  vitro-raised sporophytes. After 2  weeks, excellent growth and 
development of callus and differentiation occurred on complex media such as P&T 
supplemented with 2,4-D, BA, and NAA.  The callus induction medium (with 
9.04 μM 2,4-D and 2.21 μM BA), during subculture, promoted the formation of 
meristemoid zones instead of shoot differentiation (Shukla and Khare 2012a). The 
best responses (80% and 70%) for green and compact callus induction in Pteris vit-
tata were obtained for explants grown for 2 weeks on full strength MS and P&T 
media, respectively, supplemented with 2.26 μM 2,4-D and 2.22 μM BA (Shukla 
and Khare 2012b). The use of lower concentrations of mineral salts in both of the 
media mentioned above resulted in the formation of a completely different type of 
callus of pale green coloration, characterized by GGB regeneration (see below). 
Immature, excised leaf blades of greenhouse-grown Adiantum capillus-veneris 
regenerated callus tissue on MS medium supplemented with 2.2 μM BA+2,4-D that 
was capable of shoot formation. Shoots appeared from meristemoid formations on 
the callus in the presence of 2.2 μM BA in 0.5 MS medium (Li et al. 2015).

Following the subculture of pieces of calli on Parker and Thompson medium 
containing different concentrations of 2,4-D, BA, and NAA, both alone and in com-
binations, 12.5 ± 0.45 shoots measuring 8.3 ± 0.6 cm in length were produced with 
4.43 μM BA and 5.36 μM NAA after 4 weeks, as had previously been reported for 
the same combinations of growth regulators (Shukla and Khare 2012a). These 
results were confirmed by culturing Pteris vittata, with BA, which was found to be 
the most useful cytokinin for the experimental regeneration of tree ferns.

Palta and Mehra (1983) described remarkable callus function in experiments, 
thereby demonstrating the possibilities of ploidy manipulation with the help of tis-
sue induction and plant regeneration for consecutive ploidy levels (2x, 4x, 8x) for 
Pteris vittata grown in vitro. The morphogenic potential of callus was explored at 
various ploidy levels for the production of gametophytes in the order from sporo-
phytes via callus to gametophyte with increasing chromosome number for each 
cycle of callus induction and gametophyte regeneration. Figure 5.3 summarizes the 
various relationships that exist between generations, the callus being the central 
subject for all fern cell manipulations.
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5.3  Sporophytic Source of Explants

Published results provide a full description of the morphogenic events that occur in 
culture, but that never happen in nature, for example, the formation of globular 
masses of cells or direct embryo formation by proliferation of photosynthetic game-
tophyte cells.

An exception is the formation of sporophytes from spores of Equisetum arvense, 
as described by Kuriyama and Maeda (1999). The spores, cultured as a haploid 
explant in the presence of a low concentration of BA, developed into globular cell 
masses after 2–3 weeks of culture. Each globular mass was composed of various 
types of cells, but predominantly consisted of small cells with dense cytoplasm. 
After 2 months of culture in the presence of 1 μM BA, the masses underwent mor-
phogenic changes via sporophyte formation, and regenerants were obtained. In the 
case of Dryopteris affinis, the culture initiated by the transfer of sori onto hormone- 
free 0.5 MS medium resulted in spore germination, prothallus formation, and direct 
apogamous embryo regeneration by the gametophyte. The embryo was very easily 
recognized due to the lack of chloroplasts in its cells and, hence, its pale coloration, 
a characteristic and specific trait of embryonic tissue (Soare et al. 2010).

5.4  Proliferation of Secondary and Tertiary Gametophytes

Single-celled spores are excellent experimental material, but have limited shelf-life, 
and therefore, their percentage germination and percentage gametophyte survival 
under natural, unfavorable conditions are very limited. In vitro culture conditions, 
however, have opened up for numerous fern species the possibility of producing an 
unlimited supply of gametophytes under aseptic conditions. Since the spores germi-
nate easily in vitro, this technique has been used to study different aspects of fern 
spore germination and growth and development of both gametophytes and sporo-
phytes. Our experiences of in vitro culture of ferns indicate that gametophyte cul-
ture and multiplication of both tree ferns and herbaceous ferns do not pose any 
particular experimental problems (Goller and Rybczyński 1995; Makowski et al. 
2016). However, the gametophyte is an excellent subject for this work, since it is 
haploid, arises from a single cell, and has a marginal meristem comprising a chain 
of single cells that under specific conditions can undergo cell division, finally pro-
ducing a new gametophyte, for example, numerous species of Cyathea taxa (Goller 
and Rybczyński 2007). This phenomenon has been described among others for 
Phlebodium aureum and Pronephrium articulatum, with excellent photographic 
documentation. Under control conditions, secondary and tertiary gametophyte for-
mation followed the same path as the initial gametophyte (parent) obtained directly 
by spore germination, in terms of initiation and development. However, in the case 
of Phlebodium aureum, these generations can be distinguished by their cordate and 
irregularly lobed prothalli (Johnson and Manickam 2006, 2011).
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5.5  Tissue Culture in Liquid Media

Over many years of scientific inquiry, tissue culture techniques have developed so 
as to enable researchers to carry out experiments on small pieces (fragments) of 
plant body and even single cells. The introduction and use of liquid media in cultur-
ing helped to establish cell suspension cultures, which for many species of seed 
plants permitted an alternative approach, namely, the use of protoplasts. The culture 
of protoplasts having morphogenic potential appeared to be the main objective for 
various plant cell manipulation techniques, including the transformation and modi-
fication of the genome, especially with the exploration of electroporation (Wójcik 
and Rybczyński 2015), electrofusion (Tomiczak et  al. 2017), or genome editing 
(Weinthal and Gürel 2016). In ferns, alternation of generations of distinct morphol-
ogy resulted in the early abandonment of such studies, and nowadays, progress in 
fern biotechnology is limited to only a very few species. Not all published data 
fulfill the conditions required to characterize cell suspension cultures of ferns. 
Numerous papers describing the development and establishment of a tissue culture 
system for ferns emphasize the pharmacological value of studying cryptogams 
(Bienaime et al. 2015). A long history of the use of liquid media in the culture of cell 
suspensions has resulted in the establishment of two main types of cell suspensions 
defined as differentiated (completed by cells possessing a different shape, large 
vacuoles, and high rates of secondary metabolite production) and embryogenic 
(composed of small cells having dense cytoplasm with prominent starch grains and 
that form aggregates and carrying embryogenesity). Developing differentiated cell 
suspensions of particular species helps us to protect those species from the brutal 
exploitation of their habitats in response to increased demands by the market for 
plant material such as ingredients. Embryogenic cell suspension, on the other hand, 
as an alternative system of cell culture, could be used for somatic cell genetic 
manipulation of ferns. The number of species used and the level of plant cell manip-
ulations employed for ferns are very limited. Nevertheless, disseminating informa-
tion about the present status of our knowledge concerning cell suspensions of ferns 
is worthwhile since, in contrast to considerable progress made in this field with 
regard to seed plants, only scattered reports are currently available for ferns on cal-
lus induction, the establishment of cell suspensions, protoplast culture, and fern 
regeneration from suspensions.

5.5.1  Callus and Cell Suspensions

The earliest paper published that concentrated on regeneration from isolated cells of 
fern gametophytes was that of Meyer (1953), followed, almost 10 years later, by 
that of Ito (1962).

Based on a study of the growth and differentiation of single cells isolated from 
callus tissue of Pteris vittata L., Kato (1964) developed a complex medium that was 
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supplemented with various ingredients, depending on the developmental stage of 
the culture. Gametophytes cultured in the darkness proliferated and produced vari-
ous types of callus, only one of which, a very friable one, enabled the establishment 
of a cell suspension. Numerous small pieces of tissue and a suspension of cell aggre-
gates consisting of a few to hundreds of cells, as well as individual cells, constituted 
the suspension culture. The supernatant of the culture contained many isodiametric 
and small, free cells. These small cells contained abundant cytoplasm, starch grains, 
plastids, and other organelles. In order to investigate regeneration capacity, the sus-
pension was placed on agar medium and maintained under white light. Green callus 
tissue differentiated and slowly grew to form gametophytes. A fraction of free cells 
formed normal gametophytes. The process of regeneration from isolated cells essen-
tially resembled that from spores, with rhizoids developing first. Differentiation into 
gametophytes occurred on defined medium not supplemented with organic 
substances.

A paper describing the process of fern differentiation from cell suspension in 
Nephrolepis exaltata was published (Bryne and Caponetti 1992). For culture initia-
tion, apical explants of stolon tips were selected to develop callus and to establish 
cell suspensions. Callus culture was initiated and established on agar medium con-
taining 2 μM 2,4-D and 3% sucrose and subcultured many times. Due to the soft 
texture of callus tissue, its agitation in liquid medium produced a suspension of 
individual cells, and small multicellular aggregates were produced in the presence 
of Murashige Fern Multiplication Medium (MFMM) supplemented with 2  μM 
2,4-D and 3% sucrose. The morphology of single cells varied both in shape and 
size, but small multicellular aggregates were mostly gourd-shaped. Single cell and 
cell aggregates formed numerous cell masses and callus clones when transferred to 
agar medium. Medium supplemented with kinetin and NAA supported the regen-
eration processes, eventually resulting in the formation of plantlets. Callus cultures, 
as the main source of cell suspensions, were derived from 2-month-old gameto-
phytes of Platycerium coronarium cultured on MS medium supplemented with 
20 μM 2,4-D and 2% sucrose as described by Kwa et al. (1995). Cell suspensions 
were prepared by transferring 0.2 g of callus tissue to 20 ml of liquid medium com-
prising 5 μM 2,4-D. Manipulation of medium ingredients resulted in the establish-
ment of two kinds of callus, characterized by differences in their morphogenic 
potential and their capacity to regenerate. Sporophytes were regenerated by cultur-
ing pale-green-colored callus tissue in the presence of kinetin, and, following pro-
liferation, maintaining the tissue on MS medium containing a reduced concentration 
of synthetic auxin (2 μM 2,4-D). Subculturing onto basal MS medium resulted in 
the development of sporophytes which contrasted with the dark-green, gametophyte- 
producing callus tissue. Gametophytes have also been used for callus induction in 
Anogramma leptophylla (Chemma 1983), Nephrolepis cordifolia (Sulklyan and 
Mehra 1977), and Ceratopteris thalictroides (Cheema and Sharma 1991). 
Furthermore, roots (Mehra and Palta 1971) and rhizome apices (Cheema 1983) of 
Cyclosorus dentatus and Regnellidium diphyllum, respectively, have been used to 
develop callus cultures with auxins and kinetin in the presence of sucrose.
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Hegde and co-workers (2006) demonstrated an excellent system for the induc-
tion of callus and the regeneration of sporophytes from rhizomes of Drynaria quer-
cifolia by the use of cytokinins and auxins. The callus was subcultured using solid 
and liquid media, and significant sporophyte regeneration was observed only on 
solid medium supplemented with 48.2 μM 2-iP. An atypical pattern of development 
followed, resulting in the formation of one-cell-thick, leafy structures, together with 
microrhizomes. A prolonged period of culture caused the above to produce in vitro 
a juvenile sporophyte. Cell suspension cultures were the only source of plant bio-
mass used for pharmaceutical purposes, but these were not used as plant material for 
morphogenesis induction experiments.

A simple culture suspension of Platycerium bifurcatum was developed (Teng and 
Teng 1997; Teng 1997), where sporophytes could be regenerated directly from cells 
of macerated leaf blade or indirectly via an aposporous gametophyte stage, under 
the same culture conditions in the presence of MS medium supplemented with 
0.54 μM NAA. A single cell is able to form regenerated gametophytes by means of 
two separate routes. Some single cells produce a bipolar protonema early on during 
culture, whereas most form a gametophyte cluster. During protonema development, 
distally located cells branch out in various directions and then grow into armlike 
structures. These structures also grow to form the next branches, which finally result 
in the formation of ribbonlike gametophytes that form apogamous sporophytes. 
Single cells or small aggregates (about 100 cells) are able to develop aposporous 
gametophytes which later gave rise to sporophytes. This phenomenon, like the natu-
ral life cycle of a fern, is limited to the regeneration of one sporophyte per gameto-
phyte. Larger aggregates composed of 500–1000 cells form apogamous sporophytes 
directly. This system demonstrates that the regeneration patterns employed are 
closely related to the size of cell aggregates.

Bearing in mind the various cell suspensions referred to in the literature relating 
to fern biotechnology, we would like to contribute to all these previous publications 
by presenting here figures of our own work on the liquid culture of cell aggregates, 
the subject of our current research interest. Our purpose in doing this is to help oth-
ers understand how new plants can arise from both cell suspension aggregates and 
single cells (Fig. 5.4).

The use of plant protoplast culture manipulation is well established for seed 
plants. In the case of ferns, for the last two decades of the twentieth century, the 
1980s and 1990s, there was a revival of interest in spore-bearing plants, since their 
possession of two different generations made it possible to investigate two separate 
sources of various characters. Plant material comprising two generations with vari-
ous ploidy levels for the same genome seemed an excellent subject for experiment-
ing with plant genome expression along two morphogenic pathways. However, 
eventually, there was a decline in such work because the biochemical properties of 
fern cells complicated the release of the protoplast. Sometimes, mechanical treat-
ment of plant tissue helped release protoplasts from the green, single-layered game-
tophyte and from the mesophyll of sporophyte leaves. It is also worth considering 
the increased efforts made to develop embryogenic cell suspensions. Recently pub-
lished papers relating to the somatic embryogenesis of tree ferns represent a first 

5 Morphogenic Events in Ferns: Single and Multicellular Explants In Vitro



110

step in this direction. Our hope is that researchers working on ferns might find here 
important information and help for studying the development of in vitro cultures 
and the biotechnology of cereals, where the embryogenic character of cultures sig-
nificantly advanced the biotechnology.

5.5.2  Protoplast

Protoplasts are the best model for studying morphogenic events leading to the 
acquisition of fully formed plants from single cells. In the case of ferns, the number 
of papers involving protoplast isolation and their subsequent culture is scant, and 
therefore, in this part of the chapter, protoplast experiments involving fern allies 
will also be considered. It is very interesting, and very characteristic, that fern pro-
toplasts derived from young green prothalli of Ceratopteris richardii behave like 

Fig. 5.4 Image of initial cell divisions of developing embryogenic cell suspension derived from 
root callus tissue of Cyathea australis in liquid medium 0.5 MS supplemented with 0.2 mg/l BA 
and 2.0 mg/l 2,4-D. Pictures of living specimens were taken with the help of Nomarski contrast 
microscopy: (a) Image of undivided cell and two sister cells (b) Image of three four to six cell 
aggregates showing cell division leading to form embryo-like structure of 2-month-old cell sus-
pension culture (c) Storage materials cells of various shape cell suspension aggregates (d) 
Numerous cell aggregates of (embryogenic) cell suspension (e) General image of cell suspension 
aggregates of 2-week-old subculture
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single spores in terms of their first cellular division, which give rise to primary rhi-
zoids after a period of at least 10–24  days of culture on agarose. Finally, after 
29 days, planar growth of the prothallus is observed, and within 60 days of culture, 
the gametophytes reach sexual maturity (Edwards and Roux 1998).

Protoplast isolation was carried out for the first time by Klercker (1892) using a 
mechanical method on the plasmolyzed cells of tobacco leaf. Cocking (1960), how-
ever, used biochemical cell wall degradation with the help of cellulase to obtain 
plant protoplasts. Later, mostly enzymatic cell wall digestion was used for proto-
plast isolation. In the case of ferns, the first isolation of fern protoplasts was obtained 
for a callus-like mutant gametophyte of Pteridium aquilinum (Partanen et al. 1980). 
Microscope studies (light, scanning, and transmission electron microscopy) were 
used to describe protoplasts derived from the gametophyte and from gametophyte 
rhizoids of Onoclea sensibilis and Pteridium aquilinum, respectively. The age of the 
gametophyte appears to be a critical factor for protoplast isolation, the optimal age 
for protoplast isolation being between 10 and 12 weeks of in vitro culture (Breznovits 
1994). The ultrastructure of studied protoplasts showed numerous structural differ-
ences related to their origin (Huckaby et  al. 1982; Attree and Shefield 1985). 
Protoplasts were successfully isolated for the first time from the filamentous proto-
nemal cells of ferns Adiantum capillus-veneris and Pteris vittata. Protoplasts were 
easily isolated from these protonemal cells by digestion of the cell wall with cellu-
lase and pectinase. A total of 0.8–1.9  ×  104 and 0.6–2.0  ×  104 protoplasts were 
obtained of Adiantum and of Pteris, respectively. Viability, as judged by staining 
with fluorescein diacetate, was more than 90% for both species. Staining with 
4′6-diamidino-2-phenylindole (DAPI) revealed that about half of the protoplasts of 
both species contained a nucleus (Kadota and Wada 1989). The gametophyte of 
Lygodium japonicum was the subject of a study that investigated the viable culture 
of protoplasts derived from green prothallial cells (Maeda et  al. 1990) and 
15–20-day-old gametophytes (Nakamura and Maeda 1995). For protoplast isola-
tion, Cellulase Onozuka and Macerozyme R-10 in 0.6 M mannitol and CPW solu-
tion was used in both cases (Frearson et  al. 1973). The protoplasts, grown in a 
culture medium containing 0.6 M mannitol and 0.05 M sucrose supplemented with 
NAA and BA, began to divide within a few days of culture, and after 30 days, cell 
clusters were observed. Sequential reduction in mannitol concentration resulted in 
the development of rhizoids and protonemata. Later, regeneration of a common 
gametophyte occurred, and subsequently the regenerated gametophytes produced 
sporophytic leaves and roots (Maeda and Ito 1981). The manipulation of sugars, a 
reduction in mannitol concentration, and protoplast-derived cell clusters cultured on 
hormone-free medium led to the formation of rhizoids and protonema-like regener-
ants from protoplasts derived from the juvenile leaflets of sporophytes of Lygodium 
japonicum (Maeda et al. 1990). Manipulation of BA and NAA concentrations aimed 
at stimulating the growth and development of cultured protoplasts is supported by 
supplementing the culture with inorganic and organic compounds. Jasmonic acid 
was the PGR used for sporophytic protoplast culture of the fern Platycerium bifur-
catum. The lowest concentration of JA used, 0.01 μM, stimulated protoplast divi-
sion giving significantly better results than controls after 8  days of culture. The 
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higher concentrations used in the experiment did not contradict results obtained for 
the lowest JA concentration, suggesting that low concentrations of JA stimulate cell 
division. Nonorganic active charcoal (AC) is used to stimulate the growth of cul-
tures of various plant tissues by absorbing harmful metabolites produced by tissues, 
cells, and protoplasts growing in vitro. By placing liquid medium over the surface 
of agar medium containing charcoal, the number of dividing green cells was 
increased. Active charcoal at 1.0% was sufficient for increasing both cell division 
and maintaining cell viability. Protoplasts growing in the presence of AC in the 
medium retained their chloroplasts and remained green in color, regardless of 
whether or not they divided. Stimulatory effects were exerted by AC only during the 
initial stages of protoplast culture, but AC is not necessary for the subsequent devel-
opment of regenerated cells during the later stages of culture. Subculturing resulted 
in the formation of rhizoids, which developed into young gametophyte. On reaching 
maturity, the gametophytes formed sporophytic shoots in the presence of low con-
centrations of BA (Kuriyama et al. 1999).

Protoplasts (plant cells deprived of their cell walls) are considered ideal experi-
mental models for increasing the genetic variation of somatic cells for gene transfer 
and somatic hybridization. Literature sources for fern somatic cell hybridization are 
extremely poor and, to the best of our knowledge, represented by a single paper 
presented by Breznovits (1994). This paper describes somatic hybridization using 
electrofusion experiments in Pteridium aquilinum streptomycin-resistant x- sensitive 
lines and other fern species (Pteris vittata, Pteris cretica cv. albolineata, Polystichum 
aculeatum, Polystichum setiferum, Phyllitis scolopendrium, Asplenium ruta- 
muraria). Interspecific hybridization of the species mentioned above resulted in 
hybrids that failed to survive due to chromosome incompatibility. The Fraction I 
protein analysis revealed that the fusion products selected for streptomycin resis-
tance were viable hybrids containing chloroplasts obtained from the donor Pteridium 
aquilinum. These electrofusion experiments showed that cytoplasmic hybrids in 
ferns can be readily generated by protoplast fusion, in contrast to nuclear hybrids 
that are nonviable for most interspecific combinations (Breznovits 1994).

5.6  Green Globular Bodies (GGBs)

Table 5.1 compares two different systems of vegetative fern propagation. The life 
cycle in ferns is highly variable and depends on the habitat occupied. Generally, fern 
morphology varies little under in  vitro conditions, regardless of species, as the 
plants are exposed to the same degree of stress; however, when deflasked, they 
assume the form characteristic of the species under consideration. The left side of 
Table 5.1 shows the natural potential for vegetative propagation of each fern when 
grown naturally, i.e., in vivo (Jones 1987), whereas the right side shows how each 
of these ferns propagates vegetatively in vitro. It seems that bulbils formed by leaves 
under natural conditions can be compared with green globular bodies (GGBs), the 
topic discussed here. Bulbils are formed naturally on sporophyte leaves and occur 
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only in some species, but GGBs are formed in response to cytokinin in vitro and 
produced by unlimited cell division of sporophytes. The aim of the GGB experi-
ments is commercial, namely, to develop an efficient system for vegetative 
propagation.

The term GGB was first introduced into experimental work on the life cycle of 
ferns by Higuchi and co-workers (1987) who worked on Nephrolepis cordifolia. 
Subsequently, authors extended the list of species used for the experimental  initiation 
of GGB formation as a simple means for propagating ferns vegetatively in vitro. 
The system was developed for Asplenium nidus, Pteris ensiformis, Adiantum raddi-
anum, and Rumohra adiantiformis, with special emphasis on the cultivation of two 
cultivars of Nephrolepis cordifolia and nine cultivars of Nephrolepis exaltata for 
commercial purposes (Amaki and Higuchi 1991). The main factor involved in GGB 
initiation was the cytokinin BA at a concentration of 4.4 μM MS medium which was 
also supplemented with 2% sucrose. There was a great difference in GGB growth 
rate between species. The various requirements for in vitro cultivation were reflected 
by the degree of proliferation and plantlet regeneration in particular species. Fresh 
weight as an indicator of variation revealed that GGBs of Pteris ensiformis 
(Fernandez et  al. 1996) grew rapidly, whereas those of Asplenium nidus and 
Adiantum raddianum grew very slowly and did not exceed a twofold increase in 
weight. Variation in morphology of the GGB surface was surprising, as it was char-
acteristic for each individual species. GGB development required hormone-free 
medium that promoted sporophyte regeneration (Liao and Wu 2011).

As mentioned above, GGBs have been developed for Polypodium cambricum in 
studies of various explants that also originated from young sporophyte. Therefore, 
experiments were extended to the use of two cytokinins (BA and kinetin) in combi-
nation, with or without NAA and sucrose. Homogenization of the sporophyte body 
for a range of experiments is quite common in the vegetative propagation of ferns, 
not only in vitro. The method, however, has a number of drawbacks, for example, 
the size of the explants necessary, as it requires relatively young donor plants. 
Nevertheless, it appears to be effective in promoting vegetative propagation. This 
procedure was used for the species discussed. Segments of rhizome, petiole, or the 
basal part of frond and root tips of 6-month-old sporophytes were of particular inter-
est. The experimental conditions created were useful in determining the various 
morphogenetic potentials of the investigated explants, each of which (rhizome, peti-
ole, and frond explants – 50%) showed a similar response in terms of GGB forma-
tion, but no GGB regeneration occurred on root explants (Bertrand et al. 1999).

Alternatively, epidermal or green mesophyll cells of young Adiantum capillus- 
veneris leaves were used as a source of GGB regeneration in the presence of BA (Li 
et al. 2015). For Platycerium bifurcatum GGB regeneration using both BA and the 
next purine-derived cytokinin, 2-iP [N6-(2-isopentenyl adenine)] was employed. In 
these experiments, explants were derived from juvenile leaves of in  vitro-grown 
sporophytes. As in the other studies mentioned, sporophyte regeneration required 
hormone-free medium in order to implement a program of plantlet differentiation. 
During plant regeneration, rooting usually required additional special treatments, 
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which in this case were omitted, and shoot regenerants were directly transferred 
onto sphagnum substrate in order to promote rooting (Liao and Wu 2011).

In order to determine the optimal conditions for Cibotium barometz multiplica-
tion, mineral medium supplemented with the artificial urine-derived cytokinin, 
thidiazuron, was used in GGB induction experiments. Three-leaf plantlets (sporo-
phytes) responded by shoot apical dome multiplication and differentiation. 
Multiplication of GGB was very rapid because both mother and daughter GGBs were 
involved in the simultaneous formation of the next vegetative generation. A single 
GGB, during the multiplication phase, had a flat or dome-shaped upper surface (Yu 
et al. 2017). Stolon tips are the next possible explants for use in the development of 
a rapid propagation system using BA (2.2 μM) via GGB formation. GGBs easily 
regenerate plants of Nephrolepis cordifolia (Higuhi et al. 1987). The green globular 
body system fully met our expectation for multiplication, not only for commercial 
reasons but also for the propagation and conservation of endangered species. 
However, this system of multiplication was developed simultaneously as an alterna-
tive to the shoot regeneration of Pteris vittata in the presence of 2,4-D and BA 
(Shukla and Khare 2012a, b).

Papers published to date do not precisely address the cyto- and histological ori-
gin of GGBs. One published analysis indicates that GGB formation depends on the 
organ from which explants are derived. GGB structure was compared to that of a 
protocorm body (Yu et al. 2017). However, protocorms are freely growing multicel-
lular complexes, whereas GGBs form no part of the explant tissue until initiation of 
liquid culture occurs, which, in the case of some species, does not stimulate GGB 
overgrowth. Only the independence of multi-shoot meristem formation as the initial 
stage in shoot formation is similar. In the case of runner explants of Nephrolepis 
cordifolia, the initial GGBs arise from the peripheral zone of the vascular bundle of 
tip explants. The swollen GGB usually has many meristems, and each of these is 
directly connected to the main vascular bundle system of explants. The efficiency of 
propagation depends on the size of the GGB, a very small piece of plant body giving 
better results than a large one in the presence of only 2.2 μM BA. Completion of 
plant regeneration from GGB via the development of a particular meristem occurs 
on hormone-free medium (Higuchi et al. 1987). The processes of GGB induction 
and multiplication were described for juvenile leaf explants of Platycerium bifurca-
tum (Liao and Wu 2011) and also for juvenile sporophytes of Cibotium barometz 
(Yu et al. 2017). It is necessary to stress that, for rhizomes, the GGB structures origi-
nate by explant tissue proliferation, namely, from the epidermis or primary cork, but 
not by single cell proliferation. Its single cell origin has been proven for only three 
species of fern that form somatic embryos, with cytohistological evidence provided 
for Microgramma vacciniifolia (Hirsch 1976), Argyrochosma nivea (Galan 2011), 
and the tree fern Cyathea delgadii grown on hormone-free medium (Mikuła et al. 
2015). Histological analysis of Cibotium barometz GGB multiplication revealed the 
multicellular organization of meristematic activity involved in the formation of pri-
mary meristems and a second meristem (based on the description of daughter bod-
ies) which represents the initial stage of multiplication. As the process proceeds, the 
formation of protrusions becomes visible and these later give rise to new GGBs 
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(Higuchi and Amaki 1989). This phenomenon is not limited to experimental sys-
tems, and each GGB develops into a single shoot via frond regeneration (Yu et al. 
2016). For Neottopteris nidus, both systems of GGB growth, namely, agar and sus-
pension medium, were developed so as to provide experimental material for con-
serving plant genetic resources (Mikuła et al. 2011). For the cryopreservation of 
GGBs, the droplet-vitrification method has been adopted (Li et  al. 2013). The 
medium used for suspension culture has a lower concentration of BA, but the same 
concentration of NAA and sucrose. The method used involves a loading solution 
and PVS2 solution. Over a period of 30–90 days following the freezing of GGB 
cultures, the structures passed through various stages of development. Initially they 
turned black due to phenolic oxidation, and later, new body tissue was regenerated, 
and new meristems became organized that finally resulted in the formation of new 
leaves. The extension of the culture period resulted in the production of many more 
new leaves. GGBs in suspension culture showed a similar trend of regrowth (Li 
et al. 2013).

5.7  Media and Plant Growth Hormones Used

The following media were employed in the tissue culture of ferns: Knopp, Knudson, 
Murashige and Skoog (with various concentrations of inorganic salts), Gamborg 
B5, modified Prague, Hoagland and Arnon, Dryer, Moor, and Parker-Thompson, 
Miller, Yang. Their use closely follows the history of plant tissue culture, com-
mencing with very simple media and becoming increasingly complex, such as 
Gamborg B5 and Murashige and Skoog media. At present, the medium mainly used 
is that of Murashige and Skoog. Its mineral salt content is mostly halved in the 
majority of experiments for initiation, establishing and maintaining cultures. Some 
media were modified by changing nitrogen concentrations. Fern cultures are main-
tained on solidified medium, very rarely liquid medium. Liquid culture of ferns is 
not popular and is mainly used for plant cell suspension cultures. Generally, lack of 
this type of culture reflects a lack of progress in plant cell genetic manipulation in 
fern biotechnology.

The set of plant growth hormones used does not differ much from that used for 
cell and tissue culture of seed plants, both monocots and dicots. The list includes 
cytokinins, Kin, 2-iP, zeatin, TDZ, BA and auxins, 2,4-D, 2,4,5-T, IAA, NAA, and 
IBA. Gibberellic acid (GA3), JA, and ABA are plant growth hormones that are very 
rarely used in the in vitro culture of ferns (Raynolds 1981). Organic supplements, 
coconut milk (CM) and casein hydrolysate (CH), were used as a source of organic 
compounds for stimulating tissue growth and cell proliferation (Bharati et al. 2013). 
Active charcoal is used for greatly improving the growth efficiency of the sporo-
phyte regeneration (Teng 1997; Avila-Perez 2011).
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5.8  Conclusions

The number of fern species used for developing plant cell, tissue, and organ culture 
manipulation is limited. Some of these, however, are recognized and used as model 
systems (e.g., Ceratopteris thalictroides). Morphological variation is reflected by 
the choice of species used for propagation by vegetative multiplication (Bharati 
et al. 2013). Pharmaceutical value, horticultural value, environmental degradation, 
and species protection were the criteria considered in selecting these species and 
introducing them to in vitro propagation.

The review presented indicates that some of the techniques result only in the 
formation of initials, and these usually commence with the sowing of spores onto 
agar medium so as to have sufficient experimental material for PGR manipulation 
and to induce morphogenic events. For ferns, the cell, not the protoplast, is usually 
the level at which manipulation and the production of modified regenerants occurs. 
In the majority of fern species, the effect of PGRs on the regeneration of new plants 
is studied on well-organized explant gametophytes and sporophytes or their various 
elements. Green globular bodies, formed as a result of cellular proliferation of 
explants, originated from various elements of the juvenile plant body and are of 
interest, not only as a vegetative propagule but also as the structure in which cell 
multiplication and meristem organization occur.

It is a great pleasure to work with ferns, plants without secondary growth, and to 
develop a new means of regenerating plants via the single cell origin of somatic 
embryos (see Chap 6) and by cell suspensions (see figures for this chapter) that 
carry characters typical of the embryogenic cell suspensions described for seed 
plants. These two elements are very promising for future experimental work on 
ferns. Our work in this field commenced many years ago with the initiation of spore 
germination and gametophyte multiplication on a simple medium, with the aim of 
obtaining sporophytes. We performed our work like every other fern tissue culturist. 
Now, however, we have much evidence to indicate that this work on such variable 
experimental material could prove to be very rewarding.
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Chapter 6
Experimental and Practical Application 
of Fern Somatic Embryogenesis

Anna Mikuła, Małgorzata Grzyb, Karolina Tomiczak, 
and Jan Jarosław Rybczyński

Abbreviations

ABA Abscisic acid
ACC Subunit acetyl-CoA carboxylase
ACS Acetyl-coenzyme A synthetase
APX L-ascorbate peroxidase
CKs Cytokinins
DAHPS1 Phospho-2-dehydro-3-deoxyheptonate aldolase 1
DHQ synthase 3-dehydroquinate synthase
GDH Glutamate dehydrogenase
GST Glutathione S-transferase
IAA Indole-3-acetic acid
MED37  The mediator of RNA polymerase II transcription subunit 37
RGP1 UDP-arabinose mutase
RHM1 UDP-4-keto-L-rhamnose-reductase RHM1
SE Somatic embryogenesis

6.1  Introduction

Somatic embryogenesis (SE) is a process by which bipolar structures called somatic 
embryos develop from non-zygotic cells. It was first described for carrot callus cells 
60 years ago (Reinert 1958; Steward et al. 1958). By 2015, this unique developmen-
tal process had already been recognized for many spermatophytes, but for only two 
cryptogamic species, i.e. Lycopodiella inundata (L.) Holub and Huperzia selago 
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(L.) Bernh. ex Schrank. (Atmane et al. 2000; Szypuła et al. 2005). In 2015, the first 
report of SE in a fern was published for Cyathea delgadii Sternb., a plant species 
belonging to Monilophyta, a clade that contains the closest living relatives of sper-
matophytes (Mikuła et al. 2015b). Although the life cycle of ferns is completely 
different from that of spermatophytes, the ability to switch the developmental pro-
gram of mature cells to that of somatic embryo formation seems to be universal and 
needs to be explained (Kennedy and Norman 2005). The switch in cell fate, both in 
seed plants and cryptogamic plants, is characterized by changes in phytohormone 
content and abundance of protein, by patterns of gene expression, as well as struc-
tural rearrangement of explant cells. Determining the changes by which somatic 
cells are able to reset a new developmental pathway is important if we are to under-
stand the capacity of plant cells for asexual embryogenesis. Our recent work shows 
that the use of C. delgadii is useful in understanding somatic-to-embryogenic 
transition.

6.2  Story of Somatic Embryogenesis in the Tree Fern 
Cyathea delgadii

The sequence of events leading to termination of zygotic embryogenesis under in 
vitro culture conditions (Fig. 6.1) provides not only information about sexual repro-
duction in C. delgadii but is also a source of experimental material for SE.  It is 
worth emphasizing that maintaining cultures in darkness inhibits the development 
of gametophytes, and the latter are prevented from reaching sexual maturity. Under 
16/8 h photoperiod conditions, gametophytes achieve maturity within 6 months fol-
lowing spore sowing on 1/2 strength Murashige and Skoog (MS) medium supple-
mented with 1% sucrose. Details of sex organ formation in this species were 
described by Rybczyński and Mikuła (2011). Following fertilization, early develop-
ment of the zygotic embryo takes place inside an archegonium. Following rupture 
of the archegonial envelope by the first leaf (Fig.  6.1a), subsequent embryonic 
growth is rapid. Within 4–5 weeks, the main organographic regions are determined, 
and the leaf-root axis is visible (Fig. 6.1b). Subsequently, the first leaf elongates, 
and the development of the second follows shortly thereafter (Fig.  6.1c, d). The 
lamina of the first leaf, grown under photoperiod conditions, is entirely different 
from that of mature adult leaves (Fig. 6.1e, f). The first leaf shows dichotomous 
venation, whereas the second is more complex and pinnate (Fig.  6.1f). Zygotic 
embryo-derived sporophytes were readily induced on gametophytes growing on 
culture medium lacking ammonium nitrate (NH4NO3) and with the mineral salt con-
centration of the medium reduced to 1/8 MS (Fig. 6.1e).

These findings confirm that requirements for nutrients for zygotic embryo initia-
tion in the tree fern C. delgadii are low. Indeed, starvation has previously been used 
for the initiation of fern sporophytes in Pteris ensiformis Burm. f., Adiantum reni-
forme var. sinense Y. X. Lin., and Osmunda regalis L. (Fernández et al. 1999; Wu 
et al. 2010; Makowski et al. 2016). Parts of very young zygotic embryos and zygotic 
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embryo-derived sporophytes that were allowed to develop under reduced light con-
ditions (3.5 μE m−2 s−1) were capable of producing somatic embryos (19% efficient) 
(Mikuła et al. 2015b). Ultimately, the capacity of C. delgadii explants to undergo 
SE depends on the light conditions that prevail during the development of source 
plantlets. No embryogenic induction was observed in stipes excised from sporo-
phytes cultured at a light intensity of 50 μM m−2 s−1 (Mikuła et al. 2015a). Long- 
term etiolation of somatic embryo-derived sporophytes has proved to be the main 
factor controlling induction of SE on hormone-free medium. Later studies revealed 
that the course of SE is dependent on the type of explant used for culture initiation. 
Stipe explant is important for inducing a single-celled source of somatic embryos 
(Fig. 6.2a–d) (Mikuła et al. 2015b), whereas an internodal explant is required to 
induce a multicellular SE pathway (Fig. 6.2e–g). When stipe explants were used for 
culture initiation, the first cell divisions typically commenced at 10 days of culture 
(Fig.  6.2a). During the next 4–6  days, the epidermal cells divided several times 
(Fig. 6.2b). Early (Fig. 6.2c) and late embryonic leaf stages (Fig. 6.2d), with numer-
ous trichomes on the embryo surface, were clearly visible at about 21–28  days 
 following culture initiation. Numerous divided cells were visible on the surface of 
internodal explants after 7 days of culture. These divisions led to the formation of 

Fig. 6.1 Details of zygotic embryo development in Cyathea delgadii maintained in  vitro at a 
16 h/8 h photoperiod on 1/2 MS medium. (a) Archegonial envelope ruptured by the first emerging 
leaf of the zygotic embryo; red autofluorescence of chlorophyll was induced by exposure to blue- 
violet light (BV filter: 400–440 nm). (b) Well-developed zygotic embryo showing first leaf and a 
root primordium; thus, the leaf-root axis is visible. (c) The first crosier of a zygotic embryo. (d) An 
elongating leaf of a zygotic embryo. (e) Numerous zygotic embryo-derived sporophytes formed on 
1/8 MS medium lacking ammonium nitrate (NH4NO3). (f) Zygotic embryo-derived sporophyte 
with first juvenile leaf, second pinnate leaf, and third young crozier. A archegonium, G gameto-
phyte, L leaf, RP root primordium, R root, S sporophyte, SA shoot apex, 1st first leaf, 2nd second 
leaf, 3rd third leaf
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Fig. 6.2 Different methods of inducing somatic embryogenesis in Cyathea delgadii. (a–d) 
Direct unicellular pathway method induced on stipe explants. (a) First divisions (arrows) of epi-
dermal cells of stipe explant; day 12 of culture. (b) Numerous proembryos at linear stage of 
development; day 14 of culture. (c) Somatic embryos at early (day 16 of culture) and (d) late 
embryonic leaf stages (day 21 of culture). (e–g) Direct multicellular pathway method induced on 
internodal explants. (e) Emerging nodular proembryos on internodal explant; day 13 of culture. 
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compact, nodular structures of multicellular origin (Fig. 6.2e), and these  subsequently 
developed very quickly. Differentiation of the leaf primordium was observed at 
about day 16 of culture (Fig. 6.2f). Elongation of both embryo body and root then 
occurred (Fig. 6.2g). This method of somatic embryo formation in fern species is 
shown here for the first time. Sporophyte cultures maintained in darkness without 
any subculture for more than 5  months became an additional source of somatic 
embryos (Mikuła et al. 2015b). These embryos were spontaneously formed on vari-
ous parts of donor plantlets by direct (Fig. 6.2h) or indirect SE (Fig. 6.2i, j). Both 
processes have been observed to occur simultaneously under the same tissue culture 
conditions. The course of SE in C. delgadii, commencing with spores followed by 
the culturing of gametophytes and formation of zygotic embryo-derived sporo-
phytes, to the formation of somatic embryos and, ultimately, the derivation of 
mature plantlets from these, is summarized in Fig. 6.3.

Somatic embryo-derived sporophytes that have developed three leaves are the best 
source of initial explants. The process of SE from stipe explants of sporophytes 
(Fig. 6.3; in gray) continue in a cyclic manner, thus providing a continuous supply of 
embryogenic material. As an experimental system, it has certain advantages compared 
to those systems of SE described for the majority of spermatophytes. The system is 
induced (1) on hormone-free medium, (2) from a single cell of the stipe epidermis or 
from several cells of internodal segments, (3) during a short-time period, and (4) with 
very high multiplication and replication rate. Additionally, embryogenicity can be 
maintained for prolonged periods independent of a primary explant source. There are 
a few examples of species for which SE is driven by growth regulator-free medium 
(Raemakers et al. 1995). Although progress has undeniably been made in characteriz-
ing the underlying mechanisms of SE, thanks to the use of model plants such as 
Arabidopsis and Daucus carota (Raghavan 2006), the unique system that occurs in C. 
delgadii is extremely helpful in advancing this research.

6.3  Insight into Early Somatic Embryogenesis  
Using the C. delgadii Model System

The acquisition of embryogenic capacity occurs with greater or lesser ease depend-
ing on the plant species and the in vitro regeneration system employed. For most, 
the response of explant cells and the method of somatic embryo formation are 

Fig. 6.2 (continued) (f) Further embryo development showing location of differentiation of leaf 
primordium (arrow) at the apex of the embryonic structure; day 16 of culture. (g) Elongation of 
embryo body and differentiation of both the first leaf and root of somatic embryo. (h–j) Direct or 
indirect pathway method in aging cultures of sporophytes. (h) Numerous somatic embryos 
induced directly from stipe cells of aging sporophyte. (i) Proliferation of embryogenic callus and 
(j) differentiation of somatic embryos. Images are based on scanning electron (a–c, f) and light 
(d–e, g–j) microscopy studies. C callus, R root, S sporophyte, SE somatic embryo, 1st first leaf, 
2nd second leaf
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modified by the interaction of natural hormones and synthetic plant growth regula-
tors (PGR) (Gaj 2004). Exogenously applied PGRs alter the synthesis, activation, 
transport, and destruction of endogenous hormones and regulate the morphogenetic 
response of explant cells (Gaspar et al. 1996). Conversely, SE can be induced in the 
absence of PGRs by using different stress treatments, such as osmotic stress, high 
or low temperature, or salinity (Nic-Can et  al. 2016). Research on C. delgadii 
showed that the ability of explants to undergo somatic embryo production can also 
be controlled by the light conditions under which the donor plantlets are grown 
(Mikuła et al. 2015a). This occurs by the regulation of both endogenous hormone 
contents and hormonal balance (Grzyb et  al. 2017). A summary of hormonal 
changes resulting from the 5-month-long culture of donor plantlets in constant dark-
ness and during early SE  is shown in Fig. 6.4.

Etiolation reduces by almost 12-fold the concentration of the phytohormone 
abscisic acid (ABA), and it is this PGR that is considered to be the main factor 
involved in inhibiting the explant to undergo SE (Ivanova et al. 1994; Jiménez and 
Bangerth 2001). It also reduces the ABA/cytokinin (CK) and ABA/ indole-3-acetic 
acid (IAA) ratios by as much as 107-fold and 29-fold, respectively (Fig. 6.4). In the 
absence of photosynthesis, there is also a clear reduction in sugar content. However, 
light per se does not appear to be associated with the acquisition of embryogenic 
totipotency by cells of etiolated explants since both dark- and light-cultured explants 
are highly efficient in producing somatic embryos (Mikuła et al. 2015a). However, 
light is nevertheless one of the most important external factors in that it affects both 
the type of morphogenetic response and also fern sporophyte development. In C. 

Fig. 6.3 Schematic representation of somatic embryogenesis pathways during micropropagation 
of Cyathea delgadii. Recurrent embryogenesis and continuous production of somatic embryos are 
shown in gray. This is achieved by maintaining the culture of somatic embryo-derived sporophytes 
in the dark. The method of somatic embryo formation is dependent on the explant type used for 
culture initiation. SE somatic embryogenesis
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delgadii, stipe explants cultured under photoperiod conditions are able to form both 
somatic embryos and gametophytes next to each other (Mikuła et al. 2015a).

Although there has been considerable progress in the identification of genes 
implicated in SE, our understanding of the mechanisms by which stresses influence 
the acquisition of embryogenic capacity still remains unclear (Elhiti et al. 2013). In 
C. delgadii, the events that lead to single-cell somatic embryogenesis have been 
analyzed at the level of hormonal and cytomorphological responses. These results 
enable one to speculate on how SE started (Table 6.1). It is proposed that the exci-
sion of a stipe explant from an etiolated donor plantlet of C. delgadii leads to the 
loss of the resources required for hormone biosynthesis, resulting in a dramatic 
reduction in the concentration of all phytohormones, yet the hormonal balance 
remains almost unchanged (Fig. 6.4; Grzyb et al. 2017). The leakage of cytoplasm 
from mechanically disrupted cells probably results in a fall in turgor pressure 
(Nonami and Schulze 1989). One of the earliest responses to excision is the produc-
tion of reactive oxygen species (ROS) that promote redifferentiation (Rose et al. 
2010). Studies in cotton have indicated the involvement of ROS homeostasis in the 
initiation of SE by modifying auxin signaling (Zhou et al. 2016). Alternatively, a 
shortage of water activates the osmoregulation process (Pelleschi et al. 1997) that 
functions in accordance with acid growth theory (Wang and Ruan 2013). As a result, 
fructose and glucose accumulate over the 4 days of C. delgadii stipe explant culture 
(Grzyb et al. 2017). The influx of glucose and fructose into the cells, followed by an 
almost 12-fold increase in sucrose concentration, may represent a short-term 
osmotic signal required for the somatic-to-embryogenic transition. Associations 
between acid invertase activity, sucrose metabolism, and the cell water status, as 

Fig. 6.4 Physiological events leading to the formation of single-cell origin of somatic embryos in 
the tree fern Cyathea delgadii
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shown for carrot suspension cultures (Ikeda et al. 1999), support our hypothesis. 
Sucrose also appears to be involved in the morphogenetic response of juvenile 
leaves of the fern Microgramma vacciniifolia (Langsd. & Fisch.) Copel. (Hirsch 
1976). In the presence of low level of sucrose (1%) in the induction medium, both 
embryo-like structures and gametophytes were produced. On the higher sucrose 
levels (3–4%), the development of aposporous gametophytes was inhibited and the 
sporophytes developed on a large number of excised leaves.

The significance of auxin as the main controlling factor in SE induction was 
recognized by Fehér (2015). The role of endogenous cytokinins, however, is still 
poorly understood. Using the C. delgadii model system, it has been shown that 
establishing an equilibrium between endogenous IAA and cytokinin content is 
essential both for the acquisition of embryogenic competence and the expression 
phase of SE (Grzyb et al. 2017). The embryogenic process may be completely 
arrested by disrupting this balance (Grzyb et al. 2018). A thorough examination 
of the effect of transport and hormone biosynthesis inhibitors on SE in C. delgadii 
showed that the role of phytohormones in somatic embryo induction is a highly 
complex process. Under the influence of different inhibitor substances (such as 
the auxin polar transport inhibitor 2, 3, 5-triiodobenzoic acid, the ABA biosynthe-

Table 6.1 Proposed and described physiological changes preceding the formation of somatic 
embryos in Cyathea delgadii

Exogenous treatments Proposed changes Described changes

1. Long-term darkness 
treatment of donor 
plantlets

Etiolation Changes in the content of phytohormones
Establishment of a new hormonal balance 
that is suitable for the induction of SE

2. Explant excision Loss of endogenous 
hormone sources
Leakage of cytoplasm
Reduction in turgor 
pressurea

Reactive oxygen species 
(ROS) generationb

Reduction in the content of IAA, ABA, 
and cytokinins without disturbing the 
hormonal balance

3. Explant culture Increase in acid invertase 
activityc,d

Accumulation of fructose and glucose

Increase in sucrose 
phosphate synthase 
activityc,d

Accumulation of sucrose

Activation of the 
osmoregulation processc,d

Accumulation of starch in amyloplasts
Reduction in sucrose content
Accumulation of intravacuolar electron- 
dense grains

aNonami and Schulze (1989)
bRose et al. (2010)
cWang and Ruan (2013)
dPelleschi et al. (1997)
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sis inhibitor fluridone, or ethylene biosynthesis inhibitor salicylic acid), the con-
centrations of both indole-3-acetic acid (IAA) and cytokinins became strongly 
modified. Moreover, imbalances in phytohormone levels are responsible for the 
modification of soluble sugar concentrations, including that of sucrose – the main 
factor for triggering embryogenesis in C. delgadii. A survey of the literature has 
shown that a synthetic auxin is initially required to induce SE, but that its with-
drawal drives embryo formation (Halperin 1966). Similar relationships were also 
found for changes in phytohormone concentrations in the C. delgadii model sys-
tem. More endogenous auxin than cytokinin was specifically related to the acqui-
sition of embryogenic competence, whereas cytokinins favored SE expression 
during which frequent cell divisions occur resulting in the formation and appear-
ance of somatic embryos (Grzyb et  al. 2017). Of the different cytokinins, the 
trans-zeatin riboside was clearly associated with this phase of SE (Fig. 6.4). This 
agrees with results obtained by Centeno et al. (1997), who observed an increase 
in the level of Z-type cytokinin during the maturation of Corylus avellana L. 
zygotic embryos.

With reference to cytomorphological studies, only two differences were found to 
occur between initial explants and those cultured on hormone-free 1/2 MS medium 
for about 16 days (Domżalska et al. 2017). These were a massive accumulation of 
starch grains in amyloplasts and an accumulation of electron-dense intravacuolar 
granules, both of which appear to be necessary for the early SE of C. delgadii. 
Increased levels of starch have been reported at the onset of several in vitro develop-
ment processes, including the induction of SE (Ho and Vasil 1983; Stamp 1987; 
Barciela and Vieitez 1993; Canhoto et al. 1996; Pinto et al. 2010). By contrast, a 
dramatic reduction in the amount of starch has been documented at the commence-
ment of SE and organogenesis (Martin et al. 2000; Fortes and Pais 2000; Puigderrajols 
2001; Mikuła et  al. 2004). Starch is considered a primary source of energy and 
carbon for cell proliferation during plant morphogenetic events (Martin et al. 2000). 
Research conducted on C. delgadii suggests that the starch accumulation in early 
SE may play a role in the osmoregulatory response to a sudden increase in endog-
enous sucrose level. The importance of starch was emphasized by Fortes and Pais 
(2000) for Humulus lupulus var. Nugget. By means of the cyclic process of starch 
accumulation/mobilization, they demonstrated the potential role of this carbohy-
drate in the initiation of organs and later in their development. The accumulation of 
starch in C. delgadii stipe explants was reflected in the proteomic analysis. 
Comparative analysis performed by Domżalska et al. (2017) showed that many pro-
teins were involved in carbohydrate metabolism (33%). The results of this study are 
in accordance with the data obtained for Picea glauca, Zea mays, and Medicago 
truncatula (Lippert et  al. 2005; Almeida et  al. 2012; Varhaníková et  al. 2014). 
Changes in this protein category, represented by enolase and 6-phosphogluconate 
dehydrogenase, and decarboxylation of 6PGDH, can be directly related to starch 
accumulation.
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6.4  Molecular Aspects of Fern Somatic Embryogenesis

Acquisition of embryogenic capacity and the process of somatic embryo differentia-
tion are a consequence of physiological changes induced by stress treatment (Fehér 
2015; Grzyb et al. 2017). It promotes changes in molecular regulation and the pro-
teomic response, especially in proteins that play integral roles in hormone perception 
and signaling (Elhiti et al. 2013). Evaluation of proteomic changes allows the charac-
terization of different events that occur during SE, and these can be used as markers for 
monitoring the process (Rosas et al. 2016). In C. delgadii, the protein expression pat-
terns associated with early SE were investigated using two-dimensional gel electropho-
resis (2-DE) and mass spectrometry (Domżalska et al. 2017). The study revealed the 
presence of several proteins that are triggered by induction of SE and the embryo-
forming process. Of the 114 differentially regulated proteins identified in C. delgadii 
stipe explants at day 16 of culture, it is thought that 16 and 20 are markers of the induc-
tion and expression phase of SE, respectively.

Proteins associated with the induction phase play an essential role in the protec-
tion of plant cells against oxidative stress (chalcone synthase, chaperone protein 
ClpB3, HSP70, chaperonin GroEL, MED37), in the interruption of cell communi-
cation (RHM1, RGP1, ACC, ACS), and in cellular reprogramming (GST, APX, 
DAHPS1, DHQ synthase, GDH). These proteins have been found to be associated 
with the early SE of many seed plants (Moriguchi et al. 1999; Tchorbadjieva 2005; 
Almeida et al. 2012; Gallego et al. 2014; Heringer et al. 2015; Zhou et al. 2016). 
Moreover, the activities of two enzymes involved in malate metabolism, i.e., malate 
dehydrogenase (MDH) and NADP-dependent malic enzyme (NADP-ME), 
increased more than fourfold. According to Crecelius et al. (2003), malate serves 
not only as an additional carbon sink but may also function as a vacuolar osmolyte 
balancing increased concentrations of soluble sugars.

Nine of the proteins characterized for the expression phase of SE in C. delgadii 
are involved in the conversion of sugars and the production of metabolically usable 
energy. Next, 11 proteins are associated with the high growth rate of embryogenic 
cells, protein synthesis, and degradation. It is worth noting that enolase is thought to 
be a molecular marker of late embryogenesis in spermatophytes (Andriotis et al. 
2010; Tonietto et al. 2012; Vale et al. 2014), whereas in the tree fern C. delgadii, it 
accumulates during early SE (Domżalska et al. 2017). The study provided a list of 
early SE-related proteins that are potential biomarker candidates for future investi-
gations of somatic embryogenic development in this species of tree fern.

6.5  Application of Somatic Embryogenesis 
for the Propagation of Ferns

Ferns (around 12,000 species) are a very ancient group of plants that are distributed 
worldwide, from Greenland to the Antarctic and from sea level to high altitudes. Of 
these, tree ferns are the second most diverse group with 600–660 species, 
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distributed mainly throughout the tropics (Large and Braggins 2004). Most fern 
species are habitat- and niche- specific because of their sensitivity to wet or cold 
conditions. In recent years, ferns have become increasingly popular in horticulture. 
Many fern species are grown for their ornamental value, both for indoor and garden 
culture (Fernández and Revilla 2003). Ferns are used for food (Liu et  al. 2012), 
medicine (Ho et  al. 2011), and phytoremediation (Rathinasabapathi 2011). Tree 
ferns are also used for the production of handicrafts (Eleutério and Pérez-Salicrup 
2006). Edible ferns are some of the most common wild food plants collected by 
people around the world (Liu et al. 2012). Habitat destruction and fragmentation, 
deforestation, and overexploitation of fern fronds, stipes, rhizomes/trunks, and 
scales are the main factors related to the reduction in fern populations. Nearly 70% 
of fern species are threatened with extinction (Barnicoat et al. 2011).

The conventional methods of fern propagation by spores or vegetative propa-
gules (such as bulbils, aerial growths, stolons, tubers, offsets, stipules, and root 
buds) are time-consuming procedures that are comparatively slow and inefficient. 
Furthermore, most tree ferns cannot be multiplied vegetatively, as they do not pro-
duce offsets from their trunk or roots (Large and Braggins 2004). Therefore, in vitro 
propagation and collecting systems have been developed for many ferns (Fernández 
and Revilla 2003; Rybczyński and Mikuła 2011; Bharati et al. 2013). These systems 
are primarily based on the vegetative reproduction of gametophytes from which the 
formation of sporophytes occurs through sexual (Rybczyński and Mikuła 2011; 
Makowski et al. 2016) or asexual mechanisms (Kuriyama et al. 2004; Camloh and 
Ambrožič-Dolinšek 2011; Cordle et  al. 2011). During in vitro culture, the time 
required for the development of the sporophyte from spore varies from 1 
(Woodwardia virginica) to 8 months (Asplenium nidus) depending on the species of 
fern and the length of its life cycle (Fernández et al. 1999). Favorable conditions for 
in vitro culture can both increase the number of plants produced and shorten the 
time required for sexual sporophyte production to occur, as documented for O. rega-
lis (Makowski et al. 2016), Cyathea cooperi, C. cunninghamii, and Dicksonia ant-
arctica (Moura et al. 2012). However, this method of sporophyte production can 
also result in failure, as was shown for Platycerium andinum and P. wandae (Pérez- 
García et al. 2010). Other effective in vitro propagation methods are based on the 
culture of homogenized gametophytic (Fernández et al. 1999) and sporophytic tis-
sue (Teng and Teng 1997; Somer et  al. 2010; Camloh and Ambrožič-Dolinšek 
2011). Homogenization of gametophytes can be considered an excellent method for 
the propagation of fern species, one that is currently not available for the in vitro 
culture of seed plants. This system is most effective for species with a short life 
cycle, such as Woodwardia virginica and Dryopteris affinis sp. affinis, but not for O. 
regalis (Fernández et al. 1999). Numerous reports also document the propagation of 
sporophytes by apogamy, the use of globular green bodies, and direct or indirect 
shoot organogenesis (Fernández and Revilla 2003; Camloh and Ambrožič-Dolinšek 
2011). However, although these systems work successfully for herbaceous ferns, 
our knowledge of the in  vitro propagation of tree ferns is still in its infancy. 
Researchers working on this group of ferns have mainly focused on spore germina-
tion and gametophyte development (Huang et  al. 2001; Hiendlmayer and Randi 
2007; Du et al. 2009; Rechenmacher et al. 2010; Moura et al. 2012; Das et al. 2013; 
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Vargas and Droste 2014). Progress in the production of tree fern sporophytes was 
made by Goller and Rybczyński (2007) and Rybczyński and Mikuła (2011). In their 
studies, 12 of 16 tree fern species reached sporophyte stage and were successfully 
acclimatized to ex vitro conditions (Goller and Rybczyński 2007). Recently, Yu 
et al. (2017) reported the successful induction of globular green bodies in Cyathea 
barometz (L.) J.Sm. by culturing juvenile sporophytes in the presence of thidiazuron 
(TDZ) and α-naphthaleneacetic acid (NAA). This is the first species of tree fern for 
which this rapid regeneration pathway has been described. Another quite efficient 
system of sporophyte production has also been shown for the tree fern Cyathea 
spinulosa Wall. ex Hook (Shukla and Khare 2013). Here, media supplemented with 
plant growth regulators promoted indirect shoot production, each having as many as 
12.5 shoots per leaf primordium callus.

The excellent multiplication system by direct somatic embryogenesis recently 
developed for C. delgadii (Mikuła et al. 2015a, b) contrasts markedly with the low 
numbers of sporophytes obtained by the methods described above. To date, it is the 
fastest and most economically efficient system for the in vitro propagation of ferns. 
Following 2  months of culture, each responding explant measuring 2.5  mm in 
length  produced as many as 42 somatic embryos (Mikuła et al. 2015a). The effi-
ciency of this process can be improved upon even further by the spontaneous forma-
tion of somatic embryos in aging cultures (Mikuła et al. 2015b). This system allows 
more rapid propagation and may be extended to other fern species, in particular tree 
ferns. Large-scale propagation of C. delgadii plants is one practical application of 
the process described here, and this may prove beneficial for the conservation of 
threatened ferns, as well as for the commercial production of ornamental 
fern species.

6.6  Future Prospects

The tree fern C. delgadii is a good experimental model for studying SE at both basic 
and applied levels. It is still not clear, however, how embryogenic cells differentiate 
inside explants and what mechanisms control this process. Somatic embryogenesis 
of C. delgadii offers a model system for understanding the physiological and bio-
chemical events that occur during the somatic-to-embryogenic transition. Moreover, 
the superficial and unicellular origin of somatic embryos makes this process easy to 
observe in terms of changes to intercellular communication. Symplasmic isolation 
between neighboring cells is considered an important factor in determining cell fate.

In recent years, substantial progress has been made in the field of SE in seed 
plants and in various aspects of this process. However, C. delgadii is the first fern 
species for which this process has been described. Consequently, our studies open 
the door for comparing developmental biology, especially with respect to embryo-
genesis, in spermatophytes and cryptogamic plants.
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Chapter 7
Biotechnology and Apogamy in Dryopteris 
affinis spp. affinis: The Influence of Tissue 
Homogenization, Auxins, Cytokinins, 
Gibberellic Acid, and Polyamines

Alejandro Rivera, Paula Conde, Ma Jesús Cañal, and Helena Fernández

Abbreviations

BA 6-benzyladenine
CHA Bromohydrate-cyclohexylamine
F Flurprimidol
GA3 Gibberellic acid
IBA Indole-3-butyric acid
MS Murashige and Skoog mineral medium (1962)
TIBA 2,3,5-triiodobenzoic acid

7.1  Introduction

Much of the research on ferns has focused on angiosperms, particularly the require-
ments for some species to become models. Traditionally, ferns have been cultured 
for their ornamental qualities, with certain species being used for micropropagation, 
such as Nephrolepis (Fernández and Revilla 2003). Ceratopteris reinhardii and 
Pteridium aquilinum (see Chap. 1, Sect. 1.2) also have been used to study basic 
developmental processes such as photomorphogenesis (Wada 2007), germination 
(Salmi et al. 2005, 2007; Suo et al. 2015), cell polarity (Salmi and Bushart 2010), 
cell wall composition (Eeckhout et al. 2014), and reproduction. The gametophyte is 
an autonomous organism that is well suited for in vitro cultures, sample collection, 
and observation under a microscope (Whittier and Steeves 1960, 1962; von Aderkas 
1984; Wen et al. 1999; Fernández and Revilla 2003; Cordle et al. 2007, 2010, 2012; 
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Kazmierczak 2010; López and Renzaglia 2014; Valledor et al. 2014; de Vries et al. 
2015; Grossmann et al. 2017).

Most angiosperms reproduce sexually through seeds. However, reproduction by 
seeds is also possible by asexual means in a process known as apomixis (Grossniklaus 
et  al. 2001; Koltunow and Grossniklaus 2003; Barcaccia and Albertini 2013; 
Kandemir and Saygili 2015). Even though ferns are seedless plants, apomixis is an 
important mode of asexual reproduction for them. Apomixis in ferns combines 
apogamy (the formation of sporophytes from somatic cells of the prothallium) and 
agamospermy (the formation of unreduced diplo spores) to properly adjust the life 
cycle (Manton 1950, Lovis 1977; Gastony and Windham 1989). Apomixis in ferns 
has evolved independently several times and occurs at a much higher frequency 
than in other major plant groups (Ekrt and Koutecký 2016), although it is concen-
trated in only four families (Liu et al. 2012). Moreover, apomictic ferns are usually 
obligate (Lovis 1977). Unlike in ferns, apogamy does not occur naturally in angio-
sperms (Yang and Zhou 1982). However, apogamous sporophytes might be induced 
by culturing pollen or embryo sacs (Seguí-Simarro 2010; Germaná 2011).

Dryopteris affinis spp. affinis is a diploid fern with an obligated apomictic life 
cycle. It originated from the crossing of Dryopteris oreades and a sexual ancestor of 
the species Dryopteris walichiana or Dryopteris caucasica (Salvo 1990). This fern 
is widely distributed in the Mediterranean region, Macaronesia, and west of 
Eurosiberia. Because the gametophyte of this subspecies is male and no female 
reproductive organs are formed, apogamy becomes obligate. Usually, when the 
gametophyte takes the typical heart shape, it is observed near the apical notch, with 
a group of small and dark brown cells evolving to form an embryo (see Chap. 1, Fig. 
1.3) (Menéndez et al. 2006a). Fern embryos do not develop in a bipolar manner (de 
Vries et al. 2015); the roots arise adventitiously from a shoot.

Apogamy also can be regarded as a somatic embryogenesis process from game-
tophytic cells. This process can be induced in vitro by manipulating factors such as 
carbohydrates (Whittier and Steeves 1960, 1962; Whittier 1964, 1965; Kawakami 
et  al. 2003), osmotic conditions (Whittier 1975; von Aderkas 1984), and growth 
regulators if supplied with sucrose (Whittier 1966; Mehra and Sulklyan 1969; Kato 
1970; Elmore and Whittier 1975a, b). However, it is unclear how these factors affect 
the gametophyte development of an apogamous fern species.

Auxins and cytokinins are the most common phytohormones for in vitro culture 
experiments on embryogenesis and organogenesis in seeds and seedless plants. 
These plant growth regulators have been reported to affect direct or indirect organo-
genesis by forming shoots, roots, green globular bodies, and gemmae, among oth-
ers, from sporophytic or gametophytic tissue (Harper 1976; Emigh and Farrar 1977; 
Loescher and Alberch 1979; Beck and Caponetti 1983; Hicks and von Aderkas 
1986; Higuchi et  al. 1987; Higuchi and Amaki 1989; Amaki and Higuchi 1991; 
Fernández et al. 1996, 1997; Somer et al. 2010; see also the extended and detailed 
revision by Rybcynski et al. in Chap. 5). In addition, auxins and cytokinins have 
been connected to embryogenesis in ferns (Menéndez et al. 2006b; Mikula et al. 
2015; Grossmann et  al. 2017). Other plant growth regulators (e.g., gibberellins, 
abscisic acid, jasmonic acid, brassinoesteroids, polyamines) have received minor 
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attention to date. Some compounds of the gibberellin family have been regarded as 
possible candidates for chemical messengers to control the onset of male sexual 
organs in some species of ferns, known as antheridiogens (Fernández et al. 1999; 
Menéndez et al. 2006b; Kazmierczak 2010; Valledor et al. 2014). The role of brassi-
nosteroids in fern development is also of interest, as discussed in the chapter by 
Gómez-Garay et al. A few other reports have focused on the effect of phytohormone 
inhibitors on this plant group, such as 2,3,5-triiodobenzoic acid (TIBA), which is an 
inhibitor of the polar transport of auxins (Lee and Seo 2014); flurprimidol, which 
inhibits gibberellin biosynthesis by blocking the conversion of ent-kaurene to ent- 
kaurenoic acid (Rademacher 2000); and cyclohexylamine, an inhibitor of spermi-
dine synthase that acts on polyamine spermidine biosynthesis, which is considered 
to be essential for sexual and somatic embryogenesis (Bouchereau et al. 1999; De la 
Peña et al. 2008; Deeb et al. 2010; Dutra et al. 2013; Schmidt et al. 2014).

In this study, we cultured spores and homogenized gametophytes in several 
media to analyze the effects of phytohormones and their inhibitors on the vegetative 
and asexual development of gametophytes, as well as the regeneration capacity of 
gametophytes and sporophytes, in the fern D. affinis spp. affinis.

7.2  Material and Methods

7.2.1  Collection, Cleaning, and Culture of Spores 
and Gametophytes

Spores of D. affinis spp. affinis were collected from mature fronds obtained in the 
Valley of Turón (Asturias, Spain; coordinates 43°12´N and 5°43´W). The removed 
fronds were placed between sheets of paper and stored in a dry environment to 
release the spores. Spores and sporangia were sieved to separate spores from the rest 
of plant material, then kept in vials and stored at 4°C until use. Spores (5 mg) were 
soaked in water for 2 h and then washed for 10 min with a solution of NaClO (0.5% 
w/v) containing Tween 20 (0.1% w/v). They were then rinsed three times with ster-
ile distilled water. The spores were centrifuged at 700 g for 3 min between rinses. 
Prior to the in vitro culture of spores, the density was adjusted using an optical 
microscope (Nikon Eclipse E-600) and a camera (Füsch-Rosenthal).

Spores were cultured separately in 100-mL flasks containing 20 mL Murashige 
and Skoog (1962) medium (MS) supplemented with 2% (w/v) sucrose and 0.7% 
(w/v) agar. Unless otherwise noted, the pH was adjusted to 5.7 with 1 or 0.1 N 
NaOH. The cultures were maintained at 25 °C under cool-white fluorescent light 
(70 μmol m−2 s−1) with a 16:8 h light:dark photoperiod. The culture media of spores 
were supplemented with the following phytohormones and inhibitors of phytohor-
mones, at the noted concentrations: indole-3-butyric acid (IBA; 0.5, 5, and 25 μM), 
gibberellic acid (GA3; 0.3, 3, and 15  μM), 6-benzyladenine (BA; 0.4, 4.4, and 
22  μM), TIBA (0.2, 2, and 10  μM), flurprimidol (F; 0.3, 3, and 15  μM), and 
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 cyclohexylamine (CHA; 0.06–0.6, 5.6, and 55.5 μM). The range of concentrations 
was broader for CHA because this was our initial investigation with this 
compound.

7.2.2  Homogenized Gametophyte and Sporophyte Cultures

Two-month-old gametophytes (0.1–0.25 g fresh weight) or 9-month-old sporophytes 
(0.2–0.4 g.) were mechanically fragmented using a Waring blender for 15 s under asep-
tic conditions. The homogenized tissue samples were cultured separately in 500-mL 
Erlenmeyer flasks that contained 100 mL of liquid MS medium with 2% (w/v) sucrose 
and supplementation with the following phytohormones and inhibitors of phytohor-
mones, either alone or in combination: IBA 0.5 μM + BA 4.4 μM; IBA 2.5 μM + BA 
2.2 μM; IBA 5 μM + BA 0.4 μM; naphthalenacetic acid (NAA) 0.5 μM + BA 4.4 μM; 
NAA 2.7 μM + BA 2.2 μM; NAA 5.3 + BA μM 0.4; GA3 1.5 and 3 μM; TIBA 1 and 
2 μM; and CHA 0.6 and 2.8 μM. The cultures were placed in an orbital shaker and kept 
at the same conditions described previously for spore cultures.

7.2.3  Microscopic Analyses

Gametophytes from the mentioned origins were observed in fresh under an opti-
cal microscope (Nikon Eclipse E-600) or a stereomicroscope (Nikon, SMZ-U) 
after 60  days. Data regarding cellular regeneration, vegetative development, 
gametophyte shape (filamentous, spatula, or heart), length/width ratio, and apog-
amy (percentage of apogamous gametophytes and the apogamous embryo size) 
were collected.

The frequency of apogamy was categorized in two ways: 1) gametophytes showing 
a spot, which is indicative of a two-dimensional organizer; and 2) gametophytes show-
ing a “button,” which demonstrates a more developed degree in which the embryo has 
achieved volume and three-dimensionality. One hundred individuals from each treat-
ment were selected randomly to determine the frequency of morphotypes and the 
length/width ratios. Apogamy data were based on 50 heart-shaped gametophytes, in 
which the embryo is usually well defined; however, some spatula- shaped cases were 
also considered for treatments that accelerated the apogamic process.

7.2.4  Statistical Analysis

The chi-square (χ2) test was used to analyze non-parametric data, such as the 
frequency of regeneration, morphotype, and the number of apogamous embryos. 
For parametric data including the rate, length/width, and size of the embryo, we 
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used an analysis of variance (ANOVA) and ad-hoc testing, such as the Levene and 
Bartlett test for the homogeneity of variances and the Shaphiro-Wilk test for nor-
mality. The data were transformed into logarithms so that they would not follow a 
normal distribution. In cases where there was no equality between treatments in an 
ANOVA test, we used post-hoc Bonferroni-Tukey and Duncan tests to obtain the 
data and observe any similarities that existed in the treatments. For every test, we set 
a significance level of α = 0.05. We used the software programs SPSS (IBM) and 
Microsoft Excel to carry out the analyses.

7.3  Results

7.3.1  Effects of Phytohormones and Inhibitors  
on Spore Cultures

Table 7.1 shows data on the effects of the phytohormones (IBA, GA3, BA) and their 
inhibitors (TIBA, F and CHA) on the parameters of vegetative development (the per-
centage of gametophytes showing two-dimensional development and the length/
width ratio) and other factors associated with apogamy (the percentage of apogamous 
gametophytes and the size of embryo). Spore germination was inhibited at the highest 
tested concentrations of IBA, BA, F, and CHA (Rivera, personal communication). 
Regarding the percentage of two-dimensional gametophytes, the addition of the phy-
tohormones IBA, BA, or GA3 to the culture medium did not cause any significant 
changes compared with the control results. This parameter was increased by F at the 
concentration of 0.3 μM (χ2 = 19.42, p ≤ 0.001) and inhibited by TIBA and CHA 
(χ2 = 19.42, p = <0.001; χ2 = 95.67, p ≤ 0.0001, respectively). Concerning the length/
width ratio, no differences were observed with respect to the control; however, TIBA 
at 10  μM was associated with an increase in width (χ2  =  33.51, p ≤ 0.01). The 

Table 7.1 Concentrations of phytohormones and their inhibitors used to culture spores of 
Dryopteris affinis spp. affinis on MS medium

Treatments

Spore cultures
Two- 
dimensional

Length/width 
ratio Apogamy

Embryo 
size

Control 63% 0.62 67% 0.49 mm2

IBA (0.5, 5, and 25 μM) No No No No
GA3 (0.3, 3, and 15 μM) No No *0.3 μM > No
BA (0.4, 4.4, and 22 μM) No No No No
TIBA (0.2, 2, and 10 μM) *2 μM < *10 μM < No No
F (0.3, 3, and 15 μM) *0.3 μM > No No No
CHA (0.06, 0.6, 5.6, and 55.5 
μM)

*5.6 μM < No *0.06 μM > No

Data indicate if there were any changes with respect to the control for vegetative and reproductive 
development after 60 days.
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percentage of gametophytes with apogamous embryos increased in the presence of 
GA3 at 0.29 μM (χ2 = 6.35; p = 0.01), was inhibited by F at 3 μM (χ2 = 26.83, p ≤ 
0.0001), and was promoted by CHA at a lower concentration of 0.06 μM (χ2 = 132.2, 
p ≤ 0.001) but inhibited at doses higher than 0.06 μM. No differences were detected 
in the size of embryos.

 Homogenate Cultures from Gametophyte Tissue

The regeneration of gametophytes from the explants was evident in all assayed 
media (Fig. 7.1a–c). Furthermore, a high formation of secondary gametophytes was 
noted through the branching from prothallic cells (Fig. 7.1d). The results obtained 
were not significantly better than those of the controls, with the exception of CHA 
at 2.8 μM (χ2 = 3.04; p = 0.08; Table 7.2). The two tested formulations of auxin/
cytokinin had different effects. The addition of NAA at the highest dose was lethal 
for the gametophyte survival, but it was not so drastic when using IBA.

Concerning the two-dimensional development of gametophytes, the three tested 
combinations of BA and IBA gave contrasting results. BA at the highest  concentration 

Fig. 7.1 Gametophyte regeneration from homogenized gametophytes of Dryopteris affinis spp. 
affinis. (a) Aspect of liquid cultures. (b, c) Recovery of cellular division capacity by one cell or 
several cells in the explant. (d) Gametophyte branching. (e) Apogamous embryos in different lobes 
of the same gametophyte. (f) Heart-shaped gametophyte. (g) Square-shaped gametophyte cultured 
in NAA 2.6 μM  +  BA 2.2 μM. (h) Asymmetric gametophyte forming an apogamous embryo, 
grown with GA3 3 μM. (i, j) Apogamous embryo in a spatula-shaped gametophyte, grown in GA3 
3  μM or cyclohexylamine 0,3  μM, respectively. (k) A possible route of transport to feed the 
embryo, highlighted in red
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stopped gametophyte development (χ2  =  10.17; p < 0.001), whereas a balanced 
combination of BA/IBA favored a filamentous appearance (χ2 = 0.42; p < 0.51). In 
these cases, the formation of cellular aggregates, like a callus, with a solid texture 
was observed in the cultures. The two-dimensional growth of gametophytes was 
significantly enhanced by adding a balanced combination of NAA/BA, which was 
favorable to BA (χ2  =  77.29; p  =  0.001). The presence of the inhibitor CHA at 
0.6 μM in the culture medium increased the percentage of gametophytes exhibiting 
two-dimensional growth (χ2 = 0.78, p = 0.037). The length/width ratio was only 
evaluated for the treatments of GA3 at 3 μM and CHA at 0.6 μM because, at the end 
of the culture period, there were not enough suitable gametophytes to assess both 
this parameter and embryo size for the other treatments. The data revealed signifi-
cant differences in these cases, with the gametophyte shape being longer than wider 
(F = 135.6, p≤0.001).

After 70 days of culture, apogamy was favored for the two non-lethal combina-
tions of NAA/BA (NAA 2.7 μM + BA 2.2 μM; χ2 = 19.04; p < 0.001), GA3 (1.4 and 
2.8 μM; χ2 = 0.008, p = 0.92 and χ2 = 19.04, p < 0.001, respectively), and CHA (0.6 
and 2.8 μM; χ2 = 13.27, p < 0.001 and χ2 = 19.04, p < 0.001, respectively). The 
number of analyzed gametophytes was lowest for the latter case.

Table 7.2 Phytohormones and their inhibitors used to culture homogenized gametophytes of 
Dryopteris affinis spp. affinis on MS liquid medium

Treatments

Homogenized gametophyte cultures

Regeneration
Two- 
dimensional

Length/width 
ratio Apogamy

Embryo 
size

Control 60% 60% 1.05 60–70% 0.13 mm2

IBA 5 μM + BA 0.4 
μM

< + nd nd nd

IBA 2.5 μM + BA 2.2 
μM

< No, callus nd nd nd

IBA 0.5 μM + BA 4.4 
μM

< Callus nd nd nd

NAA 5.3 μM + BA 
0.4 μM

– – – – –

NAA 2.7 μM + BA 
2.2 μM

nd > No > No

NAA 0.5 μM + BA 
4.4 μM

nd > No > No

GA3 1.5 μM < No nd > nd
GA3 3 μM NO < No > No
TIBA 1 μM NO < nd nd nd
TIBA 2 μM < < nd nd nd
CHA 0.6 μM > No > > No
CHA 2.8 μM < < nd > nd

Data indicate if there were any changes with respect to the control regarding regeneration, vegeta-
tive development, and reproductive development after 70 days of culture. nd, not determined.

7 Biotechnology and Apogamy in Dryopteris affinis spp. affinis…



146

With the great branching activity in homogenates cultures, apogamous embryos 
were found to develop in different lobes belonging to the same individual (Fig. 7.1e). 
Usually, the apogamous embryos become evident when the gametophyte was taking a 
heart shape (Fig.7.1f); however, they were also found in quadrangles (Fig. 7.1g), asym-
metric gametophytes (Fig.  7.1h), and spatulate-shaped gametophytes (Fig.  7.1i, j; 
Fig. 7.2), without signs of an apical notch or meristematic area. In Fig. 7.1k, the 
orientation of cell divisions shows the possible transport paths supporting embryo 
development.

As mentioned previously, the area of the embryos was measured only when add-
ing GA3 or CHA. The embryo size did not differ significantly from the controls. 
Finally, in homogenate cultures from sporophyte tissue, no cellular regeneration 
was observed for any of the tested treatments after 70 days of culture.

7.4  Discussion

Apogamy can be regarded as a case study of somatic embryogenesis, even though 
the embryo originates from gametophyte cells rather than sporophytes as in seed 
plants (Schmidt et al. 2015); thus, it occurs without gamete intervention. Ferns are 
considered to be seedless plants or seed-free plants. Somatic embryogenesis usually 
denotes the induction of embryos from sporophyte tissue, because sporophytic 
explants are often studied. However, even though male and female gametophytes 
are very reduced in seed plants, it is possible to induce somatic embryogenesis in 
vitro through the processes of androgenesis and gynogenesis (Seguí-Simarro 2010; 
Germaná 2011), which have not been reported to occur naturally in seed plants.

The gametophyte of ferns is a very simple structure known as prothalli, which 
has its own functional identity that lives spatially and temporally split from the 
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 sporophyte. The gametophyte passes from one-dimensional development to grow in 
length and width. The male and female sexual organs are formed (in most cases but 
not all) in the same individual, which becomes hermaphrodite. The lack of gametes 
in the gametophyte impedes a sexual reproduction scheme. This occurs in a signifi-
cant number of fern species and is known as apogamy.

Apogamy is a highly fixed characteristic. Consequently, this type of embryogen-
esis does not adhere to an induction system like those in seed plants. Moreover, few 
studies have reported on either sexual or asexual embryogenesis in seedless plants 
(Valledor et al. 2014; Mikula et al. 2015; Domzalska et al., 2017; Grossmann et al. 
2017). However, because the gametophyte of a fern is a free-living organism, sepa-
rate from the sporophyte, it might be a good option to enhance plant development, 
especially for those aspects dealing with reproduction.

In this work, the principal goal was to modify the persistent response of apogamy 
in D. affinis spp. affinis through plant growth regulators and their inhibitors. To 
achieve our objective, we started by culturing single-celled spores because they are 
simple experimental materials for studying gametophyte development. We expected 
that germination would not be strongly inhibited at the concentrations used in this 
study, which ranged from 0.01/0.1 to 5 mg/L. (Here, we use the concentration unit 
mg/L rather than micromolar numbers to illustrate the similarities among com-
pounds regarding the quantities added to the culture media). In general, it was true 
that either germination or gametophyte expansion were possible except at the higher 
doses of IBA, BA, F, and CHA. This was expected because the regulation of growth 
in plants depends somewhat on the amount of phytohormones present in the cells, 
tissues, and organs. From these preliminary results, we noted slight variations with 
respect to the controls, such as when adding GA3 or the inhibitors TIBA and CHA; 
thus, it may not be easy to modify growth rates after spore germination has occurred.

Homogenate cultures of both gametophyte and sporophyte tissue were then con-
ducted in vitro, with the same goal of analyzing the effects of these compounds on 
vegetative and reproductive development in the gametophyte. However, we started 
from explants composed of a few gametophyte cells, which to some extent lost their 
connections from mechanical disruptions caused by the homogenization process. 
Because the availability of instruments and space were required to perform in vitro 
homogenate cultures, we reduced the number of conditions tested but still aimed to 
gather as much data as possible. The homogenate cultures displayed a higher degree 
of plasticity than did the spores, which allowed us to investigate the extent to which 
the assayed compounds exogenously disturbed the normal vegetative and reproduc-
tive progress as gametophyte regeneration occurred.

Initially, this type of culture was used as an alternative to propagation, particu-
larly fpr ornamental species with great commercial interest (Knauss 1976; Cooke 
1979; Finnie and van Staden 1987). Later, in our laboratory, we used this culture 
many times to explore the effects of phytohormones on phase change—either from 
gametophyte to sporophyte or vice versa, in what are known as apogamy and apos-
pory events (Fernández et al. 1993, 1997; Fernández and Revilla 2003, Somer et al. 
2010). It is well accepted that factors such as the age of plant material, nutrients, 
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growth regulators, and the physiological isolation of cells can affect cell division 
and differentiation and consequently morphogenesis (Camloh 2006).

In homogenate cultures of D. affinis spp. affinis, regeneration from gametophyte 
tissue was theoretically possible for all treatments, but regeneration was never 
observed when we cultured sporophytic explants. The sporophyte of D. affinis spp. 
affinis behaves as a recalcitrant to retain the capacity of cell division and differentia-
tion, unlike what has been reported previously for other fern species such as 
Adiantum capillus-veneris, Asplenium adiantum-nigrum, Asplenium nidus-avis, 
Dryopteris dilatata, and Polypodium cambricum (Somer et al. 2010). In these spe-
cies, regeneration from sporophytes to sporophytic tissue or aposporous gameto-
phytes was observed with the addition (or not) of the cytokinin BA to the culture 
media (Somer et al. 2010). It is unclear why the sporophytic cells of D. affinis spp. 
affinis are not able to recover the divisional activity; this should be investigated in 
future studies.

In the homogenate cultures of D. affinis spp. affinis, the cytokinin BA induced a 
callus when applied at the highest and intermediate concentrations used in this 
study. In a previous study with this species (Fernández et al. 1996), gametophytes 
derived from spores were cultured on a solid MS medium with NAA 0.5 μM + BA 
4.4 μM. Calluses occurred with great morphogenic capacity, producing a massive 
number of sporophytes, when transferred to a hormone-free medium. In our study, 
neither the auxin IBA nor BA when added separately to the culture medium induced 
calluses in the spore cultures. Moreover, in the homogenate cultures, callus prolif-
eration was evident with the addition of two combinations of IBA + BA but not 
NAA + BA. It is not easy to explain the differences found within the same species, 
or even the same tissue. For more details, the reader is referred to the extensive list 
of references on the effect of auxins and cytokinins on callus induction in Chap. 5 
(Sects. 5.2 and 5.6).

Usually, the formation of an apogamous embryo occurs as the gametophyte 
reaches the typical heart shape, with a well-defined apical notch or meristematic 
area from which (in most cases) two symmetric wings or lobes spread. Apogamy 
has never been reported in a spatula-shaped gametophyte, before the meristematic 
zone has been outlined. To the best of our knowledge, this work is the first report of 
the presence of apogamous centers in gametophytes that lacked the typical heart- 
shaped appearance by the addition of the spermidine biosynthesis inhibitor CHA 
and GA3. This compound promoted the regeneration of explants, the transition from 
one- to two-dimensional growth, and the formation of an apogamous embryo. Our 
results should be confirmed in future studies.

The essential role of polyamines in the growth and development of plants has 
been reported previously (Çetin et al. 2000). Furthermore, the synthesis of spermi-
dine is considered to be essential for embryonic development in Arabidopsis and in 
somatic embryogenesis (De la Peña et al. 2008; Dutra et al. 2013). However, tran-
scriptional levels of compounds related to the biosynthesis of the polyamines 
spermine and spermidine, as well as the catabolism of arginine, have been observed 
to be upregulated in the pre-apogamic stages of gametophytes of this species 
(Fernández, personal communication). The effects of gibberellic acid on  accelerating 
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apogamy were consistent with previous analyses (Menéndez et al. 2006a), which 
showed increased levels of GAs as apogamy progresses and the inhibition of game-
tophytes in developing embryos with the GA inhibitor flurprimidol in the culture 
medium.

Finally, TIBA induced high regeneration when added to the medium at a concen-
tration of 1 μM, although the gametophytes were mainly filamentous. TIBA is an 
inhibitor of auxin transport; its function is to prevent the distribution of auxins from 
the apical meristem to the rest of the plant (Lee and Seo 2014). Proteins involved in 
the transport of auxins have been identified. The existence of a transport system in 
the gametophytes of D. affinis spp. affinis has been revealed (Grossmann et  al. 
2017), which otherwise might be presumed by the orientation of cell divisions, out-
lining possible routes to feed the embryos. The possible block of protein transport 
by TIBA may somehow affect the transition toward a two-dimensional stage from 
the filamentous stage; however, further investigations are needed.

7.5  Conclusions

In this study, homogenate cultures of gametophytes were used to investigate the 
regeneration capacity of ferns. In principle, the gametophytes of ferns are an inter-
esting experimental system to study the development of these plants, serving as an 
alternative to spores as the starting plant material of the apogamous species 
Dryopteris affinis. Using homogenate cultures from homogenized gametophytes, 
our results showed that factors such as cellular disruption or the presence of GA3 
and CHA can speed up apogamy in the regenerated gametophytes of D. affinis spp. 
affinis. Developing embryos were visible in a spatula shape, before the meristematic 
area and lobulated wings were defined, which is typical of a heart-shaped gameto-
phyte. Homogenate cultures from gametophytic tissue may be a good option for 
investigating apogamy by manipulating the endogenous and exogenous factors that 
have a role in this process.
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Chapter 8
Scope of Ferns in Horticulture  
and Economic Development

Ajit Pratap Singh and Deepali Johari

8.1  Introduction

The term “horticulture” consists of two words, viz., hortus (meaning garden) and 
colere (meaning to cultivate), and was first conceived by Peter Laurenberg. Fern 
horticulture could be defined as the involvement of science and art of growing the 
ferns for produce and economic development. Ferns are nonflowering, vascular, 
seedless plants that are produced by spores and less known for horticulture and 
economic perspectives. They have a long geological history of evolution (Bennici 
2008) and are represented by 10,000 species over the world. Ferns are the important 
foliage that could be used in establishing, designing, and beautifying the gardens. 
They grow in very specific climatic conditions (Singh et al. 2017), but the practice 
of direct introduction, in vitro propagation, and mass multiplication may also help 
in conserving the ferns (Fig. 8.1a). Ferns can be grown as one of the horticultural 
crop of ornamental value on unutilized geographical regions to bring the unused soil 
under cultivation. It may provide additional foliose materials for development of a 
variety of products as well as societal commodity. Now questions arise: What could 
be done by the promotion of fern horticulture? How is it beneficial for the people 
residing in those areas, where the opportunity of employment, food security, 
medication, and economic crunch is more prevalent? How can fern horticulture 
contribute in economic development of an individual or the whole country? Is there 
any scope and application of fern horticulture that can bring the economic 
development and better livelihood for farmers, women, rural, and unprivileged 
people? Ferns do not give grains, fruits, vegetables, and flowers, but they can 
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provide other necessity of our life, on the cost of their characteristic features of 
biomass, ornamental value, physio-biochemical properties, metabolic activity, 
potential molecules, and the ecosystem services they render. Fern horticulture can 
provide enormous opportunity in the areas of nurseries, indoor and outdoor decora-
tion, foliose and floral products, ornamentals, food, medicines, fertilizer, in vitro 
micro-propagation, hybrid development, job opportunities, academic and research 
organizations, and government and nongovernmental developmental projects to 
sustain the livelihood and economy of rural people.

Fig. 8.1 The cultivation and uses of ferns. (a) A landscape of fern house. (b) Drynaria quercifolia 
growing on tree trunk. (c) Microsorum scolopendrium growing on coal balls. (d) Doryopteris 
ludens growing in earthen pot. (e) Use of ‘Ghora patti fern” and other raw materials for floral 
articles at a florist’s shop in Lucknow. (f) Poor selling Selaginella bryopteris for livelihood and 
showing two bunches of resurrected “sanjeevani booti.” (g) Florist attracting the customers by 
“Ghora patti ferns.” (h) A big package of bunches of “Ghora patti fern” at the florist’s shop in 
Lucknow. (i) Microsorum alternifolium grows upward and forms a rosette in the basket. (j) 
Nephrolepis exaltata in hanging basket. (k) Microlepia strigosa in hanging basket
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A variety of ferns grow on tree trunk, rough coal balls, calcareous rock pieces, 
and soil and in earthen pots (Fig. 8.1b–d), whereas a few grow in water and hanging 
baskets and as climber and provide aesthetic beauty. Cyrtomium falcatum is liked by 
people for its thick texture and color (Mickel 2003). Use of ferns in floral works 
shows their implication and worth. A variety of ferns can be used as cut foliose if 
they can be properly produced, processed, and maintained for post-harvest 
characteristics (Singh et  al. 2003). Survey in Lucknow, India, revealed that the 
florists use Nephrolepis tuberosa, locally known as “Ghora patti fern,” for floral 
works (Fig. 8.1e, g). Ghora patti fern is highly priced, and one bunch (comprised of 
50 fronds) cost ranges from 80 to 200 Indian rupees (Fig. 8.1h). Besides, few of the 
ferns are plants of “curiosity” and become source of employment. Selaginella 
bryopteris “sanjeevani booti” is such a curious plant, whose literal meaning is the 
“herb which revives the life in dead.” It has high demand for the belief that it can 
“revive the dead.” Dried plant (a bunch of ten fronds) of S. bryopteris is sold in the 
name of “sanjeevani booti” for livelihood (Fig.  8.1f). People in different socio- 
practices use a variety of edible ferns. Ophioglossum reticulatum, Diplazium 
esculentum, and Ampelopteris prolifera, locally known as “ekpatiya,” “dhekiya,” 
and “macchinure,” respectively, are delicious foods of the tribes (Singh and Johari 
2015). The demand of Matteuccia struthiopteris has expanded beyond the boundary 
of the USA, and the harvest rate reached up to 200 tons per year (Aderkas 1984). 
Helminthostachys zeylanica and Huperzia serrata are known for medicinal 
significance (Singh and Khare 2011; Singh and Johari 2015; Ma et al. 2005). Azolla 
is efficient for mineralized organic nitrogen (Bocchi and Malgioglio 2010) and 
therefore could be mulched to increase soil fertility (Brouwer et al. 2017). Variable 
forms and variety of ferns are required by the people. Establishment of a hi-tech 
fern horticultural infrastructure is the only option to deliver to the demand. Aesthetic 
beauty of ferns in hanging baskets, potteries, plastic planters, terrariums, containers, 
and vertical-wall wells (Fig. 8.1i–k) varies from species to species, and such ferns 
can be sold in high price. They could be multiplied using the spores or tissues of 
gametophyte and sporophyte (Singh et al. 2012, 2013, 2017) using different culture 
media to provide thousands of individuals for sustainable uses (Fig. 8.2a–i). The 
pinnae or pinnules of some ferns could be harvested, properly dried, and used indi-
vidually or with the flowers to prepare dried foliose scenes (Fig. 8.3a). The entire 
process of fern horticulture is labor incentive; thus it may guarantee job opportunity 
and human resource development. Recent studies (Soni et  al. 2012; Singh et  al. 
2017; Shukla et al. 2016) have revealed that the ferns are useful in understanding the 
basic and applied researches. The market demand of ferns is increasing day by day, 
but the supply is completely reliant on natural forests, as there is no any horticulture 
practice. Nowadays, various developmental projects of government and nongovern-
mental organizations need a variety of indoor and outdoor ferns for the development 
of green belts. Keeping in mind that the ferns have become an inevitable component 
in our life, they should be multiplied through horticulture practices and supplied for 
various purposes. The present paper discourses about the scope of ferns in horticul-
ture, their usefulness in various walks of life, and contribution in economic develop-
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ment and future perspectives, which can lure the common people to turn up toward 
fern horticulture for economic development and better livelihood.

8.2  Horticulture and Pteridophytes

Feathery fronds of fern form a variety of structure that could incline the people to 
use the ferns for indoor decoration and landscaping. Fern has a huge scope in 
landscape horticulture, as it involves the production, marketing, and maintenance of 
landscape ferns. Previous information suggests that the ferns were conserved in the 
gardens for display and to enhance the scenic beauty of the gardens (Kawano 2015; 
Huang et al. 2008). Ferns were used as indoor plants (Jones 1987) and are grown in 
gardens and backyards to add beauty (Kawano 2015). A variety of ferns, including 
Microsorum scolopendrium, Nephrolepis tuberosa, and Pronephrium nudatum, are 
conserved in the garden of CSIR-NBRI, India. The Third World countries in 
Southeast Asia are exploring various ways to enhance their economic growth 
(Yhome and Chaturvedy 2017), where ferns can be sustainably utilized. A variety 
of ferns could be used for decorating the rooms, pavilion, flower events, shops, etc. 
(Fig. 8.3b), in addition to festooning the dais and banquets (Jones 1987). We think 
of ferns as being suitable for horticulture practices, but the major problem is in 
identifying the suitable species for production, durability of fronds, and indoor uses. 
Unless there is no information about horticultural usefulness of ferns, it is hardly 
easy to select a fern that could be of diverse potential, including florist industry and 
indoor or outdoor decoration. There is need to demonstrate wide application and 
usefulness of suitable fern species that could be utilized for horticultural practices.

Fig. 8.2 In vitro culture of spores and gametophytes of Anemia rotundifolia for multiplication and 
conservation. (a) Spores. (b, c) Filamentous gametophyte. (d) Semi-spathulate gametophyte. (e) 
Cordate gametophyte. (f) Sporophyte. (g) Sporophytes produced in petri dishes. (h) Sporophytes 
growing under glass chimneys for growth and development. (i) Magnified view of sporophyte
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8.3  Significance of Fern Horticulture

Horticulture substantially contributes in agriculture production and economic devel-
opment. Survey on state-wise value of output of floriculture in India revealed that the 
total output of the floriculture during the year 2010–2011 reached around 139.7 bil-
lion rupees. Unfortunately the floriculture data did not provide any information about 
ferns. The ferns may be valued because of their eye-catching foliage, decorative use-
fulness, and demand as food and medicine and as an essential component for product 

Fig. 8.3 Ornamental compositions of ferns. (a) Scene on greeting cards by the use of pinnae. (b) 
Display of fern canopy and Selaginella bryopteris “sanjeevani booti” in annual flower event. (c) 
Fern and white flower wedding bouquet. (d) Arrangement of three “button flowers” using 
Nephrolepis exaltata var. fluffy-ruffles and pink rose. (e) Arrangement of fern, yellow-white 
gladioli, and red rose for a theme of goddesses “Saraswati”
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development. Ferns could be a popular horticultural crop as many species of ferns are 
often grown as indoor ornamentals for decorative purposes (Adam et al. 2012). Food 
of people from far-flung regions are also obtained from a variety of ferns. The cro-
ziers are used as delicious vegetable and highly prized in Japan, the Philippines, and 
the USA (Jones 1987; Singh and Johari 2015). Some of the ferns, viz., Nephrolepis 
tuberosa, are used as intrinsic articles in preparation of variety of floral crafts such as 
bouquet (Fig. 8.3c). Some ferns, viz., Huperzia selago, are used for treatment of 
neurodegenerative diseases; however, many drugs are developed from their chemi-
cals (Talukdar et  al. 2011). Horticultural practice is the ultimate option that may 
propagate the ferns up to the extent of their demand. Fern horticulture may provide 
high yield per unit area, employment throughout the year, raw materials for fern-
based industries, and best utilization of wasteland, where agronomical crops cannot 
be cultivated and enough potential ferns are needed for humankind.

8.4  Demand of Fern Horticulture

Horticultural practice has increased about 18% than other crop groups in India, and 
the total output of the floriculture (flower and foliose) reached highest compared to 
the previous records (Horticulture Statistics at a Glance 2015). Unfortunately, the 
share of ferns in foliose industry for their demand, supply, as well as economic 
share could not be quantified due to lack of appropriate knowledge; however, the 
numbers of ferns are chief constituent in foliose industry. Adiantum capillus-veneris 
and Huperzia serrata are medicinally important (Singh and Khare 2011), whereas 
Diplazium esculentum and Ophioglossum reticulatum are delicious food in Pacific 
Asia and serve as alternative food materials. A study entitled “Indian Floriculture 
Industry: The Way Ahead” of ASSOCHAM claimed that “to provide demands of 
raw materials related to floriculture (flowers and foliose), the shift toward horticulture 
has enhanced the productivity of horticulture crops (287.3 million tons in 2016–
2017).” Due to changes in the people’s liking, the use pattern of foliose plants in 
India has been shifting toward ferns. Such shifting toward fern is also occurring 
globally, which opens a wide scope of fern horticulture. An estimate made by the 
authors in Lucknow, India, has shown that the florists use a variety of ferns for 
different purposes. Florists informed that the species of Nephrolepis “Ghora patti 
fern” has multifarious application in foliose industry (e.g., Fig. 8.1). It is supplied in 
the entire country from Darjeeling, West Bengal. Selaginella bryopteris “sanjeevani 
booti” is sold in the market by the poor for their livelihood (Fig. 8.1f); the cost of 
one bunch of “sanjeevani booti” ranged from 30 to 50 rupees. There is imposed high 
risk on natural endurance of such significant ferns as there are no horticultural prac-
tices for production of ferns. Survey revealed that the cost of one bunch (comprised 
of 50 fronds) of “Ghora patti fern” ranges from 80 to 200 Indian rupees, and the 
price of indoor decorative ferns in earthen pots also reaches up to thousand rupees. 
Ferns are inevitable foliose in preparation of floral works including bouquets, gar-
land of flowers, and artistic arrangement of cut flowers including preparation of 
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arrangement of different flowers (Fig. 8.3c–e). Such huge demand of ferns signifies 
its economic worth. The increasing demand for ferns means that the more knowl-
edge about horticultural practices of propagation techniques is to be developed to 
guarantee the continuous supply of ferns (Fernandez and Revilla 2003).

8.5  Different Fern Horticulture Practices

Fern horticultural practice involves the cultivation of ferns by application of the best 
known techniques for plant selection, plantation, breeding, artificial culture, genetic 
engineering, rearing, propagation, management, and harvesting. Before initiation of 
horticulture, one should keep in mind that the ferns grow in different habitats, i.e., 
epiphyte, aquatic, lithophytes, and saxicolous; thus they require a variety of 
substratum for growth. It is also necessary to know about the characteristic features 
of ferns, as different species of ferns are required for different purposes. Fern 
horticulture requires selection of a particular or group of ferns to grow individually 
or together for large-scale production. One should also analyze the market demand 
of respective fern species. If the market demands single species, then mono-foliar 
horticultural practice is suggestive (Fig. 8.4a). If the market demands a variety of 
ferns, then multi-species horticultural practices are preferred (Fig. 8.4b). Horticulture 
should be opted on the basis of the growth habits of ferns, whether they grow on 
soil, rocks, and tree trunk or in water. As Nephrolepis tuberosa grows on composted 
soil under shade and moist conditions, therefore, such area may be considered for 
mono-foliar horticulture practices (Fig.  8.4a). Nephrolepis tuberosa can also be 
grown in the mango orchard, as the orchard provides composted soil, shade, and 
moist conditions. Such practice may extend opportunity for enhanced fern 
production in suitable plantations. In multi-foliar horticultural practices, a variety of 
ferns may be grown together (Fig.  8.4b). Besides, different habitats may be 
established in proposed horticultural land to grow a variety of ferns. Spores, tubers, 
suckers, and rhizomes, including buds and tissues of gametophyte and sporophyte, 
may be used for propagation of selected fern species. It is wise to select those ferns, 
which are most commonly used for ornamental and economic benefits.

8.6  Climate Factors that Aid in Fern Horticulture

Fern horticulture requires a variety of favorable climatic factors. Fern occurs world-
wide (Moran 2008), in different habitats (Page 1979), but more factual they grow in 
moist, shade, and cool conditions with moderate humidity, low temperature, as well 
as air (Nondorf et al. 2003). Singh et al. (2017) recorded growth of Lepisorus nudus 
at 50 μmol m−2 sec−1 light intensity with a photoperiod of 10:14 h (light and dark) 
and temperature of 25 ± 1 °C. Many of the contributors also observed the role of 
climatic factors, such as the influence of soil (Jones et  al. 2011), climatic 
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Fig. 8.4 Fern horticulture practices. (a) Mono-foliar horticulture of Microsorum alternifolium. (b) 
Multi-foliar horticulture of ferns. (c) Development of new fronds of Microsorum scolopendrium, 
after plantation
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variables (de Gasper et al. 2015), relative humidity (Dzwonko and Kornas 1994), 
precipitation (Cardelús et al. 2006), and the period of dry and wet season (Jones 
et al. 2013) for fern establishment. For instances, in the fern house of CSIR-NBRI, 
the agro-shade materials avoid up to 65% irradiance light. Besides, the water is 
sprinkled for 5 min after each 2 h in summer to provide moisture, water, and relative 
humidity (Fig.  8.4b). The congenial climatic factors that include optimal water, 
light, temperature, relative humidity, and air are required that may aid in fern 
horticultural practices.

8.7  Pre-horticultural Conditions

The pre-horticultural conditions are a set of combined physical, chemical, and envi-
ronmental conditions that provides basic needs for plantation, growth, and produc-
tion of ferns. The climatic conditions, spatial land, and kind of soils are a major 
determinant of kind and quantity of fern cultivation. For example, the Nephrolepis 
tuberosa “Boston fern” thrives on soil in warm, humid conditions, whereas the 
Platycerium bifurcatum “Staghorn fern” thrives as epiphyte and derives moisture 
and nutrients from the air and rain. Therefore, if a fern grower selects a site for 
establishing a new horticultural area, he must assess the physical, environmental, 
climatic, and chemical conditions before planting the ferns. The soils in selected 
sites are to be loosened, aerated, and mixed with litter or dung compost to become 
fertile and mulched with peat mosses to conserve soil moisture and to control the 
weed growth. The mulching keeps the soil cool in day and warm at night and winter, 
reduces surface run-off, adds humus, prevents soil erosion, allows the absorption 
water, and reduces irrigation frequency (Kumar 1997). Ferns require 22–25  °C 
temperature and 70–80% relative humidity, but they don’t like the wind; so they 
should be sheltered at open spaces. The site is to be fenced with a brick wall up to 
the height of 6  feet, from where the steel structure welded mesh roof extends 
centrally up to the height of 20 feet or so. The mesh roof may be covered with agro- 
shade materials to provide shelters and extra warmth for cold periods and also to 
avoid high intensity (up to 65%) of irradiance light. The mesh roof is to be made in 
different shapes, viz., gothic, tunnel, gable, sawtooth, gambrel, or skillion, as it 
accrues benefits, e.g., protection from temperature, light, and winds, maintenance of 
humidity, and an enhancement of growth (Jones 1987). An incessant waterway, 
sprinkler, or mist is to be established to provide continuous water supply, moisture, 
and relative humidity, for better produce of fern.

8.8  Fern Horticultural Conditions

Once, the pre-horticultural condition resumes, the targeted ferns could be selected 
for plantation. The area of fern plantation is to be in accordance of preferred habitat 
of the ferns. The common characteristics of the ferns are that they require specific 
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climatic conditions and spatial land as well as soils and can be grown individually 
or together (Fig. 8.4a, b). In multi-foliar culture, numbers of ferns with diverse habi-
tat may be planted at the same site(s), subject to preparation of extra small beds for 
each species (Fig. 8.4b). Plantation may be made on a number of small (20 × 6 feet) 
soil beds, which is a slightly elevated area of soil above the ground level. Beds are 
to be established between the wall and interconnected waterway so that the soil 
could retain moisture for underground rhizomes. Plantation can be easily done by 
making a small pit (5 × 5 × 5 cm) and putting the vegetative portions of the ferns into 
it. For epiphytic ferns, numbers of pieces of tree trunk are established, and a mat of 
peat mosses (mixed with litter, compost and soil) are swathe around trunks. Pieces 
of clumping pads and creeping rhizomes of ferns are placed on peat moss. The mat 
of peat moss and vegetative portion of ferns are firmed with steel wire mesh 
(Fig. 8.1b). The beds as well as trunks are continuously irrigated so that the moisture 
reached up to the vegetative portion of ferns. New fronds gradually appear and turn 
into mature fronds within months or so (Fig. 8.4a, c).

8.9  Mono-foliar Horticultural Practices

Mono-foliar horticultural practices refer to growing only one fern species on a plan-
tation site(s) year after year. The mono-foliar horticultural practice is recommended 
due to the suitability of climatic condition, socio-economic condition, or specialty 
of the plant growers in growing particular fern species. Looking at the climatic fac-
tors as one of the major limitations, some most demanding ferns (Fig. 8.1j) can be 
largely produced on minimum risks of climatic conditions, socioeconomic defeat, 
and easy mono-foliar culture practices with low investment. Besides, the mango 
orchard in tropical regions may be also utilized for production of Boston fern, as the 
mango orchard provides shade, moisture, and low intense light; however the litter 
and leaves add humus for the fern. Orchard tree has a distance of about 10  m 
between the two standing tree plants; therefore, authors suggest that Nephrolepis 
may be planted between two trees. Proper irrigation of fern plantation line in the 
orchard may produce high amount of fronds. In that way the fern grower can pro-
duce high amount of ferns through mono-foliar cultivation, in addition to the 
orchard-produced fruits.

8.10  Multi-foliar Horticultural Practices

In multi-foliar fern horticulture, two or more ferns are grown on different soil beds 
under one roof in a piece of land in a span of time, as done in other horticultural 
crops (Bunnett 2002). Many terrestrial ferns grow in moist, shade, and cool climate 
at optimal temperature and may be produced at large scale through multi-foliar 
horticulture practices. For such culture, a number of soil beds are built up in the 
identified site(s) under one roof. The plantation of ferns is to be made in the pattern 
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of mono-foliar culture, except that each species is to be planted on individual soil 
bed. For instances, in an identified area (60 × 30 feet) of land, about 12 different 
small beds (15 × 5 feet) may be established, providing extra 5 feet area for each 
water drain as well as path. Each bed is to be planted by the use of vegetative 
portions of 12 different species at the same time, followed by continuous irrigation. 
The climatic conditions are to be maintained by altering the agro-shed and frequency 
of watering. After 1 month or so, numbers of frond of 12 different fern species from 
different plantation beds will be produced.

8.11  Fern Horticulture that Aid in Orchard Productivity

The mango orchard is a major cover in low-altitude areas of subtropical and tropical 
regions of India (Horticultural Statistics  at a Glance 2015). Fern horticulture 
necessitates selection of land, composting of soil and mulching that maintains the 
soil fertility, moisture, temperature, and water holding capacity and protects the 
orchards from weeds. Ferns can use the humus produced by trees but also could 
supplement the soil by death and decay of dried fronds and rhizomes. The tubers, 
suckers, stolons, and stoloniferous rhizoids run under the soils and loosen it for 
gaseous exchanges of tree roots. Ferns also retain water and make it available for 
underground roots of the orchard tree to promote water-mediated metabolism. The 
normal spacing (10 × 10 m) of trees in mango orchards (100 standing tree/hectare) 
provides low productivity (1.12 t/ha) and low net returns (Rs. -8000/hectare) to the 
farmers (Dalvi et al. 2010). To overcome this constraint, authors are of opinion that 
a trial to accommodate plantation of some ornamental and medicinally valuable 
ferns is to be made to get higher yield from the mango plantation. Estimate of the 
authors revealed that the total linear distance between the 100 mango trees/hectare 
will be equal to 980 m. Estimates revealed that about 313 (±10) fronds of Nephrolepis 
tuberosa arise from 1 m linear area, which can be harvested twice in years. About 
626 (±10) fronds can be harvested annually from 1 m linear area. A total of 613,480 
fronds may arise out of the 980 m linear area. Since one bunch of the “Ghora patti 
fern” comprises 50 fronds, therefore, the entire harvested fern from 1 ha orchard 
area will give rise to 12,270 bunches. The cost of one bunch of “Ghora patti fern” 
ranges from 80 to 200 rupees. Thus, the additional annual income of the farmers by 
“Ghora patti fern” may reach around 981,600–2,454,000 rupees per hectare, which 
is many times higher than the income provided by major tree crops.

8.12  Harvesting of Foliose Ferns

Once the ferns of medicinal, food, and ornamental value are matured, they need to 
be harvested for a variety of purposes. Medicinal ferns are harvested in accordance 
to the use of their parts. The edible ferns, viz., Diplazium esculentum, are 
best picked when they produce new curled fronds called “croziers” or 
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“fiddleheads.” The ornamental ferns are invariably used for preparation of bouquet, 
garland, floral works and variety of themes, artistic arrangement of cut flowers, 
decoration, event organization, and floral and foliose industry (Fig. 8.3c–e). It is 
important to keep in mind which species is highly demanded and how it can reach 
to the buyers within firmed time so that harvesting may not be interrupted. Harvesting 
is to be carried out considering the age and numbers of produced fronds. It is impor-
tant to measure the impact of harvesting, before ferns are utilized for commercial 
purposes. Milton (1987) studied the effects of harvesting fronds of ferns and found 
that all four species are slow growing and have 3–13 fronds per plant. Milton (l.c.) 
suggested for annual harvesting, as these species produce only 3–4 fronds per year, 
and also emphasized the effects of the harvesting season on frond production. The 
spatial differences among harvesting sites of ferns are also important, as the study 
on three edible ferns using multi-criteria evaluation (MCE) and global information 
system (GIS) has determined the spatial characteristics as one parameter for har-
vesting and ensuring management of ferns (Matsuura et al. 2014). Ferns are pre-
ferred to harvest when fronds become lush green and mature with highest numbers 
of small pinnae. Authors’ estimate suggests that the crown of Nephrolepis tuberosa 
comprises about 133 fronds. The average value of counting of single crowns 
revealed that out of 133 fronds, about 113 fronds were mature and 20 fronds were 
immature. It is wiser to harvest only mature frond of the ferns carefully in moderate 
amounts to maintain the health and vigorness of the ferns (Forest Practices Authority, 
Tasmania 2012). Before, the ferns are harvested, it is important to ensure their sus-
tainable harvesting, because sustainable harvesting ensures species are not lost and 
are available for future generations to harvest. The fronds are cut off with a curved 
sickle that fits in the hands. The harvested fronds are collected in a large-sized 
(1 × 1 m) polythene bag. Once the harvested fronds are collected, the mouth of the 
polythene bags is to be tightly held. The airtight polythene bags are to be brought in 
a cool place to sort out the fronds.

8.13  Foliar Preservation

Foliar preservation refers to “ensuring long-lasting living foliose” by any means. 
Thus, the best method to ensure long-lasting green foliose is keeping the fronds in 
refrigerators (Nowak and Rudnicki 1990; Bhattacharjee 1999). Harvested fronds 
rely on their own sources of energy and water to survive until its final consumption. 
Furthermore, the compositions of these elements decrease and the green cells and 
the entire frond start degradation, resulting in complete drying of fronds. Fronds are 
perishable living products that require coordinated actions by growers, storage 
operators, processors, and retailers to maintain their quality and reduce loss and 
waste (Mahajan et al. 2017). Stamps and Chase (1984) reported that the storage of 
leather leaf fern fronds at 4.5 °C for 1 month did not affect their subsequent vase 
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life. Hvoslef-Eide (1992) performed in vitro culture of Nephrolepis exaltata storing 
it at 5°, 9°, or 13°C temperature and low irradiance light (3–5 μmol m−2 s−1). Before 
storage, the cultures of Nephrolepis were subjected to 18°, 21°, 24°, or 27°C and 15, 
30, or 45 μmol m−2 s−1 light. Hvoslef-Eide (l.c.) concluded that the preconditioning 
of ferns before the storage was most favorable. Singh et al. (2003) studied the wet 
and dry storage using the fronds of two cultivars of Nephrolepis exaltata 
“Bostoniensis” and “Golden Boston.” Singh  et. al. (l.c.) noticed that fronds of 
Bostoniensis exhibited a longer vase life than those of Golden Boston on zero day 
of wet storage. Fronds of Bostoniensis dry stored in polypropylene (PP) sleeves 
continue to show a longer vase life than those kept in polyethylene (PE). Hence, 
Singh et al. (2003) suggested the storage of fronds in PP sleeves to prolong the vase 
life of fronds. The above observation suggested that the ferns can be better preserved, 
provided a few of the variables, which affect the storage life of ferns, are given 
consideration. Therefore, better understanding on the physical characteristics of 
fronds and their compatibility with the climatic conditions can assist in taking 
decisions for storage and minimizing the damage of fronds.

8.14  Packaging of Foliar

The harvested fronds of the ferns are to be packaged in a systematic manner so that 
it can be avoided from spoilage and damage. Another concern is that the respiration 
and too much moisture barrier will cause an excessive high temperature as well as 
humidity in the package and result in accelerated spoilage due to increased 
metabolism and contamination. To overcome the temperature and chances of 
contamination, the harvested ferns are subjected for pre-cooling, whereby the 
temperature is quickly lowered by drenching the fronds with cold water, by 
immersion, flooding, spraying, or vacuum cooling. Prior to packaging, the ferns are 
subjected to a cleaning process dipping in soaking tank, where dirt or dust is washed 
by warm or cold water. The fern produce are segregated for grading into quality 
groups, i.e., grades A and B. The uniform size of graded (grade A, grade B) fronds 
are ready for packaging. There are many shapes of packing containers, but a 
packaging device and method for fern was discovered by Dellecker (1997). Ferns 
should be wrapped in durable, moisture-proof polyethylene bags. Depending upon 
the feasibility of handling, transportation, and end users, the ferns may be packaged 
in consumer unit packaging and transport packaging. Before packaging, the ferns 
are to be tied together in flat bunches with a number of 50 fronds. A large polyethylene 
is unrolled on packing board, and bunches are to be laid flat and stacked one by one 
avoiding damage to any bunch. The bunch is to be wrapped in polyethylene to 
maintain freshness and avoid dehydration of the fronds (Reid 2009). Lay the 
packaging of bunches flat on a pack board and carry out carefully (Plastic in Food 
Packaging 2003) to keep in large boxes for transportation and marketing.
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8.15  Market-Linked Demand of Ferns

A survey in Lucknow City of India has informed that the market demand of the 
Nephrolepis tuberosa is increasing day by day. Peoples have fondness in ferns for 
its aesthetic beauty and decorative significance. Ferns have invaded herbal 
pharmaceutics, bio-fertilizer, and food domain, too. A variety of ferns, viz., 
Helminthostachys zeylanica, Dryopteris sparsa, and Selaginella bryopteris, are 
sold on herbal shops in the name of “Kamraj,” “Jatashankari,” “sanjeevani booti,” 
etc. with a huge economic turnover (Singh and Khare 2011). Bio-fertilizer industries 
consume a huge amount of Azolla to produce bio-fertilizers for farmers to enhance 
and sustain the nitrogen content in the agricultural land (Bocchi and Malgioglio 
2010). Croziers of ferns are supplied as delicious food by many industries (Walliser 
2016). Fronds give feelings of a variety of bird’s feather; for that reason, ferns 
bestow natural scenes for sculpturing on utensils, pots, cloths, and other items. They 
are utilized in decoration and are an inevitable component of flower and foliar 
industry. Matteuccia struthiopteris has a global demand and market price tag of 
$10–$15 per pound (Walliser 2016). A survey in Lucknow City also informed that 
the market cost of one bunch (comprised of 50 fronds) of “Ghora patti fern” ranges 
from 80 to 200 Indian rupees. The decorative ferns planted in earthen pots, terrarium, 
and hanging basket also cost up to 1000 rupees. In that way, the return from only 
Nephrolepis tuberosa may reach around 981,600–2,454,000 rupees per hectare, 
which is higher than the income provided by mango trees in an orchard. Thus the 
market of herbal, floral, and fertilizer industry has high demands of ferns to develop 
the product and deliver to the society as well as end users. Now by the imposition of 
legislative rules of central as well as state governments (The Biological Diversity 
Act 2002), ferns cannot be harvested from protected or natural forests. Henceforth, 
the fern supply is to be reliant on the horticultural produce. Such high economic 
return may remunerate in compounded rates and benefit to the farmers and rural, 
unprivileged people connecting them in horticulture and product development and 
meeting the market demand.

8.16  Modes of Supply of Fern Foliose

Mode of supply of ferns or fern produce depends on the quantum of demand in the 
market and their rational production, harvesting, processing, packaging, 
transportation, and consumption by the end users. Local inhabitants facilitate supply 
of ferns from natural forests. The local inhabitants in Darjeeling, West Bengal of 
India, are under pressure of poverty and dependent on forest resources for their 
livelihood (Ching 2016). They collect the fronds of Nephrolepis tuberosa and 
Diplazium esculentum by cutting with iron sickle and depositing in large-sized 
polyethylene bags to avoid excessive water loss. They stack the fronds in a bundle 
of 50 fronds and laid on each other until it resumes 25 kg weight or above and 
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wrapped in polyethylene bags. Local people bring the small-weighted package to 
the local markets or to the New Jalpaiguri from where it is transported to other 
major cities like Lucknow, Patna, Bhubaneshwar, Kolkata, Delhi, Bhopal, etc. of the 
country by trucks or trains and by air as well as ships. The florists and beauticians 
visit the local foliose markets in the city and bring the fronds to their shops by 
rickshaw or auto vehicles. The time duration between purchasing from the local 
foliose markets and bringing to their own shops is more crucial, because long 
duration may cause excessive water loss in the fronds. The florists and beauticians 
keep the bunches of fronds in a small thermocol container with ice cubes to sustain 
their lush greenness (Fig. 8.1h). The mode of supply of ferns may be gauzed by the 
supply chain management (SCM), which is the process of planning, execution, 
controlling, and managing the process of the supply chain of ferns with the purpose 
to satisfy the customers (Chandra et al. 2013). It covers all movement, storage of 
ferns, and processing of fern produce from point of origin to point of consumption. 
Thus for maintenance of a better mode of supply of ferns, it is very important to 
establish a superb quality SCM, because it involves coordinating and integrating 
these flows both within and among flower, foliose, herbal, and bio-fertilizer 
industries.

8.17  Market-Linked Demand and Application in Product 
Preparation

People across the world exhibit diverse culture, belief, and social practices; there-
fore, the food and cuisine liking and disliking vary from person to person. Tharu 
tribes in India consume Diplazium esculentum and Ophioglossum reticulatum as 
delicious food (Singh and Johari 2015), whereas the Canadian and American people 
eat Matteuccia struthiopteris as vegetable; therefore, demand of its fiddleheads has 
expanded many times (Aderkas 1984). The fern and fern produce have significant 
link with market from point of origin to point of consumption, as it involves various 
steps of selling and buying by the producer, wholesaler, retailer, or consumer. The 
benefit in terms of returns to producers, wholesalers, and retailers and even to con-
sumers is linked with the demand and supply chain of the ferns. A slight change in 
the market-linked demand of ferns may tremble the entire system of the fern-based 
industries. Demand of the ferns will not only strengthen the market operation, but it 
will also ascend the economic status of the people, who were deployed to facilitate 
fern-based services, either in horticulture or in the process of product development 
as well as consumption. The fern product either is purchased by an individual or a 
group of people, but in both cases, the demand is affirmed paradigm of elevated 
economy. Thus, the market-linked demand signifies the collective demand of each 
individual at a certain price and at a certain time. The market-linked demand of 
ferns helps in product development, because the market is an appropriate platform, 
where the service providers come to know about the variety of taste and demands of 
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the customers. Ferns are used for preparation of a variety of floret article, including 
dried flower sceneries (Fig. 8.3a, c). Thus, it is the customers, who can suggest for 
adding or excluding ferns or flowers to beautify the fern-based product. The sugges-
tion of the customers to improve the quality and buy the products of own choice 
would enhance the value and demand of ferns. Florists prepare these products using 
fronds of Nephrolepis tuberosa, few more ferns, and leaves or flowers of other 
higher plants (e.g., Fig. 8.1). Such products may be of different shapes and styles, 
viz., nosegay, cascading, crescent bouquets, hand-tied, pomander, flower spray, and 
Biedermeier (Rye 2000; Lee 2014). Few of the wedding bouquets, viz., bouquet of 
ferns and white flower, summery fern bouquet, green and white bouquet, all-green-
ery bridal bouquet, woodsy bridal bouquet, and botanical bridal bouquets (Fig. 8.3c), 
are on high demand, especially for ferns (Lee 2014). Each piece of the bouquet 
costs from 200 to 15,000 Indian rupees, showing potentiality of ferns in economic 
development and sustainable livelihood.

8.18  Key Foliose in Florist and Bouquet Shops

Florist and bouquet shops usually intend to provide a variety of flower and foliose- 
based products to celebrate our special moments, viz., birthday, ceremony, and 
other rituals. Usually, florists keep leaves and flowers of a variety of plants in the 
shops, viz., Asparagus sp., Callistemon sp. “bottle brush,” Caryota sp. “fishtail 
palm,” Cycas sp., Dianthus caryophyllus “carnation,” Dypsis lutescens “areca 
palm,” Gerbera sp., Gladiolus sp., Lilium sp. “lily,” Murraya paniculata 
“Manokamna” orchids, Polianthes tuberosa “Rajnigandha” rose, Solidago sp. 
“goldenrod,” and Trachycarpus fortunei “China palm” (Fig. 8.1e, g). Nevertheless, 
the ferns are key-foliose that beautifies and enhances the splendor of flower articles. 
Ferns are available all year round; therefore, they have become choice foliose plants 
for florists. India’s biggest florist’s chain Ferns N Petals (FNS) provides a variety of 
foliose-based products that include the lush-green fronds of ferns, viz., Adiantum 
capillus-veneris, Gleichenia dicarpa, Nephrolepis tuberosa, and Polystichum 
lentum, in preparation of bouquets. The fronds of Adiantum capillus-veneris add 
prettiness to the white- and red-flowered bouquets; therefore, florists use it in 
preparation of the wedding bouquets such as “bouquet of ferns and white flowers” 
(Fig. 8.3c). Fronds of Gleichenia dicarpa are used to give lush-green color to the 
“white- or yellow-flowered bouquets,” but sometimes the fronds of Gleichenia 
dicarpa and Polypodium lachnopus are used together. The “summer fern bouquet” 
is an on-demand bridal bouquet and is a combination of textured ferns, viz., 
Nephrolepis exaltata, with cheerful daisies, hydrangeas, and feverfew. The “all- 
greenery bridal bouquet” is usually comprised of fronds of Nephrolepis and flowers 
of dianthus, celosia, or green hydrangeas. The fronds of Sphenomeris immersa are 
mixed with flowers of Gerbera, white roses, and a variety of lilies to prepare bridal 
bouquets, whereas the fronds of Thelypteris dentata are used in preparation of 
woodsy bridal and botanical bridal bouquet (Lee 2014). The fronds as well as 
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pinnae of Thelypteris dentata including Adiantum capillus-veneris are used to pre-
pare sceneries and pictorial cards (Fig. 8.3a). Thus, the florists and bouquet shops 
usually store those ferns, whose frond has lush-green color with long durable life, 
so that it can be used for long term.

8.19  Market Linkage of Ferns for Sustaining Livelihood

Market linkage often serves to link the rural people with urban or cities for direct 
trade of their produces as well as transaction of economic gains. For that reason, 
there is necessity to develop market linkages for rural products as well as rural 
entrepreneur (Islam 2011). Ferns can contribute to enhance the livelihood of rural 
people, provided they know about their potential value and market-linked economic 
network. Large-scale production of such ferns and their market linkage may open 
opportunity to enhance self-reliance. Fern production may be augmented by 
horticultural practices, and the produce may directly be supplied by the producer to 
the consumers. Direct selling and buying between the producers and consumers and 
transaction of economic benefit will help in sustaining the livelihood of farmers 
(Wiggins and Keats 2013). Execution of such market linkaging may ensure 
transparent transaction, idle transaction mode, and proper linkage of transportation 
as well as communication and geographical location of the transaction. Nevertheless, 
the main purpose of market linkages of ferns in present contribution is to facilitate 
the flow of produce between the different levels of the marketing system. To achieve 
the tasks of market linkage of ferns for sustaining livelihood, the smallholder 
farmers owing small-based plots of land shall be promoted to take initiative for fern 
horticulture with aim to sustain livelihood.

8.20  Role of Fern Horticulture in Economic Development

Fern horticulture may contribute as an integral and important component in the 
economy of a country. The significance of fern horticulture can be evaluated by its 
benefits, viz., best utilization of lands, high yield per unit area, increased supply 
against demand, development of a variety of products, high export value, high 
returns, availability of fern raw materials for industries, and increased employment 
to fern growers and labors. The importance of fern horticulture can be also gauzed 
by the provision of employment opportunities to the rural people, farmers, and 
women through fern cultivation, harvesting, processing, transportation, product 
preparation, marketing, and economic returns. In addition, the ferns are potential 
sources of medicines, foods, and bio-fertilizers. They constitute important medicines 
and food-giving materials (Srivastava 2007; Singh and Khare 2011) which are of 
great economic significance (Berruezo et al. 2017). Some of the ferns are significantly 
important and required for various purposes, e.g., the croziers of Matteuccia 
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struthiopteris are used for food, Adiantum philippense is also used as medicine, and 
Lycopodium cernuum, Nephrolepis exaltata, and Platycerium bifurcatum are 
frequently sold in the market by some local people in Africa, but in spite of the 
above usefulness, people do not make it as their primary source of living (Mustacisa 
2016). Because of their multifarious uses, ferns can be used to improve the economic 
condition of middle class farmers and unemployed and economically deprived 
people. Eventually, the fern cultivation, production, and fern-based product 
development and its marketing could be highly remunerative for women in rural 
areas (Ravichandra 2014). Nephrolepis is usually used in preparation of all kinds of 
flower-based bouquets; thus, it would not be hyperbole to rank it as the most widely 
used fern of ornamental value. It can be considered as “wealth-making fern” and 
bring revolution to the foliose industry. The potentiality of Nephrolepis tuberosa 
can be presumed as one can earn an additional income of 0.982–2.454 million 
Indian rupees per hectare area. In that way, the horticulture may enhance the 
economic and other social values of communities, particularly when such plants are 
grown for commercial purposes (Abegunde 2012, Forestry Sub-sector Studies- 
Briefing 2005).

8.21  Future Perspectives of Fern Horticulture

Future perspectives may be looked within the benefits of fern horticulture, as the 
horticulture practice results in increased production, yield, and returns, utilization 
of lands, export of products, employment to the rural people, and availability of fern 
raw materials as medicines, foods, bio-fertilizers, and potential bio-molecules. 
There were many assertions on the future perspectives of horticulture (Chandran 
et al. 2009), but more precious attempt (Ide et al. 1993) enlightened us about the 
past, present, and future tactic for fern horticulture. Increased fern production may 
offer extensive opportunity for societal and sustainable economic development. Use 
of fern horticulture for development of various products would involve economic 
input as well as output, besides providing fern-based commodity to the society. The 
best example can be the USA, where the horticulture-based industry has increased 
the total income receipt at the rate of 10% per year (Johnson and Christensen 1995). 
Lewis (1977) reported that in low-income housing localities in America, the 
gardening programs have resulted in cleaned and painted buildings, cleaned streets, 
reduced destruction, and satisfactory environments confirming that fern horticulture 
signifies human perspectives, too. A variety of ferns, viz., “dhekiya,” “ostrich fern,” 
and “ekpatiya,” provide nutritious foods (Aderkas 1984; Singh and Johari 2015); 
such ferns may be recommended as dietary and nutritional supplement. Huperzia 
serrata resulted Huperzine A and Huperzimine compounds, which were potential 
bio-molecules in the treatment of diseases (Ma et al. 2005; Yu et al. 2014); such 
horticultural produce is a major source of biologically active compounds (Mahajan 
et  al. 2017). A variety of ferns, viz., Asplenium trichomanes grow in cold, the 
Selaginella bryopteris in desiccation, and the Ceratopteris thalictroides in rains. 
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Such ferns synthesize the proteins of specific composition in a variety of habitat and 
can be utilized as the genetic resource for development of high economic transgenic 
plants. Tectaria macrodonta is reported to exhibit Tma12 protein that is insecticidal 
to whitefly at sublethal doses (Shukla et  al. 2016). Ferns could also be a useful 
organism in transcriptome sequencing for assembly, annotation, and marker 
discovery, as they belong to lower plants (Singh et  al. 2015). Azolla species are 
efficient for mineralized organic nitrogen production and capable of reducing weed 
competition and resistant to water polluted with herbicides (Bocchi and Malgioglio 
2010; Brouwer et al. 2017). Pteris vittata is known for its arsenic hyper-accumulator 
potentiality (Kalve et al. 2011; Cesaro et al. 2015; Chen et al. 2017), but a number 
of ferns could be screened out for metal detoxification potentiality and could be 
used to inhibit entry of the pollutant causing toxicity in the food chain system. In a 
wide spectrum, fern horticulture portrays sustainability issues from each of the 
economic, environmental, and social perspective, as it can have both positive and 
negative environmental impacts (Hallett et al. 2016). In that way, fern horticulture 
may result in increased fern production, product development, opportunity of 
employment, and high returns to provide societal commodity and elevate the 
economic status and livelihood of unprivileged rural people.

8.22  Conclusion

India exhibits diverse climatic condition and agroecological region and soil that 
provide favorable opportunity for fern horticulture. Fern horticulture may 
considerably contribute in total horticultural produce of the country. Fern horticulture 
may play a significant role in improving the Indian economy by improving the 
income of the farmers, women, and unprivileged and rural people. Studies have 
suggested that the Adiantum capillus-veneris and Huperzia serrata have distinct 
glycosides, flavonoids, terpenoids, alkaloids, and other primary as well as secondary 
metabolites (Ma et al. 2005; Swamy et al. 2006; Singh et al. 2010; Yu et al. 2014, 
2017) and could be used as potential raw materials for development of drugs. Azolla 
has potential properties to enhance the agricultural productivity (Bocchi and 
Malgioglio 2010, Brouwer et al. 2017), whereas Pteris vittata and a few other ferns 
are hyper-accumulator of heavy metals (Singh et al. 2010; Kalve et al. 2011). Such 
ferns could be utilized for the management of agriculture and environmental 
pollution (Cesaro et  al. 2015, Chen et  al. 2017). New fronds and rhizomes of 
Diplazium esculentum and Cyathea spinulosa are highly nutritious and could be 
used as dietary supplement or food. Nephrolepis tuberosa and Thelypteris dentata 
are on demand in Indian florist’s community. After large-scale production, these 
ferns could be provided to the florists for preparation of bouquets and beautification 
and decoration of the events places. Some of the ferns adapted to cold, desiccation, 
and rains have insecticidal proteins and synthesize the proteins of specific 
composition. Such ferns could be used as genetic resources for development of high 
economic transgenic plants (Shukla et al. 2016). Eventually, they could be used in 
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transcriptome sequencing for assembly, annotation, and marker discovery (Singh 
et al. 2015), as ferns belong to cryptogams. For the reason of diverse uses, ferns 
could be utilized to make billion dollars turn over globally. Unfortunately, the raw 
materials are met from the forests because they are not under horticulture practices. 
Estimates on horticultural produce in India suggested that there is still an urgent 
need to fortify the production rate of edible, useful vegetables and ornamentals, 
including ferns, to ascertain the nutrition security and supply for better livelihood 
and economic development. Fern horticulture is also needed to bring the profitable 
land in use, as about 240 million acres of cultivable wasteland in India can be 
brought to use for cultivation (Joshi et al. 2013). Thus fern horticulture practice is 
more precious because it could provide resource for production of fern-based 
products. Since the fern horticultural practices are labor intensive, it could create a 
lot of employment opportunities for the farmers, women, and unprivileged and rural 
people to strengthen their economic condition and livelihood.
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Chapter 9
Evolution and Classification of Ferns 
and Lycophytes

Emily B. Sessa

9.1  Overview of Fern and Lycophyte Evolution

Ferns and lycophytes are among the oldest lineages of plants on Earth, and the 
living members of these lineages – along with the extant seed plants – are descen-
dants of the first plants that evolved vascular tissue. These vascular plants, which 
possess xylem and phloem tissues specifically adapted for transport of water and 
nutrients, are collectively referred to as tracheophytes (Fig. 9.1). The tracheophytes 
today include approximately 310,000 named species of angiosperms, gymno-
sperms, lycophytes, and ferns (the latter are sometimes referred to as monilophytes, 
but “ferns” is used here for simplicity) (Christenhusz and Byng 2016) and are the 
basis of most global food webs as well as human civilizations and economies. Ferns 
and lycophytes represent a relatively small proportion of all tracheophytes, with ca. 
12,000 species (PPG 1 2016), but they are critical members of Earth’s modern floras 
and are disproportionately represented in some extinct and extant habitats (e.g., 
tropical rainforest canopies (Cardelus et al. 2006; Watkins and Cardelús 2012) and 
Carboniferous coal forests (Gastaldo 1987)).

The evolution of ferns and lycophytes as distinct lineages “begins”, we might 
say, between 472 and 416 million years ago, in the Ordovician or Silurian. This is 
when most phylogenetic studies and analyses of fossil plants have dated the diver-
gence that separated the bryophytes from the ancestor of modern tracheophytes, to 
which ferns and lycophytes belong (Clarke et al. 2011; Kenrick et al. 2012; Magallón 
et al. 2013; Gerrienne et al. 2016; Lenton et al. 2016; Plackett and Coates 2016). 
The earliest tracheophytes would have closely resembled bryophytes, and the fossil 
record reveals that numerous early tracheophyte lineages ultimately went extinct. 
As Plackett and Coates put it, the fossil record from this time period is “littered with 
now-extinct plant groups” (Plackett and Coates 2016). Gradually, key traits related 
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to movement of water and nutrients (xylem and phloem tissues) evolved, as did 
other features associated with modern tracheophytes, such as distinct roots, stems, 
and leaves (i.e., megaphylls – which may have evolved multiple times in tracheo-
phytes (Vasco et al. 2013, 2016)). One of these lineages managed to survive the 
ancient winnowing of early tracheophytes to become the ancestor of all modern 
vascular plants, including ferns and lycophytes.
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Fig. 9.1 Phylogeny of major groups of land plants. The topology is based on Clarke et al. (2011), 
Magallón et al. (2013), and Wickett et al. (2014). The transition from a gametophyte-dominant to 
a sporophyte-dominant life cycle at the root of tracheophytes is indicated, as are three transitions 
from homospory to heterospory. Note that the relationships of bryophytes to one another and to 
tracheophytes remain difficult to resolve. These relationships are depicted as reported by Magallón 
et al. (2013) and others, but see Wickett et al. (2014) for a discussion of the extent to which various 
resolutions of these relationships are supported by available data
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9.2  Fern and Lycophyte Phylogenetics and Classification

9.2.1  Early Divergences in Vascular Plants: Ferns and “Fern 
Allies”

The term “fern allies” was long used to refer to a group of plants of dubious affinity 
but which were suspected to be closely related to ferns, including the horsetails 
(Equisetum), whisk ferns (Psilotum and Tmesipteris), and lycophytes (Isoetes, 
Selaginella, and genera of Lycopodiaceae) (Moran 2004). The confusion surround-
ing their relationships stems largely from their morphological features (or lack 
thereof, in the case of the whisk ferns). Despite the fact that they all possess vascular 
tissue, the hallmark of the tracheophytes, Linnaeus classified several members of 
these groups with the mosses because of their superficial resemblance to bryo-
phytes, and their persistent common names reflect this (e.g., spike mosses 
(Selaginella) and club mosses (Lycopodium)). He also placed the whisk ferns with 
the mosses, but grouped Equisetum and Isoetes with the ferns (Linnaeus 1753; 
Moran 2004).

We now recognize that the “fern allies” in fact belong to two separate groups, 
neither of them mosses, but one of them the ferns. The other group is the lycophytes, 
which includes Selaginellaceae, Isoetaceae, and Lycopodiaceae, the first two sister 
to one another and together sister to Lycopodiaceae (Fig. 9.1). These three groups 
represent the extant lycophytes, and the earliest recognizable lycophyte fossils date 
to the Silurian, between 445 and 420 million years ago (Hueber 1992; Kenrick et al. 
1997; Clarke et al. 2011; Magallón et al. 2013; Gerrienne et al. 2016; Plackett and 
Coates 2016). The lycophytes and ferns were recognized as distinct groups, but still 
classified together as Pteridophyta in the mid-1800s (Moran 2004), when botanists 
discovered that all members of these former “ferns and fern allies” share a feature 
of their life cycle that is unique among land plants: the two generations, the game-
tophyte and sporophyte, are ecologically and nutritionally independent of one 
another (Klekowski and Baker 1966; Haufler et al. 2016). This “separation of gen-
erations” sets the two lineages of the Pteridophyta apart from both the bryophytes 
and seed plants (Bryophyta and Spermatophyta, in the ranking system of the time), 
and “pteridophytes” has persisted as a useful term for distinguishing ferns and lyco-
phytes from other land plants, though we now recognize that it describes a paraphy-
letic assemblage. A shift in the dominant phase of the life cycle is also a distinguishing 
feature of tracheophytes as a whole: in bryophytes, the gametophyte generation is 
considered dominant, as it is the independent and long-lived stage, while the sporo-
phyte is short-lived and nutritionally dependent on the gametophyte. The relative 
status of the stages is reversed in the tracheophytes, including ferns and lycophytes, 
with the gametophytes typically short-lived relative to the sporophytes. It is only in 
ferns and lycophytes that the two stages are independent; however, during seed 
plant evolution, the gametophyte has become reduced to only a few cells that are 
entirely dependent on the sporophyte (Haufler et al. 2016).
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A key divergence within tracheophytes splits the “pteridophytes” in half and 
separates the lycophytes from the remaining tracheophytes, which are collectively 
called the euphyllophytes (to acknowledge their possession of “true” leaves, i.e., 
megaphylls). This divergence between lycophytes and euphyllophytes is estimated 
to have occurred around 424–416 mya based on molecular phylogenies (Clarke 
et al. 2011; Magallón et al. 2013), and the earliest euphyllophyte fossils date to the 
Lower Devonian, ca. 416–398 mya (Gensel 1984; Magallón et al. 2013; Plackett 
and Coates 2016). Within euphyllophytes, ferns are sister to seed plants, a diver-
gence that is estimated to have occurred 410–388 mya (Clarke et al. 2011; Magallón 
et al. 2013), and ferns are first represented in the fossil record by Ibyka, an equise-
tophyte from the Middle Devonian (392–385 mya) (Skog and Banks 1973; Kenrick 
et al. 1997; Magallón et al. 2013; Plackett and Coates 2016). Phylogenetic advances 
in the late 1990s and early 2000s confirmed that Equisetum and the other former 
“fern allies” Psilotum and Tmesipteris are strongly supported as members of a 
monophyletic fern lineage that is sister to the seed plants, with lycophytes sister to 
the ferns and seed plants together (Pryer et al. 1995; 2001a; 2004; Hasebe et al. 
1995; Nickrent et  al. 2000; Schneider et  al. 2004a; Wikström and Pryer 2005; 
Schuettpelz et al. 2006; Smith et al. 2006; Qiu et al. 2006).

9.2.2  Relationships and Classification of Extant Lycophytes

Lycophytes are represented today by approximately 1,300 extant species that belong 
to three lineages, each an order composed of a single family in the most recent clas-
sification of ferns and lycophytes (PPG 1 2016) (Fig. 9.1). The Selaginellales (spike 
mosses) and Isoetales (quillworts) are sister to one another, and together they are 
sister to the Lycopodiales (club mosses). The lycophytes as a whole are character-
ized by possession of microphylls, leaves that are often small in size, with a single 
unbranched vein and no leaf gaps where the stele splits to plumb the leaves (Tomescu 
2009).

A major distinction between the groups of extant lycophytes is whether they are 
homosporous (possessing a single type of spore) or heterosporous (with separate 
male and female spores). Homospory is assumed to be the ancestral condition of 
land plants (Bateman and DiMichele 1994), and transitions to heterospory have 
occurred three times during land plant evolution (Fig.  9.1). The lycophytes and 
ferns are the only lineages that include both homosporous and heterosporous mem-
bers; the third transition occurred in the ancestor of the seed plants, which are 
entirely heterosporous. In the lycophytes, heterospory is inferred to have evolved in 
the shared ancestor of extant Selaginellales and Isoetales, while the Lycopodiales 
are homosporous. Selaginellales and Isoetales have one genus and 700 species and 
one genus and 250 species, respectively, while Lycopodiales includes 16 genera and 
an estimated 388 species (PPG 1 2016).

Among the lycophytes, Selaginella in particular has received extensive taxo-
nomic and systematic attention, with much discussion focusing on whether its 700 
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species belong in one genus or should be recognized as several genera (Jermy 1986; 
Korall et al. 1999; Korall and Kenrick 2002, 2004; Arrigo et al. 2013; Zhou and 
Zhang 2015; Zhou et al. 2016) (see Zhou et al. 2016 for a historical overview of 
work on the genus). The most recent, phylogenetically informed classification for 
Selaginella takes the former approach and recognizes one genus with seven subgen-
era that are strongly supported both by phylogenetic analyses and morphological 
characters (Weststrand and Korall 2016a, b). Studies of the sister lineage to 
Selaginella, Isoetes, have likewise supported a single genus with several well- 
supported subclades (Hickey 1986; Taylor and Hickey 1992; Hoot and Taylor 2001; 
Rydin et al. 2002; Schuettpelz and Hoot 2006). Resolution of relationships within 
Isoetes is complicated by conservatism both in morphological and molecular char-
acters and the lack of a close out-group (Hoot and Taylor 2001; Rydin et al. 2002; 
Hoot et al. 2006; Schuettpelz and Hoot 2006), but ongoing research suggests that 
the group has a complex history of relationships and biogeographic movements that 
deserves further study (Larsén and Rydin 2016).

The homosporous lycophytes belong to the family Lycopodiaceae, which 
includes three subfamilies (Lycopodielloideae, Lycopodioideae, and Huperzioideae) 
(Øllgaard 2015). This family has undergone extensive taxonomic upheaval, and its 
species have been assigned to anywhere from 2 to 16 genera over the years (Holub 
1983; Wagner and Beitel 1992; Christenhusz et al. 2011; Field and Bostock 2013; 
Øllgaard 2015; Field et al. 2016). The PPG system recognizes 16 genera (PPG 1 
2016), three of which belong to Huperzioideae. A deep split separates this lineage 
from the Lycopodielloideae plus Lycopodioideae (Wikström and Kenrick 2001; Ji 
et  al. 2008; Field et  al. 2016), which include four and nine genera, respectively 
(PPG 1 2016). The members of Lycopodiaceae as a whole are morphologically and 
ecologically diverse, with the greatest range of life forms and occupying the widest 
range of habitats of any lycophyte lineage (Field et al. 2016).

9.2.3  Relationships Among Major Clades of Extant Ferns

 Equisetum Is Sister to Extant Ferns

Within ferns, the first divergence among extant taxa is now generally (though not 
universally) accepted as separating Equisetum (the horsetails) from all other species 
(Fig. 9.1), but determining the phylogenetic placement of Equisetum has been one 
of the most recalcitrant issues in fern systematics of the last several decades. 
Equisetum was most consistently recovered as sister to the marattioids in early 
molecular analyses of one or a handful of plastid, mitochondrial, and nuclear mark-
ers (Pryer et al. 2001a; Des Marais et al. 2003; Pryer et al. 2004; Wikström and 
Pryer 2005; Qiu et al. 2006, 2007; Schuettpelz and Pryer 2008), but it has also been 
resolved as sister to the Ophioglossales plus Psilotales (Grewe et al. 2013), the lep-
tosporangiates (Lehtonen 2011), or the leptosporangiates plus marattioids (Rothwell 
and Nixon 2006; Schuettpelz et  al. 2006), though in all cases with only low or 
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moderate statistical support. Morphological data have added another possible reso-
lution, with Equisetum sister to Psilotales in some analyses of extant taxa (Pryer 
et al. 1995; Schneider et al. 2009). However, most recent phylogenetic and phyloge-
nomic studies support the placement of Equisetum as the sister group to all other 
extant ferns, based on analyses of plastid (Wolf 1997; Rai and Graham 2010; Kuo 
et al. 2011; Testo and Sundue 2016), mitochondrial (Vangerow et al. 1999; Knie 
et al. 2015), and low-copy nuclear sequence data (Wickett et al. 2014; Rothfels et al. 
2015). While modern Equisetum is recognized as belonging to an ancient lineage 
(Rothwell 1999; Rothwell and Nixon 2006; Stanich et al. 2009), its 15 extant spe-
cies represent a relatively recent radiation (Des Marais et al. 2003; Guillon 2004, 
2007). The ancestor of this group is thought to have undergone a polyploidization 
event in the late Cretaceous that lead to the high chromosome numbers seen in the 
extant species (n=108) (Vanneste et al. 2015).

 Remaining Eusporangiate Relationships

After the divergence of Equisetum, the next two divergence events within ferns 
separate the Ophioglossales plus Psilotales from all remaining species and then the 
Marattiales from the leptosporangiates (Fig. 9.1). These four groups (Equisetum, 
Ophioglossales, Psilotales, Marattiales), while not a clade, share a feature that dif-
ferentiates them from the leptosporangiates: the production of eusporangia (as 
opposed to leptosporangia). This distinction refers to the development and structure 
of the sporangia, which produce spores via meiosis. A eusporangium arises from 
several epidermal initial cells and produces a large and variable number of spores, 
while a leptosporangium arises from a single initial cell and produces a fixed num-
ber of spores (64) during typical meiosis in a diploid sporophyte (Kumar 2001). The 
leptosporangium also has a unique catapult-like mechanism for spore dispersal via 
a specialized row of cells called the annulus (Schuettpelz and Pryer 2008; Noblin 
et al. 2012; Llorens et al. 2016). All leptosporangiate ferns produce a leptosporan-
gium, which is inferred to have evolved in their common ancestor and which is the 
primary and eponymous synapomorphy for the group. The four other non- 
leptosporangiate fern lineages produce eusporangia.

The sister group relationship between Ophioglossales (moonworts) and Psilotales 
(whisk ferns) (Fig. 9.1) was established early on and is supported by both molecular 
analyses and morphological characters (Pryer et al. 1995; Manhart 1995; Vangerow 
et al. 1999; Nickrent et al. 2000; Pryer et al. 2001a, 2004; Wikström and Pryer 2005; 
Schuettpelz et al. 2006; Rothwell and Nixon 2006; Qiu et al. 2006, 2007; Kuo et al. 
2011; Grewe et al. 2013; Knie et al. 2015; Testo and Sundue 2016). Both orders 
include one family each (Psilotaceae and Ophioglossaceae), with two genera and 17 
species in the whisk ferns and four subfamilies, ten genera, and 112 species in the 
moonworts (PPG 1 2016). Although the affinities of Marattiales have been more 
challenging to untangle (some analyses infer a sister relationship with Equisetum 
(see previous section), others with Ophioglossales plus Psilotales (Wickett et al. 2014)), 
most recent studies place Marattiales sister to the remaining leptosporangiates with 

E. B. Sessa



185

moderate to strong support (Rai and Graham 2010; Kuo et  al. 2011; Knie et  al. 
2015; Rothfels et al. 2015; Testo and Sundue 2016). The marattioids have long been 
thought to form a natural group (Murdock 2008a; b), and the order includes one 
family (Marattiaceae) with six genera and an estimated 111 species (PPG 1 2016).

 Leptosporangiates

The monophyly of the leptosporangiates has been moderately to strongly supported 
since the earliest molecular phylogenetic studies of ferns (Table 9.1), and posses-
sion of the leptosporangium (see previous section) has long been recognized as an 
unambiguous synapomorphy of the group (Moran 2004). Paleobotanical studies 
have identified three major radiations of leptosporangiates, the first of which began 
in the early Carboniferous (Lovis 1977; Rothwell 1987; Stockey and Rothwell 
2006; Rothwell and Stockey 2008). This first radiation generated a set of families 
that had all gone extinct by the end of the Paleozoic (Rothwell 1987, 1999; Stockey 
and Rothwell 2006; Rothwell and Stockey 2008), but the second and third radia-
tions produced all of the extant orders and families of leptosporangiates, beginning 
in the early Permian (Collinson 2001; Skog 2001; Rothwell and Stockey 2008; 
Schuettpelz and Pryer 2009).

The second leptosporangiate radiation produced the orders Osmundales, 
Hymenophyllales, Gleicheniales, Schizeales, Salviniales, and Cyatheales (Collinson 
2001; Skog 2001; Rothwell and Stockey 2008), which are successively sister to the 
remaining leptosporangiates (Table 9.1, Fig. 9.1). Osmundales includes one family, 
Osmundaceae, which is strongly supported as both monophyletic and as the sister 
lineage to all other leptosporangiates, based on both molecular and morphological 
(including paleobotanical) data (Table  9.1, Rothwell and Stockey 2008). 
Osmundaceae fossils represent the oldest known specimens that are assignable to an 
extant leptosporangiate clade (Delevoryas et al. 1964; Tidwell and Ash 1994; Phipps 
et al. 1998), and today the group includes six genera and 18 species (Yatabe et al. 
1999; Metzgar et al. 2008; PPG 1 2016).

The filmy ferns (Hymenophyllales) include one family (Hymenophyllaceae) 
with two subfamilies, which correspond to the trichomanoid and hymenophylloid 
clades (Pryer et al. 2001b; Ebihara et al. 2006). The two groups are each monophy-
letic (Pryer et al. 2001a; Dubuisson et al. 2003; Ebihara et al. 2007) and differ sub-
stantially from one another in their rates of molecular evolution (Schuettpelz and 
Pryer 2006). While the family and subfamilies are each strongly supported as mono-
phyletic, relationships within the two subfamilies (especially the trichomanoids) 
have been less well supported, and intrafamilial classification has been controver-
sial, with anywhere from 2 to 47 genera suggested by various authors (reviewed in 
Ebihara et al. 2006; Dubuisson et al. 2003; Hennequin et al. 2003, 2006; Ebihara 
et  al. 2006, 2007). The PPG classification follows the system of Ebihara et  al. 
(2006), recognizing nine genera with an estimated 434 species (PPG 1 2016).

The relationship between Hymenophyllales and Gleicheniales has also been dif-
ficult to resolve and remains somewhat uncertain. Most analyses have recovered the 
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topology shown in Fig. 9.1, but only two (Rai and Graham 2010; Lehtonen 2011) 
have done so with strong support. Other analyses have recovered a sister group 
relationship between the two lineages (Pryer et al. 2004) or reversed their positions 
relative to the remaining leptosporangiates (i.e., recovering the topology 
(Osmundales (Gleicheniales (Hymenophyllales, remaining leptosporangiates))) as 
opposed to the topology shown in Fig. 9.1) (Knie et al. 2015). While most studies 
have recovered a monophyletic Gleicheniales (Table 9.1), Rothfels et al. (2015) and 
Kuo et al. (2011) did not, and further study on the group is clearly required. As cur-
rently circumscribed (PPG 1 2016), Gleicheniales includes three families 
(Matoniaceae, Dipteridaceae, and Gleicheniaceae), with ten genera and 172 spe-
cies in total. In the studies that recover a monophyletic Gleicheniales with sampling 
from all three families, Dipteridaceae and Matoniaceae form a clade that is sister to 
Gleicheniaceae (Pryer et al. 2004; Schuettpelz et al. 2006; Schuettpelz and Pryer 
2007, 2009; Lehtonen 2011; Testo and Sundue 2016).

The three remaining orders that are successively sister to the polypod ferns 
(Schizaeales, Salviniales, and Cyatheales) have each been almost universally recov-
ered as monophyletic with strong support (Table 9.1). The Schizaeales comprises 
three families, four genera, and 190 species (Wikström et al. 2002; PPG 1 2016). 
Lygodiaceae is sister to Schizaeaceae plus Anemiaceae, and all three have been the 
subjects of family-level phylogenetic study (e.g., Skog et al. 2002; Wikström et al. 
2002; Madeira et  al. 2008; Labiak et  al. 2015a). The monogeneric Lygodiaceae 
includes the vining ferns of the genus Lygodium, which are characterized by inde-
terminate growth (Mueller 1982, 1983) and include several documented pest spe-
cies (Pemberton and Ferriter 1998; Volin et al. 2004; Madeira et al. 2008).

The Salviniales, or water ferns, are characterized by heterospory and by their 
aquatic habitat. Two major clades of water ferns are recognized, and these corre-
spond to the two families of the order, Salviniaceae and Marsileaceae (Pryer et al. 
2004; PPG 1 2016). These families are clearly distinguished by habit and morphol-
ogy: members of the Salviniaceae are free-floating, while members of Marsileaceae 
are rooted below the water surface (Nagalingum et al. 2008). The two groups were 
initially thought to be independently derived but have been strongly supported as 
sister lineages in almost all major molecular studies (Table 9.1) and by morphologi-
cal analyses of fossil taxa (Rothwell and Stockey 1994). Marsileaceae is the larger 
of the two families, with three genera (Marsilea, Pilularia, Regnellidium) and 61 
species (Johnson 1986; Pryer 1999; Nagalingum et al. 2007, 2008; Whitten et al. 
2012; PPG 1 2016), while Salviniaceae has two genera (Salvinia, Azolla) and 21 
species (Reid et al. 2006; Metzgar et al. 2007; Nagalingum et al. 2008; Pereira et al. 
2011; PPG 1 2016). Azolla has gained prominence in recent years as a candidate for 
whole genome sequencing (Qiu and Yu 2003; Li and Pryer 2014; Sessa et al. 2014) 
and for its symbiotic relationship with the nitrogen-fixing bacterium Nostoc, which 
has enabled its use as a green fertilizer in Southeast Asia for millennia (Pabby et al. 
2004; Perkins and Peters 2006; Brouwer et al. 2014; Li and Pryer 2014).

The tree fern order, Cyatheales, is sister to the remaining leptosporangiates, 
which constitute the polypod ferns (Fig. 9.1; next section). The Cyatheales is now 
recognized as including eight families (with 13 genera and 713 species) that form 
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two subclades: Thyrsopteridaceae, Loxsomataceae, Culcitaceae, and Plagiogyriaceae 
belong to one clade, while Cibotiaceae, Metaxyaceae, Dicksoniaceae, and 
Cyatheaceae make up the other (Korall et al. 2006; Schuettpelz and Pryer 2007; 
PPG 1 2016). The latter clade includes the species traditionally recognized as “tree 
ferns,” which possess distinct trunks and belong to the families Cibotiaceae, 
Dicksoniaceae, and Cyatheaceae (Korall et al. 2006, 2007; Korall and Pryer 2014). 
Within this group of four families, Metaxyaceae (whose species have creeping rhi-
zomes rather than erect trunks like the other three (Smith et al. 2001, Cárdenas et al. 
2016)) is sister to Dicksoniaceae, and together they are sister to Cibotiaceae, with 
Cyatheaceae sister to the group of three: (Cyatheaceae, (Cibotiaceae, (Metaxyaceae, 
Dicksoniaceae))) (Korall et al. 2006; Schuettpelz and Pryer 2007). The other group 
of four families includes a number of morphologically disparate species and genera 
that were historically thought to be allied with other families that are now known to 
be distantly related to this order (e.g., Plagiogyria and monotypic Loxsomopsis and 
Loxoma) (Pryer et al. 2004; Korall et al. 2006). Within this group, Culcitaceae and 
Plagiogyriaceae are sisters, then Loxsomataceae, and then Thyrsopteridaceae: (Thy
rsopteridaceae, (Loxsomataceae, (Culcitaceae, Plagiogyriaceae))) (Korall et  al. 
2006). Although there is no morphological synapomorphy known for the entire tree 
fern order, Cyatheales is strongly supported as monophyletic in all analyses of deep 
fern phylogeny (Table 9.1).

 Polypods

The third leptosporangiate radiation began in the early Cretaceous (Rothwell and 
Stockey 2006, 2008) and corresponds to the polypod ferns, the order Polypodiales 
(Smith et al. 2006; PPG 1 2016). The polypods are strongly supported as monophy-
letic in studies of deep fern phylogeny (Table 9.1) and share a morphological syn-
apomorphy: a vertical annulus that forms a ring of cells interrupted by the sporangial 
stalk (Pryer et al. 1995).

Within the polypod clade are six suborders. Two of these correspond to the 
eupolypods I (Polypodiineae) and II (Aspleniineae), which are sister groups (see 
next section). The remaining four are the Dennstaedtiineae, Pteridineae, 
Lindsaeineae, and Saccolomatineae (PPG 1 2016), and relationships within and 
between these four and the eupolypods have been challenging to resolve. The 
Saccolomatineae is equivalent to the family Saccolomataceae of Smith et al. (2006) 
and includes one genus and 18 species, though additional study is needed of this 
group in particular (Smith et al. 2006; PPG 1 2016); at least one study has suggested 
that it may be polyphyletic (Perrie et al. 2015), but this is not supported by other 
analyses (e.g., Testo and Sundue 2016) and may be the result of error (PPG 1 2016). 
Several studies have recovered Saccolomataceae as sister to the Lindsaeineae sub-
order (Fig. 9.1) (Schuettpelz and Pryer 2009; Lehtonen 2011; Testo and Sundue 
2016), which includes the families Cystodiaceae, Lonchitidaceae, and Lindsaeaceae, 
but Lehtonen et al. (2012) and Kuo et al. (2011) both found Saccolomataceae to be 
sister instead to a group including the pteridoids, dennstaedtioids, and eupolypods, 
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and Rai and Graham (2010) found it to be sister to these three plus the Lindsaeineae. 
These conflicts underscore the need for further study of Saccolomataceae and its 
phylogenetic affinities. Within the Lindsaeineae, the families differ substantially in 
size: Lindsaeaceae includes seven genera and 234 species, while Lonchitidaceae 
and Cystodiaceae each have one genus, with two and one species, respectively 
(Lehtonen et al. 2010, 2012; PPG 1 2016).

The suborders Dennstaedtiineae and Pteridineae are equivalent to the families 
Dennstaedtiaceae and Pteridaceae, and the relationships between these two and the 
eupolypods remain uncertain. The monophyly of all three groups receives consis-
tent strong support, but all three possible relationships have been recovered: 
Pteridaceae sister to Dennstaedtiaceae plus the eupolypods (Fig.  9.1) (Lehtonen 
2011; Knie et al. 2015; Rothfels et al. 2015), Dennstaedtiaceae sister to Pteridaceae 
plus the eupolypods (Schuettpelz and Pryer 2007, 2009; Kuo et al. 2011; Testo and 
Sundue 2016), and the eupolypods sister to Dennstaedtiaceae plus Pteridaceae (Rai 
and Graham 2010). In almost all studies, support is low for at least one of the 
branches that describe these relationships. Pteridaceae is one of the largest fern 
families, with five subfamilies, 53 genera, and just over 1200 species, and it includes 
roughly 10% of extant fern diversity (Schuettpelz and Pryer 2008; PPG 1 2016). 
The subfamilies correspond to five primary clades: the ceratopteridoids (Schuettpelz 
et al. 2007), cryptogrammoids (Metzgar et al. 2013), pteridoids (Zhang et al. 2015), 
adiantoids (Rothfels and Schuettpelz 2014; Schuettpelz et al. 2016), and cheilan-
thoids (Schuettpelz et al. 2007). Both the family as a whole and numerous individ-
ual subgroups and genera have been the subjects of systematic study (e.g., 
Sanchez-Baracaldo 2004; Kirkpatrick 2007; Prado et  al. 2007; Schuettpelz et  al. 
2007, 2015; Beck et al. 2010; Sigel et al. 2011; Link-Pérez et al. 2011; Li et al. 
2012; Grusz and Windham 2013; Chao et  al. 2014; Zhang et  al. 2015). 
Dennstaedtiaceae comprises 10 genera and 265 species (Perrie et al. 2015; PPG 1 
2016) and includes the cosmopolitan genus Pteridium aquilinum (bracken fern), 
which was one of the first globally distributed plant species for which a worldwide 
phylogenetic analysis was undertaken (Der et al. 2009).

 Eupolypods I and II

The eupolypods as a whole and the two subclades, eupolypods I and II, have tradi-
tionally been recognized as natural groups and receive strong phylogenetic support 
in molecular analyses (Schneider et al. 2004a; Schuettpelz and Pryer 2007, 2009; 
Rai and Graham 2010; Kuo et al. 2011; Lehtonen 2011; Rothfels et al. 2015; Testo 
and Sundue 2016). All three clades (eupolypods and the subclades) are supported 
morphologically by stelar anatomy (the number and arrangement of vascular bun-
dles present in the stipe). All eupolypods include at least two large vascular bundles, 
while many non-eupolypod ferns have only one (Pittermann et al. 2015). Within 
eupolypods, vascular anatomy differs between the subclades: members of eupoly-
pods I have two major bundles with several smaller strands usually present, while 
members of eupolypods II typically have just two bundles (with one exception: 
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Blechnaceae, a eupolypods II member whose anatomy resembles that of eupoly-
pods I) (Pittermann et al. 2015).

Eupolypods I corresponds to the suborder Polypodiineae and includes nine fami-
lies, 108 genera, and an estimated 4208 species (Smith et al. 2006, PPG 1 2016). 
The two largest fern families belong to this clade: Dryopteridaceae, with three sub-
families, 26 genera, and 2115 species, and Polypodiaceae, with six subfamilies, 65 
genera, and 1652 species (PPG 1 2016). The earliest divergences among extant 
members of this suborder have been challenging to resolve, but several recent stud-
ies agree that the first two divergence events separate the monotypic family 
Didymochlaenaceae and then Hypodematiaceae from the remaining members of 
eupolypods I (Kuo et al. 2011; Zhang and Zhang 2015; Testo and Sundue 2016). 
Most studies are consistent with regard to the relationships of the remaining fami-
lies, with Dryopteridaceae diverging next (Liu et  al. 2016), followed by 
Lomariopsidaceae plus Nephrolepidaceae either sister to one another or succes-
sively sister to the group of (Tectariaceae (Oleandraceae (Davalliaceae, 
Polypodiaceae) (Zhang et  al. 2016). Nephrolepidaceae and Lomariopsidaceae 
remain the primary points of phylogenetic controversy in eupolypods I, as recent 
studies have recovered two potential relationships: the two as sister groups 
(Schuettpelz and Pryer 2007, 2009; Hennequin et al. 2010; Zhang and Zhang 2015; 
Zhang et al. 2016) or Nephrolepidaceae sister to the remaining four-family clade 
(Tectariaceae through Polypodiaceae) (Kuo et al. 2011; Lehtonen 2011; Liu et al. 
2013; Testo and Sundue 2016). Within the two largest families of eupolypods I, a 
number of groups and genera have been the subjects of study in recent years, includ-
ing Elaphoglossum (Rouhan et al. 2004; Vasco et al. 2009, 2015; Lóriga et al. 2014; 
Matos and Mickel 2014), Dryopteris (Sessa et al. 2012; Zhang and Zhang 2012; 
Zhang et al. 2012), and the polystichoid (Little and Barrington 2003; Li et al. 2008; 
Le Péchon et al. 2016a, 2016b), lastreopsid (Labiak et al. 2014, 2015b), bolbitidoid 
(Moran et  al. 2010), and polybotryoid (Moran and Labiak 2015) clades in 
Dryopteridaceae, and in Polypodiaceae the grammitid (Ranker et al. 2004; Schneider 
et al. 2004b; Labiak et al. 2010; Sundue et al. 2010, 2014; Sundue 2012; Bauret 
et al. 2017), loxogrammoid (Kreier and Schneider 2006), polygrammoid (Schneider 
et  al. 2014c),  microsoroid (Kreier et  al. 2008), and drynarioid (Schneider et  al. 
2008) groups, and genera including Pleopeltis (Otto et al. 2009) and Pecluma (Assis 
et al. 2016), among many others.

Eupolypods II is equivalent to the suborder Aspleniineae and includes 11 families, 
72 genera, and an estimated 2775 species (Smith et al. 2006; PPG 1 2016). The 
clade as a whole is well supported by molecular data, but it represents an ancient 
rapid radiation and as such is characterized internally by short backbone internodes, 
rate heterogeneity, and rooting uncertainty (Rothfels et al. 2012a). These character-
istics have contributed to ambiguity with respect to interfamilial relationships within 
eupolypods II, but recent work has clarified the topology of the group considerably 
(Rothfels et al. 2012a, b; Mynssen et al. 2016). Most studies recover Cystopteridaceae 
as sister to the rest of the suborder, with the remaining ten families grouping into 
sister clades of five families each (Schuettpelz and Pryer 2007; Kuo et al. 2011; 
Rothfels et al. 2012a, b, 2013, 2015; Mynssen et al. 2016). One of these groups has 
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the topology (Rhachidosoraceae (Diplaziopsidaceae (Desmophlebiaceae 
(Hemidictyaceae, Aspleniaceae)))) and the other (Theylpteridaceae (Woodsiaceae 
(Athyriaceae (Onocleaceae, Blechnaceae)))) (Li et al. 2011; Rothfels et al. 2012a, 
b; Mynssen et al. 2016). Thelypteridaceae is the largest of the eupolypods II fami-
lies, with two subfamilies, 30 genera, and an estimated 1034 species (PPG 1 2016). 
It has been one of the most taxonomically complex fern families, with many or even 
all of its species historically included in a single massive genus Thelypteris that has 
since been broken up (Smith and Cranfill 2002; He and Zhang 2012; Almeida et al. 
2016). Many other eupolypods II members have also been the focus of study in 
recent years, including Rhachidosorus and Diplaziopsis (Li et al. 2011), Asplenium 
and Hymenasplenium (Schneider et  al. 2004a), Woodsia (Shao et  al. 2015), 
Diplazium (Wei et al. 2013, 2015), and members of Blechnaceae (de Gasper et al. 
2016, 2017).

9.3  Conclusion

Tremendous advances in fern and lycophyte phylogenetics and classification have 
been made in recent years, and the PPG 1 (2016) classification system exemplifies 
the dedication and community-driven spirit that has fueled much of this research. 
While several large-scale and myriad smaller problems of phylogeny, classification, 
and taxonomy in these two major clades remain to be resolved, current and future 
generations of fern and lycophyte biologists are up to the challenge. It is clear that 
there has never been a more exciting time to be a pteridologist.
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Chapter 10
Reciprocal Illumination and Fossils Provide 
Important Perspectives in Plant Evo-devo: 
Examples from Auxin in Seed-Free Plants

Kelly K. S. Matsunaga and Alexandru M. F. Tomescu

10.1  Introduction

Understanding the evolutionary origins of modern plant form is a central goal of 
plant evolutionary biology. Data relevant to understanding morphological evolution 
come from varied fields of study including paleontology, physiology, comparative 
anatomy and morphology, and developmental genetics. Only integration of all these 
data can provide a holistic understanding of plant evolution that spans plant phylog-
eny and deep evolutionary time. Studies on development are particularly important 
for understanding macroevolutionary patterns because all mature structures are 
formed through tightly regulated developmental processes, and these processes can 
differ depending on the homology of structures and the phylogenetic affinities of 
taxa. Development can therefore be used as an additional source of data, along with 
morphological and molecular data, for understanding evolution. When applied 
broadly to living and extinct representatives of a group, anatomical, physiological, 
and molecular aspects of development can thus provide novel insights on important 
aspects of plant evolution, including the origins of different growth forms, body 
plans, and major morphological innovations such as leaves, roots, and seeds.

Hormones such as auxins, cytokinins, and gibberellins are key regulators of a 
vast array of developmental processes (e.g., Durbak et  al. 2012; Lacombe and 
Achard 2016). Auxins are particularly interesting because they have numerous doc-
umented roles in nearly every major aspect of plant development (Benjamins and 
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Scheres 2008). Indole-3 acetic acid (IAA) is the predominant form of auxin in the 
plant body (Finet and Jaillais 2012). Once auxin enters a cell either through  diffusion 
or active transport by influx carriers, they can only exit the cell via auxin efflux car-
riers in the cell membrane known as PIN proteins (Jones 1998). Polarization of PIN 
protein position within the cell establishes a directional movement of auxin through 
the cell; at the tissue scale this directional movement is referred to as polar auxin 
transport (Benková et al. 2003; Friml et al. 2003).

From the perspective of understanding major morphological transitions of 
embryophytes, polar auxin transport is especially intriguing in several respects: (1) 
auxin is involved in numerous aspects of embryonic and postembryonic develop-
ment, and auxin transport networks have an integral role in coordinating growth and 
development on a whole-plant scale (Cooke et  al. 2004; Benjamins and Scheres 
2008; Leyser 2011); (2) on a smaller scale, auxin accumulation and polar auxin 
transport have important functions in initiation and development of leaves, roots, 
and vascular tissues (Reinhardt 2005; Blilou et al. 2005; Miyashima et al. 2013); 
and (3) the molecular mechanisms underlying polar auxin transport appear to be 
conserved across vascular plants (Sanders et al. 2011; Bennett 2015). A recent syn-
thesis of PIN protein evolution indicates that PIN proteins have undergone rela-
tively little structural change throughout plant phylogeny, suggesting that changes 
in the PIN proteins themselves are unlikely to have directly driven morphological 
evolution. However, it remains unclear whether changes in the regulatory networks 
controlling the timing, position, and duration of auxin signaling can explain some of 
the major morphological transitions of embryophytes (Bennett 2015).

To date, most of the available data on auxin action come from studies of seed 
plants, particularly angiosperms. However, because significant evolutionary time 
separates angiosperms from the earliest vascular plants, these data may not be 
entirely applicable to seed-free plants. Understanding differences in the roles of 
auxin in development between angiosperms and seed-free lineages is therefore criti-
cal for developing and testing hypotheses on morphological evolution. Here, we 
summarize current knowledge of the roles of auxin, particularly polar auxin trans-
port, in the development of seed-free tracheophytes. This survey encompasses data 
from extant and fossil plants, and we suggest hypotheses to be tested and directions 
for future research.

10.2  Auxin in the Seed Plant Sporophyte

Polar auxin transport through the plant body is essential for establishing the overall 
axial organization of the plant and the patterning of vascular tissues (Berleth 2001; 
Scarpella and Meijer 2004; Sawchuk and Scarpella 2013; Lucas et al. 2013; Harrison 
2016; Campbell and Turner 2017). Our detailed knowledge of the drivers and effects 
of polar auxin transport in the plant sporophyte come almost exclusively from 
Arabidopsis. This means that as soon as we leave the angiosperm (and certainly the 
seed plant) realm, we are walking on terra incognita in terms of almost everything 
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except for the most basic notions on the presence and sometimes the direction of 
polar auxin transport. Without trying to present a comprehensive review of polar 
auxin transport in angiosperm development, we review here its major aspects to 
provide context for a survey of polar auxin transport in seed-free plants. In doing 
this, we deliberately left out the interactions of auxin with genes and with other 
hormones, because there is little comparative data available on these aspects for the 
seed-free plants.

10.2.1  Embryogenesis

Auxin polarization is present as early as the asymmetric division of the zygote, 
which generates auxin-transporting and auxin-responsive daughter cells (Friml 
et  al. 2003). This generates a steady auxin activity gradient responsible for the 
establishment and maintenance of polarity in the embryo (Friml et al. 2003; Aida 
et al. 2004). Initially, polar transport of auxin produced at the base of young embryos 
is directed toward the apical cell of the proembryo (Friml et al. 2003; Robert et al. 
2013). The apical auxin response maximum thus generated contributes to the speci-
fication of apical embryonic structures, leading to localized apical auxin biosynthe-
sis and subsequent reversal of auxin transport polarity within the embryo (Aida 
et al. 2004). The resulting basipetal (toward the base) polar auxin transport in the 
embryo specifies the root pole (radicle) and contributes positional information for 
establishment of the root stem cell niche (Aida et al. 2004; Moller and Weijers 2009; 
Robert et al. 2013).

Interestingly, looking at spruce (Picea) embryos, Larsson et al. (2008) showed 
that polar auxin transport is essential for the correct patterning of apical and basal 
parts of the embryos. They also demonstrated that auxin transport inhibitors gener-
ate phenotypes comparable with those of auxin response and transport mutants in 
Arabidopsis, suggesting that the role of polar auxin transport in embryogenesis is 
conserved between angiosperms and gymnosperms.

10.2.2  Shoot Apical Meristem

At the shoot apical meristem, auxin gradients are necessary for leaf initiation and 
phyllotactic patterning. The sites of new leaf primordia are specified by localized 
auxin maxima in the tunica (Reinhardt et  al. 2000, 2003; Reinhardt 2005). The 
maxima are generated by the patterns of auxin transport in this superficial layer and 
are positioned according to constraints imposed by pre-existing primordia (Reinhardt 
2005). Phyllotactic patterns result from the interplay between (1) meristem size, (2)
spatial perturbations in the field of auxin gradients in superficial meristem layers 
induced by the positioning of pre-existing primordia that act as sinks (initially) or 
sources (subsequently) (Reinhardt 2005; Smith et  al. 2006), and (3) differential 
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modulation of the elastic properties of cell walls across the same superficial layers 
of the meristem (Kierzkowski et al. 2012). The auxin of the leaf primordium max-
ima is channeled basipetally (Reinhardt et al. 2003; Benková et al. 2003), specifying 
in the process the trajectory of procambial strands that will form the leaf traces 
(Benková et al. 2003), and feeds into the stream of auxin that is transported basip-
etally through xylem parenchyma of the pre-existing stem below (Smith et al. 2006; 
Leyser 2011; Bennett et al. 2014).

Leaves are the predominant source of auxin in the shoot. After the early growth 
stages when they act as auxin sinks, leaf primordia switch to being sources of auxin. 
Auxin flows basipetally in the leaf, from maxima positioned initially at the leaf tip 
and subsequently at additional locations along the leaf margin (Scarpella et al. 2006; 
Barkoulas et al. 2007; Bennett et al. 2014_1). These maxima generate auxin gradi-
ents that are responsible for auxin flow canalization and, ultimately, leaf venation 
(Scarpella et al. 2006; Sawchuk et al. 2007). They are also involved in leaf margin 
serration (Barkoulas et al. 2007; Zhou et al. 2013; Kasprzewska et al. 2015; Wang 
et  al. 2016_1) and the development of compound leaves (Barkoulas et  al. 2008; 
Runions et al. 2017).

10.2.3  Root Apical Meristem

In roots, patterns of polar auxin transport conform with, and are a direct continua-
tion of, the pattern established early in the embryo and defined by an auxin maxi-
mum located at the growing tip (Sabatini et  al. 1999; Aida et  al. 2004). First 
documented by studies of the root branching, polar auxin transport in the growing 
root conforms to the “fountain model” (Benková et al. 2003), with a “reflux loop” 
(Blilou et al. 2005). Auxin moves acropetally (toward the apex) through the center 
of the root (procambium), maintaining an auxin maximum at the root tip (Benková 
et al. 2003; Blilou et al. 2005). This auxin maximum promotes stem cell specifica-
tion (Aida et al. 2004) and is, thus, responsible, for meristem maintenance (Aida 
et al. 2004; Blilou et al. 2005; Benjamins and Scheres 2008). Auxin is transported 
away from the apical maximum, basipetally, through the peripheral layers of the 
root. Away from the root tip, the peripheral auxin flux is redirected in a radial cen-
tripetal direction, to close the loop and rejoin the central acropetal stream of auxin 
that transits through the procambium. This reflux loop localizes meristem and cell 
expansion zones in the proximal meristem and regulates final cell size (Blilou et al. 
2005). At the root apex, the role of the auxin maximum recapitulates the role of 
auxin maxima in the establishment of the embryonic root pole and the of lateral root 
primordia, by specifying the stem cell niche, with the mediation of PLT genes, and 
promoting cell division (Benková et  al. 2003; Aida et  al. 2004; Beveridge et  al. 
2007; Overvoorde et al. 2010).
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10.2.4  Embryo to Mature Sporophyte

Canalized polar flow of auxin is essential for overall elongation and branching of 
the plant body, as well as for the patterning of vascular tissues, in terms of both 
specification and differentiation (Tuominen et  al. 1997; Berleth et  al. 2000; 
Björklund et al. 2007; De Rybel et al. 2013; Lucas et al. 2013; Miyashima et al. 
2013; Fabregas et al. 2015; Harrison 2016). In all these, pathways of high auxin 
concentration specify the position and trajectories of vascular initials (procambium, 
vascular cambium). This role of auxin is expressed as early as the division and 
specification of the first preprocambial cells in the globular embryo (De Rybel et al. 
2013; Wendrich and Weijers 2013) and is maintained throughout a plant’s lifespan, 
during both primary and secondary growth (Sachs 1969, 1981; Sachs and Cohen 
1982; Hejnowicz and Kurczyńska 1987; Lev-Yadun and Aloni 1990; Aloni 1995; 
Berleth 2001; Dengler 2006).

The longitudinal polarity (apical-basal axis) of the embryo and the associated 
apical-to-basal polarization of auxin transport are maintained and amplified con-
tinuously throughout plant development and are responsible for the patterns of 
polarity in auxin transport in the mature sporophyte. Current understanding of auxin 
homeostasis in relation to plant development suggests that the initiation and orienta-
tion of growth axes during embryonic and postembryonic development result from 
the combined activity of local auxin sources and polar auxin transport (Aida et al. 
2004; Robert et al. 2013; Wabnik et al. 2013; Turchi et al. 2015). The result of these 
is a general pattern of basipetal polar auxin transport in stems and acropetal auxin 
flow in roots, maintained throughout the lifespan of the mature sporophyte (Sachs 
1991; Berleth and Sachs 2001; Sawchuk and Scarpella 2013). Later, as the plant 
transitions to secondary growth, the basipetal polar auxin transport of the shoot is 
canalized through the cambium, where it is responsible for the patterning of second-
ary tissues (Sachs and Cohen 1982; Björklund et al. 2007). These roles of polar 
auxin transport in shoot patterning are conserved across seed plants (Sanders and 
Langdale 2013).

Additionally, Benková et al. (2003) pointed out that local accumulations of auxin 
and redirection of auxin flow play a fundamental role during processes of organ 
formation, whether those are roots or leaves. In these, the role of auxin is central in 
both specification of the site of primordium initiation, by accumulation of an auxin 
maximum, and in the establishment of a new growth axis, by activation of polar 
auxin transport as a result of the auxin gradient (generated by the primordium- 
specifying auxin maximum).
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10.3  Polar Auxin Transport in Extant and Extinct  
Seed-Free Plants

Mechanisms for auxin synthesis have been documented in all embryophytes, as 
well as charophycean algae, and PIN genes have been identified in nearly all 
embryophyte lineages (Finet and Jaillais 2012; Bennett 2015). These suggest that 
the basic molecular machinery for the production and regulation of auxin evolved 
early in the history of embryophytes and was potentially inherited from charophyte 
ancestors. In angiosperms, the roles of auxin in vascular tissue development and 
organogenesis are well documented. However, polar auxin transport and the roles of 
auxin in development and the organization of sporophytes have been documented to 
a considerably lesser extent in the seed-free tracheophytes (Cooke et  al. 2002). 
Below we review current data on polar auxin transport in seed-free plants.

10.3.1  Embryogenesis

All seed plants have bipolar body plans, defined by two major poles of growth in 
mature sporophytes: the shoot and root (Rothwell 1995; Tomescu 2011). These two 
poles of growth are derived directly from their cotyledonary embryos, which at 
maturity possess two dormant meristems that generate the shoot and rooting sys-
tems, respectively. In contrast, all seed-free plants have unipolar body plans, in 
which there is a single persistent pole of growth from which all organs originate in 
the mature sporophyte (Rothwell 1995). This unipolar body plan is derived from the 
non-cotyledonary embryos of seed-free plants. Although these embryos possess 
both a shoot and a root pole, growth at the root pole produces only an ephemeral 
embryonic root that is inactivated early in sporophyte development, and thus all 
subsequent sporophyte growth is derived from the shoot pole of the embryo 
(Tomescu 2011); the only potential exception occurs in the rhizomorphic lyco-
phytes (Isoetales), in which the mature sporophyte exhibits bipolar growth derived 
from an early dichotomy of the unipolar embryo (Rothwell and Erwin 1985; 
Rothwell 1995).

Among seed plants, polar auxin transport is necessary for normal development 
of cotyledonary embryos, and treatment with auxin transport inhibitors disrupts 
embryo formation (Larsson et al. 2008; Liu et al. 1993). For seed-free plants the 
literature on auxin action in embryogeny is sparse, but experiments performed on 
embryos of the hydropteridalean (water fern) Marsilea vestita provide contrasting 
results (Poli 2005). Like in angiosperms, application of auxin biosynthesis inhibi-
tors produced abnormal or abortive embryos. However, while application of auxin 
transport inhibitors (1-n-naphthylphthalamic acid [NPA] and 2,3,5-triiodobenzoic 
acid [TIBA]) resulted in some abnormal leaf morphology, the treatments did not 
disrupt embryogenesis. These results suggest that while auxin biosynthesis is neces-
sary for normal embryo development, polar auxin transport may not play an integral 
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role in these processes in seed-free plants (Poli 2005) and may be related to the 
structural differences between cotyledonary and non-cotyledonary embryos.

10.3.2  Polar Auxin Transport in the Mature Sporophyte

Among seed-free plants, patterns of polar auxin transport have been documented in 
axial organs of Selaginella, as well as several fossil plants: Paralycopodites, an 
arborescent lycophyte; Archaeopteris, which belongs to a group of seed-free ligno-
phytes called progymnosperms; and Arthropitys, an arborescent sphenophyte 
whose closest modern relative is Equisetum (Rothwell and Lev-Yadun 2005; 
Rothwell et al. 2008; Sanders et al. 2011). In Selaginella, like in angiosperms, polar 
auxin transport is basipetal in shoots and is sensitive to the auxin transport inhibitor 
NPA (Wochok and Sussex 1973; Sanders and Langdale 2013). Polar auxin trans-
port has not been investigated in roots of Selaginella, but it has been studied in the 
rhizophore – an organ unique to Selaginella and for which homology is uncertain. 
Rhizophores are leafless axial organs that develop exogenously from meristems 
positioned in branching angles of shoots (“angle meristems”) and grow downward, 
producing roots at their tip on reaching the soil (Jernstedt et al. 1994). Studies of 
Selaginella rhizophores indicate that polar auxin transport is acropetal (Wochok 
and Sussex 1974) and that rhizophore development can be altered by auxin (Cusick 
1954; Wochok and Sussex 1976; Jernstedt et al. 1994; Sanders and Langdale 2013). 
For instance, excised rhizophores cultured on media supplemented with auxin 
exhibit normal growth and morphology. When no auxin is present in the medium, 
rhizophores sometimes produce leaves and continue to grow as shoots (Wochok 
and Sussex 1976; Sanders and Langdale 2013). Similarly, at least in some species, 
severing the shoot apical meristems above a branching point causes the nearest 
angle meristems to develop as shoots rather than as rhizophores; if the severed api-
ces are replaced with an auxin source, angle meristems develop as rhizophores 
(Cusick 1954).

Among fossil plants, polar auxin transport has been inferred based on the posi-
tion of circular or distorted tracheids (“auxin swirls”) in the secondary xylem of 
woody organs. In modern plants, tracheids elongate and differentiate along polar 
auxin gradients (Berleth et  al. 2000; Aloni 2010), and disruptions in the flow of 
auxin can produce unusual tracheid geometries. For instance, in shoots circular ves-
sels form above tissue wounds in herbaceous seedlings (Sachs and Cohen 1982) and 
above axillary buds and branches in woody stems (Hejnowicz and Kurczyńska 
1987; Lev-Yadun and Aloni 1990; Lev-Yadun 1996). Importantly, the position of 
auxin swirls is consistent with auxin flow polarity – in shoots, auxin moves in a 
basipetal direction from the apex, and thus auxin swirls form on the apical side of 
disrupting structures (e.g., branches, leaf traces). In woody shoots of extinct 
Paralycopodites, Archaeopteris, and Sphenophyllum, auxin swirls are found on the 
apical side of diverging branches and leaf traces, consistent with basipetal polar 
auxin transport in shoots, similar to extant lignophytes (Rothwell and Lev-Yadun 
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2005; Rothwell et al. 2008; Decombeix et al. 2010; Sanders et al. 2011). Roots of 
Archaeopteris exhibit distorted tracheids around branch roots, on the side facing the 
shoot system rather than the root apex, consistent with acropetal polar auxin trans-
port, like in seed plant roots (A.-L. Decombeix, personal communication, 2015). 
Similarly, in the rooting system of Paralycopodites auxin swirls are formed above 
rootlet vascular traces, on the side facing the shoot (Sanders et al. 2011). Interestingly, 
the rooting system of Paralycopodites represents a shoot homolog highly modified 
for rooting (Rothwell and Erwin 1985; Rothwell and Tomescu 2017), termed a rhi-
zomorph. Thus, although rhizomorphs lack root homology, they exhibit auxin trans-
port polarity characteristic of roots.

10.3.3  Leaf Development

Auxin has several roles in angiosperm leaf development, including in leaf initiation, 
vascular (vein) differentiation, and phyllotaxis. Moreover, developing leaves func-
tion as the primary source of auxin in shoot apical meristems (Scarpella et al. 2006; 
Barkoulas et  al. 2007). Among seed-free plants, auxin action in leaves has been 
studied in lycophytes (Selaginella), Filicales, and Hydropteridales. With respect to 
auxin production, polar auxin transport, and vascular differentiation, the data from 
seed-free plants are consistent with observations of angiosperms. In Adiantum and 
Osmunda (Filicales), auxin is produced in leaf pinnules (Steeves and Briggs 1960; 
White 1971) and is involved in vascular differentiation in Osmunda leaves (Steeves 
and Briggs 1960). Within leaf rachises, basipetal polar auxin transport was demon-
strated in Regnellidium (Hydropteridales) and Osmunda (Filicales), as well as in the 
young leaves of Pteris (Filicales) (Albaum 1938; Steeves and Briggs 1960; Walters 
and Osborne 1979).

Few studies have addressed auxin action in leaf initiation and phyllotaxis, but 
experiments on Selaginella indicate that the role of auxin in these processes may 
differ for lycophytes. Application of auxin transport inhibitors to shoot apical meri-
stems of Selaginella resulted in abnormal phyllotaxis and vascular development and 
eventual inactivation of the meristem (Sanders and Langdale 2013). In contrast, in 
comparable experiments on tomato shoots, leaf production ceased, but the meristem 
remained active, continuing to grow as a leafless axis (Reinhardt et al. 2000).

10.3.4  Root Development

Data on root initiation and development come primarily from culturing experiments 
involving auxin treatments, either using seedlings, excised structures, or callus cul-
tures. Some of these studies were not explicitly investigating the effects of auxin on 
root production and growth but nevertheless provide some evidence for growth 
responses to auxin in ferns. For instance, when beads of auxin were applied to 
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cultured apices of Matteuccia (Filicales) to investigate changes in stem vasculature, 
adventitious roots were produced (Ma and Steeves 1992). Cultures of Pteridium 
roots supplemented with auxin showed reduced root elongation and increased lat-
eral root production (Partanen and Partanen 1963). Roots were also induced from 
callus cultures of Pteris and Nephrolepis (Filicales) using auxin ratios comparable 
to those used for root induction from angiosperm callus (Bristow 1962; Byrne and 
Caponetti 1992).

Other studies were specifically aimed at investigating responses to auxin. In 
Selaginella, like in seed plants, auxin promoted root branching (Sanders and 
Langdale 2013) despite the fact that lycophyte roots branch apically – a mode of 
branching that is developmentally very different from root branching in euphyllo-
phytes, which occurs via endogenous origin of branch roots from the pericycle 
(Esau 1965). In Ceratopteris (Filicales), auxin treatments inhibited root growth and, 
unlike in Pteridium, had no effect on branching (Hou et al. 2004). Similarly, auxin 
was shown to inhibit root growth in Azolla (Hydropteridales) (de Vries et al. 2016).

10.4  Similarities and Differences, Knowns and Unknowns

Summarizing the extent of current knowledge, although the literature on auxin in 
seed-free plant development is sparse as compared to seed plants, representatives 
from six out of ten major groups of seed-free plants have been studied (Table 10.1). 
Among extant taxa, polar auxin transport has been investigated in the shoot and 
rooting systems of Selaginella (Selaginellales), as well as in the leaves of 
Regnellidium (Hydropteridales) and Osmunda and Pteris (Filicales). The direction-
ality of polar auxin transport has also been inferred for extinct woody taxa based on 
the position of auxin swirls in the secondary xylem of Paralycopodites (Isoetales), 
Archaeopteris (progymnosperm), and Arthropitys (sphenopsid). Roles for auxin in 
leaf and root development have further been demonstrated for filicalean (Pteris, 
Nephrolepis, Ceratopteris, Pteridium, Matteuccia) and hydropteridalean ferns 
(Azolla), as well as in Selaginella. Several general conclusions can be drawn from 
this survey of polar auxin transport in living and extinct seed-free plants.

• The basic directional patterns of polar auxin transport appear to be shared by all 
tracheophytes: basipetal transport in negatively gravitropic shoots and acropetal 
transport in positively gravitropic rooting systems, irrespective of the homology 
of those rooting systems (e.g., Wochok and Sussex 1974; Sanders et al. 2011; 
Sanders and Langdale 2013).

• PIN-mediated polar auxin transport regulation of branching is likely conserved 
across vascular plants (Harrison 2016).

• The role of auxin in vascular differentiation is conserved (e.g., Steeves and 
Briggs 1960; Rothwell and Lev-Yadun 2005; Rothwell et al. 2008; Lucas et al. 
2013); at least in stems and leaves, vascular tissue development is similarly 
 regulated by polar auxin transport in lycophytes and euphyllophytes (Sanders 
and Langdale 2013).
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• Like in seed plants, leaves are a source of auxin in ferns, as suggested by basip-
etal polar auxin transport in the leaf rachises of Osmunda and Regnellidium 
(Steeves and Briggs 1960; Walters and Osborne 1979) and in young leaves of 
Pteris sporelings (Albaum 1938).

• Auxin-associated mechanisms that regulate apical meristematic growth in shoots 
are different between lycophytes and seed plants (Sanders and Langdale 2013). 
Specifically, the role of auxin in leaf initiation and meristem maintenance appears 
to be different in lycophytes and seed plants: whereas in Selaginella disruption 
of polar auxin transport leads to abnormal phyllotaxis, abnormal leaf vascular 
development, and loss of meristematic activity (Sanders and Langdale 2013), in 
tomato, the same treatment shuts down leaf production, but meristematic activity 
is maintained (Reinhardt et al. 2000).

Table 10.1 Summary of literature on polar auxin transport (PAT) and auxin action in seed-free 
plant development

Taxon Available data
Extant/
fossil References

Lycopodiales Not 
documented

–

Selaginellales Stem PAT
Rhizophore 
PAT
Leaf primordia 
& development

Extant Wochok and Sussex (1973, 1974), Sanders and 
Langdale (2013)

Isoetales Stem PAT
Rhizomorph 
PAT

Fossil Sanders et al. (2011)

Psilotum Not 
documented

–

Ophioglossales Not 
documented

–

Marattiales Not 
documented

–

Filicales Leaf PAT
Leaf 
development
Root initiation 
and branching

Extant Steeves and Briggs (1960), Bristow (1962), 
Partanen and Partanen (1963), White (1971), 
Walters and Osborne (1979), Byrne and 
Caponetti 1992, Ma and Steeves 1992, Hou et al. 
2004

Hydropteridales Leaf PAT
Root branching
Embryogeny

Extant Walters and Osborne 1979, Poli 2005, de Vries 
et al. 2016

Sphenopsids Stem PAT Fossil Rothwell et al. (2008)
Progymnosperms Stem PAT

Root PAT
Fossil Rothwell and Lev-Yadun (2005), 

A.-L. Decombeix, “personal communication”
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• In ferns (e.g., Pteris, Nephrolepis), ratios of auxin and other hormones similar to 
those used for the same purpose in seed plants can induce root or shoot formation 
in callus culture (Bristow 1962; Byrne and Caponetti 1992).

• There is conflicting evidence for the role of auxin in promoting root initiation 
and root branching in seed-free plants. In some ferns (Pteridium, Matteuccia), 
auxin promotes lateral root production and adventitious root formation (Partanen 
and Partanen 1963; Ma and Steeves 1992). High auxin concentrations also 
induce root formation in Pteris and Nephrolepis callus (Bristow 1962; Byrne and 
Caponetti 1992), and auxin promotes root branching in Selaginella (Sanders and 
Langdale 2013). In contrast, auxin inhibits root growth in Ceratopteris and 
Azolla, leads to reduced root elongation in Pteridium, and also appears to have 
no effect on root branching of Ceratopteris (Partanen and Partanen 1963; Hou 
et al. 2004; de Vries et al. 2016).

Accordingly, auxin plays fundamental and broadly similar roles in tracheophyte 
development, but there remain significant gaps in our understanding of the variation 
that exists between and within major seed-free lineages. For instance, while in- 
depth studies of auxin transport have been conducted in Selaginella, comparable 
studies of other lycophytes are lacking. Consequently, it is unclear whether the dif-
ferences in the response of Selaginella shoot apices to auxin inhibition, as compared 
to similar experiments in angiosperms, are characteristic of all lycophytes. Auxin 
production and transport have also never been investigated in Psilotum, which is the 
only extant tracheophyte exhibiting a simple body plan that lacks roots and leaves, 
like the early land plants (Stewart and Rothwell 1993; Tomescu 2011). Similarly, 
very little is known about auxin transport in Equisetum.

Deeper understanding of these developmental and physiological processes, and 
how such processes are reflected in anatomy, has important implications for under-
standing morphological evolution among plants. Owing to the central role of auxin 
in root and leaf development, auxin is particularly relevant to questions on the ori-
gins of these organs. This raises the possibility that changes in auxin signaling 
underlie major transitions in the body plans of land plants (Cooke et al. 2004; Finet 
and Jaillais 2012; Bennett 2015), such as the transition from the simple body plans 
of early tracheophytes to complex morphologies characterized by leaves and roots. 
Because roots and leaves evolved independently multiple times among tracheo-
phytes (Boyce 2005a, 2005b, 2010; Langdale 2008; Sanders et al. 2009; Tomescu 
2009; Harrison 2017), understanding how development differs between major lin-
eages is imperative in refining the evolution of development and morphological 
evolution in plants.

The long and complex evolutionary history of plants, as well as the spectrum of 
morphological diversity documented in the fossil record, means that answers to 
these questions must come from reciprocal illumination, in which morpho- 
anatomical features of extant plants are used to understand the development and 
morphology of extinct plants, and where patterns observed in the fossil record form 
the basis of evolutionary hypotheses for explaining traits of morphology and anat-
omy in extant plants. This has been done extensively in vertebrate macroevolution 
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(e.g., Zhu and Ahlberg 2004; Shubin 2008; Nakamura et al. 2016), but comparable 
examples for plants are exceptionally rare (Tomescu et  al. 2017; Rothwell and 
Tomescu 2017).

For studying the evolution of development in plants, recognition of anatomical 
fingerprints of developmental processes that can be identified in fossils (Rothwell 
et al. 2014) is central to a reciprocal illumination approach. Auxin is particularly 
interesting in the context of developmental fingerprints because (1) auxin has a 
demonstrated role in patterning vascular tissues (e.g., Sachs 1969, 1981; Aloni 
1995; Mattsson et al. 1999; Berleth et al. 2000; Dengler 2006; Dettmer et al. 2009; 
Sawchuk and Scarpella 2013; Lucas et al. 2013) and (2) because tracheary elements 
of the xylem have some of the highest preservation potential of all plant cells. To 
illustrate this point, we present two examples in which a reciprocal illumination 
approach utilizing developmental fingerprints of polar auxin transport can be used 
to better understand the evolution of leaves and rooting systems among lycophytes 
and to formulate testable hypotheses for future studies.

10.5  Is Auxin Involved in the Evolution of Lycophyte 
Leaves?

Lycophyte leaves, sometimes referred to as microphylls (Tomescu 2009), are mor-
phologically simple and typically contain a single vein. Although there is abundant 
evidence that lycophyte leaves evolved independently from those of euphyllophytes 
(Kenrick and Crane 1997; Boyce and Knoll 2002; Friedman et al. 2004; Langdale 
2008; Boyce 2010; Harrison 2017), their evolutionary origins are unresolved 
(Kenrick and Crane 1997; Tomescu 2009). Two prevailing hypotheses posit that 
lycophyte leaves evolved through modification of pre-existing structures (e.g., 
Stewart 1964; Stewart and Rothwell 1993; Kenrick and Crane 1997). (1) The ena-
tion hypothesis (Bower 1935; Banks 1968; Gensel 1975) proposes that leaves arose 
through the vascularization of enations – lateral flap-like appendages lacking vascu-
lature and regular phyllotaxis, which are seen in many extinct basal tracheophytes, 
as well as in extant Psilotum. (2) The sterilization hypothesis (Kenrick and Crane 
1997) proposes that leaves evolved through the sterilization of sporangia. [A third 
hypothesis – associated with Zimmermann’s (1938, 1952) telome theory – proposed 
lycophyte leaf evolution by reduction of more complex, branched structures; Stewart 
and Rothwell (1993)]. There is some evidence supporting each of the two prevailing 
hypotheses, from developmental genetics and the fossil record.

Studies on comparative gene expression reveal that Class III HD-Zip genes are 
expressed in both leaf primordia and sporangium primordia in Selaginella. This has 
been interpreted as support for the origin of lycophyte leaves through the steriliza-
tion of sporangia (Vasco et al. 2016), with an implicit assumption of homology of 
leaves and sporangia. However, it is also possible that the shared expression of 
HD-Zip III genes in sporangia and leaf primordia is not directly relevant to 
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 leaf- sporangium homology (Rothwell and Tomescu 2017). HD-Zip III genes also 
have a role in the vascular tissue development in all tracheophytes (Floyd and 
Bowman 2006, 2010; Prigge and Clark 2006), and this role could have evolved after 
duplication of the ancestral HD-Zip III, which regulated sporangium development. 
Therefore, it is possible that HD-Zip III expression patterns in lycophyte leaves 
have more to do with vascular tissue identity and the regulation of radial (and 
adaxial- abaxial) polarity in vascular tissues, than with leaf identity and homology 
(Floyd and Bowman 2010).

In support of the enation hypothesis, the basal lycophyte Asteroxylon possesses 
leaflike appendages exhibiting regular phyllotaxis, but which have a vascular strand 
that terminates at the base of the leaf and does not extend into the lamina (Lyon 
1964). The partial vascularization of these appendages in Asteroxylon is thought to 
reflect an intermediate stage in the evolution of leaves (Banks 1968; Gensel 1975). 
However, Asteroxylon is coeval with and even younger than lycophytes possessing 
fully vascularized leaves, such as Sengelia (Matsunaga and Tomescu 2016), which 
raises the question of whether Asteroxylon is truly an evolutionary intermediate or 
simply possessed an unusual morphology.

Clues to the nature of lateral appendages in Asteroxylon may come from studies 
of auxin in extant seed-free plants. Experiments on Coleus shoot apices demon-
strated that excising leaf primordia, thereby terminating the basipetal flux of auxin 
from the leaf, results in arrested development of the leaf trace (Wangermann 1967). 
Similarly, treatment of Selaginella shoot apices with auxin transport inhibitors 
results in abnormal phyllotaxis and incomplete development of leaf traces (Sanders 
and Langdale 2013). In this context, the morphology of Asteroxylon could be 
addressed in terms of auxin physiology. We can hypothesize that the incomplete 
vascularization of lateral appendages in Asteroxylon is the result of a weak or tran-
sient flux of auxin from the primordia of these appendages. In extant plants, vascu-
lar tissues of leaf traces mature acropetally, from the stem stele toward the leaf base 
and toward the leaf tip (opposite the transport direction of auxin) (Esau 1965; 
Dengler 2001). If this were also the case in Asteroxylon, a transient auxin flux that 
ceases before differentiation of vascular tissues along the entire length of lateral 
appendages could result in a vascular trace that is differentiated into conducting tis-
sues only over part of its entire potential length, at the base.

A closer look at well-preserved Asteroxylon specimens from the Rhynie chert 
has shown that the vascular trace departing from the stele toward the base of the 
lateral appendage continues into the appendage as a strand of narrower, elongated 
cells (Hueber 1992; Edwards 1994) – cell patterning consistent with procambial 
identity and, thus, polar auxin transport. These strands support a developmental 
model in which basipetal polar auxin transport ceases prior to differentiation of 
tracheary elements from procambium inside lateral appendages, resulting in the dif-
ferentiation of those procambial cells as a strand of elongated parenchyma rather 
than as vascular tissue. This developmental hypothesis could be tested using leaf 
excision and auxin inhibition experiments in lycopodialean lycophytes (e.g., 
Lycopodium, Huperzia), which are morphologically much more similar to 
Asteroxylon than Selaginella. Developmental transitions between enations and 
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leaves could potentially be further explored in Psilotum, which, while not a lyco-
phyte, is possibly the only extant seed-free plant bearing enations (Stewart and 
Rothwell 1993; Tomescu 2011).

Presently, there is not enough data supporting either of the hypotheses for leaf 
evolution in lycophytes. However, we note that the two morphological characters 
separating leaves from enations are regular arrangement (phyllotaxis) and vascular-
ization, both of which are regulated at least in part by auxin. In proposing the ster-
ilization hypothesis, Kenrick and Crane (1997) pointed out that the enations of basal 
lycophytes lacked regular phyllotactic patterns, which rendered the enation hypoth-
esis an unsatisfying explanation for the origin of leaves among lycophytes. While 
this is indeed true, experiments on tomato plants suggest that regular phyllotaxis 
and formation of leaf vasculature are developmentally related, at least in seed 
plants – laser ablation of the incipient midvein, which caused an accumulation of 
auxin in the leaf primordium, resulted in irregular positioning of subsequent leaf 
primordia (Deb et al. 2015). If this developmental relationship between phyllotaxis 
and the formation of leaf vasculature is borne out in future studies, we can speculate 
that regular phyllotaxis and leaf vascularization may be evolutionarily coupled and 
the two characters might be expected to emerge concurrently in evolutionary time 
without a morphological intermediate. However, these relationships would need to 
be explicitly tested for lycophytes, since numerous studies hint at subtle differences 
in lycophyte and euphyllophyte development. For instance, a study of Lycopodium 
by Gola et al. (2007) found evidence for uncoupling between leaf phyllotaxis and 
stem vasculature. This suggests limited developmental interaction between stem 
and leaf vasculature, unlike such correlations documented in the euphyllophytes 
(e.g., Wardlaw 1944, 1946; Meicenheimer 1986; Ma and Steeves 1992; Kwiatkowska 
1992).

10.6  Polar Auxin Transport and Lycophyte Rooting 
Structures

The lycophytes (Lycophytina Kenrick and Crane 1997) comprise six major lin-
eages. Three of these are represented in modern floras by clubmosses (Lycopodiales), 
Selaginella (Selaginellales), and Isoetes (Isoetales), but the majority of lycophyte 
diversity is extinct and known only from their long and extensive fossil record, 
which stretches at least 400 million years, into the Early Devonian (Gensel and 
Andrews 1984; Gensel 2008). Extinct lineages include Zosterophyllopsida (Kenrick 
and Crane 1997), a monophyletic group of stem lycophytes (hereafter zostero-
phylls); Drepanophycales, which combine characters seen in zosterophylls with 
characters of crown group lycophytes (Gensel and Andrews 1984; Matsunaga and 
Tomescu 2017); the poorly understood Protolepidodendrales, a clade of heterospo-
rous ligulate lycophytes; and the rhizomorphic lycophytes (Lepidodendrales, 
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Pleuromeiales, and Isoetales) – a derived clade containing many arborescent taxa 
(Pigg and Rothwell 1983; Pigg 2001).

The body plans of living and extinct lycophytes encompass a significant amount 
of morphological diversity, particularly with respect to rooting systems. Starting 
with the most basal lineages, zosterophylls had simple body plans lacking true 
leaves and roots. Instead, they possessed photosynthetic stems and in some cases 
specialized axes with inferred downward growth for rooting (Walton 1964; Gensel 
et  al. 2001; Hao et  al. 2007). Drepanophycalean lycophytes exhibit the earliest 
examples of roots in the fossil record (Schweitzer and Giesen 1980; Rayner 1984; 
Li and Edwards 1995; Matsunaga and Tomescu 2016, 2017). Among them, 
Drepanophycus bore fine dichotomously branching roots on rhizomatous portions 
of the shoot system (Schweitzer 1980; Rayner 1984; Li et al. 2000). Similarly, rhi-
zomatous stems of Asteroxylon produced downward-growing branching axes, 
which are interpreted as having exogenous origin (Kidston and Lang 1920), in con-
trast to true roots, which originate endogenously (Raven and Edwards 2001; Kenrick 
and Strullu-Derrien 2014). Another drepanophycalean, Sengelia, exhibits a more 
complex rooting system, consisting of downward-growing stems bearing lateral 
branching structures interpreted as roots (Matsunaga and Tomescu 2016, 2017).

Two different types of rooting structures are seen among the extant Lycopodiales. 
Nearly all species produce adventitious roots in a mode similar to that of most seed- 
free euphyllophytes (e.g., Lycopodium, Huperzia; Gifford and Foster 1989). 
However, Phylloglossum has a body plan comprised of a single reduced shoot and a 
bulbous, downward-growing stem called a tuber that functions in nutrient storage 
and perennation. Roots are borne laterally at the junction between the shoot and 
tuber and have been described as arising exogenously (Bower 1885). In Selaginellales 
(Selaginella), roots are borne at the apex of rhizophores, which are themselves root-
ing organs of uncertain homology (Jernstedt et al. 1994).

Living and extinct rhizomorphic lycophytes exhibit a body plan wherein the 
rooting system is comprised of an organ termed a “rhizomorph.” Studies of com-
parative anatomy and the fossil record have demonstrated the rhizomorph as a shoot 
homolog, with appendages termed “rootlets” corresponding to highly modified 
leaves (Rothwell and Erwin 1985; Rothwell and Tomescu 2017). Rhizomorphs are 
either cormose, forming a bulbous or lobed base of the plant, with numerous radiat-
ing rootlets seen in taxa like Isoetes, Pleuromeia, and Chaloneria (Stewart and 
Rothwell 1993), or are elongated and often highly branched as in Lepidodendrales 
(e.g., Frankenberg and Eggert 1969). In some cormose lycophytes, the rootlets lack 
the rootlike morphology of other members of the clade, and the corm instead bears 
laminar leaves that grow straight down into the sediment (e.g., Cúneo and Andreis 
1983; Jasper and Guerra-Sommer 1999), further illustrating their shoot homology. 
To date the rooting structures of protolepidodendraleans are unknown.

When considering the rooting structures of lycophytes, one salient pattern 
emerges despite their seemingly wide morphological disparity – in every major lin-
eage we can recognize rooting organs derived from stems or undifferentiated axes. 
These include the rooting axes of some zosterophylls, the root-bearing stems of 
Sengelia and the rootlike axes of Asteroxylon (Drepanophycales), the tuber of 
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Phylloglossum, the Selaginella rhizophore (the homology of which is unresolved), 
and the isoetalean rhizomorph. Importantly, all these organs exhibit either positive 
gravitropism or downward growth orientation indicative of positive gravitropic 
responses (Kidston and Lang 1920; Bower 1885; Edwards 1994; Matsunaga and 
Tomescu 2017; Matsunaga et al. 2017). This is very different from what we see in 
euphyllophytes, among which rooting systems are almost universally comprised 
only of roots; when stems do form part of the rooting system, they are typically 
rhizomatous and lack positive gravitropism. As discussed above, studies of extant 
plants demonstrate that auxin has important roles in tropic responses. Moreover, 
polar auxin transport is acropetal in roots of all plants for which it has been studied. 
This raises the question of whether aspects of auxin physiology that characterize 
euphyllophyte roots are shared by the diverse types of rooting structures of 
lycophytes.

To date patterns of auxin transport have been studied in only two lycophytes: 
Selaginella (Wochok and Sussex 1973, 1974; Sanders and Langdale 2013) and 
Paralycopodites (Sanders et  al. 2011), an extinct arborescent lepidodendralean. 
Despite such sparse taxonomic sampling, these data on lycophytes are intriguing. In 
Selaginella rhizophores and in the rhizomorph of Paralycopodites, polar auxin 
transport is acropetal like in the roots of seed plants. Rhizomorphs have been dem-
onstrated as shoot homologs (Rothwell and Erwin 1985), and while the homology 
of the rhizophore is unresolved, their exogenous development and capacity to pro-
duce leaves under certain experimental conditions (Cusick 1954; Wochok and 
Sussex 1976; Sanders and Langdale 2013) argue strongly against their interpreta-
tion as roots. The downward growth of rhizophores and the presence of acropetal 
polar auxin transport are the primary features that have been used to argue for root 
homology (Wochok and Sussex 1974). However, in the context of the auxin trans-
port pattern documented in the Paralycopodites rhizomorph, and alongside it, the 
acropetal polar auxin transport of the Selaginella rhizophore suggests that rather 
than being a defining feature of roots, acropetal polar auxin transport is related to a 
more general growth habit characterized by downward growth and rooting function. 
Under this hypothesis we would also expect the rooting structures of other lyco-
phytes to exhibit acropetal polar auxin transport, regardless of their homology. 
While this is relatively easy to ascertain experimentally for extant taxa like 
Phylloglossum and Isoetes, testing this hypothesis for fossil lycophytes presents a 
significant challenge. This is where anatomical fingerprints of development are 
essential for understanding the evolution of development in deep time.

10.7  Anatomical Fingerprints of Polar Auxin Transport

We have already briefly mentioned one example of an anatomical fingerprint for 
polar auxin transport, which has been applied to studies of plant development in the 
fossil record: auxin swirls in the secondary xylem of woody plants. Auxin swirls 
form in the secondary xylem of stems and roots in positions upstream (along the 
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polar flow of auxin) of obstructions such as branches, leaf traces, and root traces 
(Lev-Yadun and Aloni 1990). Consequently, when looking at fossilized wood, if the 
direction of the apex is known and structures like branches or vascular traces are 
present in the secondary xylem, the polarity of auxin transport can be inferred. 
Auxin swirls have been documented in fossilized secondary xylem of seed plants, 
as well as arborescent lycophytes, sphenopsids, and progymnosperms, in which 
secondary growth evolved independently, thus demonstrating shared mechanisms in 
the developmental regulation of secondary growth in shoots and rooting systems 
(Rothwell and Lev-Yadun 2005; Rothwell et al. 2008). This anatomical fingerprint 
was used to infer the direction of polar auxin transport in the rhizomorph of the lepi-
dodendralean lycophyte Paralycopodites (Sanders et al. 2011). However, because 
auxin swirls only form in secondary xylem, they cannot be used to infer the polarity 
of auxin transport in herbaceous basal lycophytes. Testing this hypothesis requires 
different anatomical fingerprints.

In a recent anatomical study of Selaginella branching (Matsunaga et al. 2017), 
we observed an anatomical feature that may serve as a fingerprint for auxin flow 
redirection at branching points and which is relevant to herbaceous basal lycophytes 
that produce rooting axes through branching of the aboveground axial system (e.g., 
some Drepanophycales and zosterophylls). Because tracheids elongate and mature 
along auxin gradients (Sachs 1981; Sachs and Cohen 1982; Lev-Yadun and Aloni 
1990), their orientation can be used as a marker of the pathways of polar auxin 
transport. In Selaginella, the shape and position of tracheids reveals changes in the 
polarity of auxin flow from basipetal in shoots to acropetal in the rhizophore. 
Observations in cleared Selaginella shoots show that in shoots without rhizophores, 
at branching points tracheids from each branch converge smoothly and run parallel 
to one another below the bifurcation. In contrast, at branching points with attached 
rhizophores, some tracheids curve from each branch into the rhizophore base, con-
sistent with an auxin flux that enters the rhizophore from the shoot. This pattern was 
observed in all nine Selaginella species studied, regardless of stele type (Matsunaga 
et al. 2017). Importantly, it was also observed in incipient and young rhizophores 
that had not yet produced roots, indicating that these tracheids did not form later in 
development as a consequence of water transport and distribution into the shoot 
system after the establishment of roots.

Curved tracheids like those documented in Selaginella could be searched for in 
fossil specimens that exhibit exogenously produced rooting structures, potentially 
providing evidence for developmental processes related to polar auxin transport in 
basal lycophytes. However, the utility of this anatomical feature for understanding 
development in early vascular plants is yet to be tested and requires exceptional 
preservation of anatomy. Nevertheless, both examples of anatomical signatures of 
polar auxin transport discussed here, auxin swirls and curved tracheids, demonstrate 
that some aspects of auxin action are recorded in anatomy. This is certainly promis-
ing, but more data are sorely needed on auxin physiology in lycophytes and other 
seed-free plants.
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10.8  Conclusions and Future Directions

In this chapter we reviewed current knowledge of polar auxin transport in seed-free 
plant development and suggested areas where this knowledge can be used to better 
understand development in the fossil record. We exemplify a reciprocal illumination 
approach to address questions on morphological evolution, in proposing develop-
mental models that provide testable hypotheses for understanding leaf evolution and 
rooting systems among lycophytes. However, despite significant advances in meth-
ods for studying development and physiology over the last few decades, our under-
standing of seed-free plant development lags far behind that of seed plants, and 
there remains a long road ahead toward a comprehensive understanding of auxin 
action across all tracheophyte lineages. In 2002, Cooke and collaborators undertook 
an exhaustive review of the literature on auxin in plant development. Now, more 
than 15 years later, considering the exciting and promising advances in our under-
standing of auxin in seed plant development, it is striking how little comparable 
progress has been made in seed-free plants – only a handful of studies, since, have 
gathered new data relevant to these questions (e.g., Hou et al. 2004; Sanders and 
Langdale 2013; de Vries et al. 2016).

Further progress toward understanding the role of auxin in the evolution of 
development and morphology in plants must come from continued study of seed- 
free lineages. Many major aspects of morphological evolution and homology across 
tracheophyte body plans are still unresolved (Rothwell and Tomescu 2017), and we 
are still far from a detailed understanding of the genetic regulation of development 
in all vascular plant lineages (Tomescu 2011). However, even just understanding the 
different roles of polar auxin transport throughout development, from the embryo to 
the mature sporophyte, in all the major tracheophyte lineages would help us make 
great strides toward these goals. For this to happen, work on seed-free plants must 
continue to be conducted and funded, and non-angiosperm model systems need to 
be developed for understanding developmental genetics. Incremental but necessary 
progress can also be made through basic research aimed at replicating results of 
older studies of auxin physiology, with treatments designed to tease apart different 
aspects of auxin action (e.g., controlling for auxin diffusion or testing responses to 
auxin inhibition), or by empirically confirming in each major lineage the presence 
of general patterns of polar auxin transport documented from seed plants.

While there is still a lot we do not know about developmental mechanisms in 
seed-free plants, a perspective centered on the deep evolutionary history and fossil 
record of plants has important potential for progress toward better understanding the 
evolution of plant form. This is not a novel idea – two great plant morphologists of 
the twentieth century, Frederick Orpen Bower and Wilson Nichols Stewart, long 
advocated such a view (Bower 1935; Stewart 1964). In this context, anatomical 
fingerprints of developmental processes are essential both for testing current evolu-
tionary hypotheses and for observing patterns in living and extinct taxa that lead to 
the formation of novel hypotheses. Discovery and application of anatomical finger-
prints requires not only an understanding of molecular and physiological processes 
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but also of how these processes are reflected phenotypically in terms of anatomy 
and morphology. Because the evolutionary history of plants stretches hundreds of 
millions of years and includes numerous extinct lineages, inclusion of fossils in 
studies of phylogeny and evo-devo is imperative for obtaining increased resolution. 
For some evolutionary questions, particularly those pertaining to deep nodes in 
plant phylogeny, the problem of missing taxa cannot be overcome by sampling only 
extant representatives (Rothwell and Nixon 2006). Progress in many aspects of 
plant evolutionary biology must therefore come from studies that incorporate fos-
sils, and doing so requires the continued study of plant anatomy and morphology, 
whether it is for building rigorous phylogenetic matrices or for understanding the 
biology of extinct organisms. The approaches and perspectives advocated here, as 
well as others that integrate data from the fossil record with analytical and method-
ological innovations (e.g., Bateman et  al. 2006; Smith et  al. 2009; Escapa and 
Catalano 2013; Rudall et al. 2013; Bomfleur et al. 2014, 2017; Hetherington and 
Dolan 2016; Hetherington et al. 2016; Fujinami et al. 2017; Wilson et al. 2017), 
provide an exciting frontier in plant evolutionary biology and move us closer toward 
understanding the processes that have generated the immense diversity of plant 
form through time.
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Chapter 11
Fern Conservation: Spore, Gametophyte, 
and Sporophyte Ex Situ Storage, In Vitro 
Culture, and Cryopreservation

Daniel Ballesteros and Valerie C. Pence

11.1  Introduction

Ferns (monilophytes) and lycophytes are estimated to be about 4% (c. 15,000 spe-
cies) of all Earth’s plants (Chapman 2009). Within this richness are species with 
diverse ecological roles, economic importance, and medicinal, food, or biotechno-
logical value (De Long and Prange 2008; Fernández and Revilla 2003; Fernández 
et al. 2010; Liu et al. 2012; Mannan et al. 2008; Matsuura et al. 2014; Mehltreter 
et al. 2010; Stamps 2006). However, a large number of fern and lycophyte species 
are threatened, due to habitat destruction, over-collecting, invasive species, and cli-
mate change, and plans to secure their in situ and ex situ conservation are urgently 
needed (Arcand and Ranker 2008; Ibars and Estrelles 2012). Because of the alterna-
tion of life forms, ferns offer several options for ex situ conservation. This chapter 
will review the current status of fern conservation, and, using a recent case study on 
long-term cryo-survival, evaluate the current state of fern conservation technology, 
and outline the potential of current methods and areas for improving future efforts.
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11.2  Current Status of Fern Conservation

11.2.1  Living Collections

Ferns have been collected and displayed for centuries, particularly in botanic gar-
dens or private collections (e.g. https://ebps.org.uk/ferns/growing/where-to-see-
ferns/). There are notable living collections of fern sporophytes, such as at the Royal 
Botanic Gardens, Edinburgh in the UK (http://www.rbge.org.uk/the-gardens/edin-
burgh/the-glasshouses/ferns-and-fossils), the Royal Botanic Gardens Victoria in 
Australia (https://www.rbg.vic.gov.au/visit-melbourne/attractions/plant-collec-
tions/fern-gully), or the Lankester Botanical Garden of the University of Costa Rica 
(http://www.jbl.ucr.ac.cr/helechos). Traditionally, these have been primarily for dis-
play, although more recently there are research and conservation missions develop-
ing around the collections (e.g. Page et al. 1992). Most species of ferns have not yet 
been evaluated for their conservation status (IUCN, 2017), but, for example, China 
alone has 182 species on its Red List, with 79 of those being endemic (Dong et al. 
2017). Thus, there may be hundreds of threatened fern species globally. Because the 
space and labour to conserve living collections are substantial, living collections 
alone will likely not be able to conserve the wide genetic diversity of the fern spe-
cies that are threatened. However, banking spores and other alternative propagules 
can provide a cost-effective supplement to what can be preserved in living collec-
tions (Li and Pritchard, 2009).

11.2.2  Conserving Fern Spores

Spore storage is an efficient and effective method for the ex situ conservation of 
ferns and lycophytes. Their desiccation tolerance (Chap. 19) and small size offer a 
simple, compact, and economical ex situ conservation tool for most of the biodiver-
sity of ferns and lycophytes (Ashcroft and Sheffield 2000; Ballesteros 2010; 
Ballesteros et al. 2011, 2012, 2017; Dyer 1994; Ibars and Estrelles 2012; Mikula 
et al. 2015; Pence, 2008a, b). In addition, spores are demonstrated to be a ready 
source of germplasm to aid reestablishment of waning fern populations (Pennisi 
2010). Ex situ spore collections were initially created ca. 30 years ago (Dyer 1994), 
but ex situ spore collections are currently rare if we compare them with the large 
network of seed banks worldwide (about 1300 throughout the world as of 2006, 
Rajasekharan 2015). To our knowledge (Alexander et al. 2008; Dyer 1994; Ibars 
et al. 2011; Pence 2008a several pers. comm. to authors), there are less than ten ex 
situ spore collections across the world, which represent the majority of the current 
collections for fern spore ex situ conservation (Table 11.1). In addition, there are 
spores that are stored for exchange programmes in fern societies (e.g. the British 
Pteridological Society and the American Fern Society), although the conditions 
used for these are focused on short-term storage and are not optimal for long-term 
conservation (Pérez-García and Reyes-Jaramillo 1993).

D. Ballesteros and V. C. Pence

https://ebps.org.uk/ferns/growing/where-to-see-ferns
https://ebps.org.uk/ferns/growing/where-to-see-ferns
http://www.rbge.org.uk/the-gardens/edinburgh/the-glasshouses/ferns-and-fossils
http://www.rbge.org.uk/the-gardens/edinburgh/the-glasshouses/ferns-and-fossils
https://www.rbg.vic.gov.au/visit-melbourne/attractions/plant-collections/fern-gully
https://www.rbg.vic.gov.au/visit-melbourne/attractions/plant-collections/fern-gully
http://www.jbl.ucr.ac.cr/helechos


229

Ta
bl

e 
11

.1
 

A
ct

iv
e 

fe
rn

 s
po

re
 b

an
ks

 in
 th

e 
w

or
ld

. I
nf

or
m

at
io

n 
ga

th
er

ed
 in

 2
01

6 
an

d 
20

17
 a

ft
er

 a
 s

ur
ve

y 
th

at
 in

vo
lv

ed
 2

0 
re

se
ar

ch
er

s 
fr

om
 1

2 
di

ff
er

en
t c

ou
nt

ri
es

 
al

on
g 

A
m

er
ic

a 
(U

SA
, M

ex
ic

o,
 B

ra
zi

l)
, E

ur
op

e 
(U

K
, S

pa
in

, I
ta

ly
, P

ol
an

d)
, A

si
a 

(T
ai

w
an

, C
hi

na
),

 O
ce

an
ia

 (
A

us
tr

al
ia

, N
ew

 Z
ea

la
nd

),
 a

nd
 A

fr
ic

a 
(S

ou
th

 A
fr

ic
a)

R
eg

io
n

C
ou

nt
ry

G
er

m
pl

as
m

 b
an

k 
an

d 
in

st
itu

tio
n

Te
m

pe
ra

tu
re

 o
f 

st
or

ag
e

M
oi

st
ur

e 
co

nd
iti

on
 o

f 
sp

or
es

St
ar

t o
f 

fe
rn

 s
po

re
 

st
or

ag
e

N
um

be
r 

of
 ta

xa
 

st
or

ed
R

ef
er

en
ce

E
ur

op
e

U
K

R
oy

al
 B

ot
an

ic
 G

ar
de

ns
, 

E
di

nb
ur

gh
1–

5 
°C

 a
nd

 −
20

 °
C

D
ri

ed
 a

t a
m

bi
en

t 
te

m
pe

ra
tu

re
 a

nd
 R

H
E

ar
ly

 1
99

0s
, n

ew
 

m
an

ag
em

en
t f

ro
m

 
20

06

13
00

 a
cc

es
si

on
s 

re
pr

es
en

tin
g 

43
8 

sp
ec

ie
s

D
ye

r 
(1

99
4)

; 
A

le
xa

nd
er

 e
t a

l. 
(2

00
8)

; B
ar

be
r 

S 
pe

rs
. c

om
m

.
M

ill
en

ni
um

 s
ee

d 
B

an
k 

at
 th

e 
R

oy
al

 B
ot

an
ic

 
G

ar
de

ns
, K

ew

−
20

 °
C

 a
nd

 L
N

D
ri

ed
 a

t 1
5 

°C
 a

nd
 1

5%
 

R
H

20
00

 (
20

13
 f

or
 

L
N

)
~9

0 
sp

ec
ie

s 
at

 
−

20
 °

C
, ~

20
 

sp
ec

ie
s 

in
 L

N

D
ic

ki
e 

J 
an

d 
D

av
ie

s 
R

, p
er

s.
 c

om
m

.

Sp
ai

n
G

er
m

pl
as

m
 B

an
k 

of
 th

e 
B

ot
an

ic
al

 G
ar

de
n 

of
 

V
al

en
ci

a 
U

ni
ve

rs
ity

4,
 −

20
, a

nd
 −

80
 °

C
 

an
d 

L
N

D
ri

ed
 a

t a
m

bi
en

t 
te

m
pe

ra
tu

re
 a

nd
 R

H
 o

r 
ov

er
 s

ili
ca

 g
el

20
00

12
7 

sa
m

pl
es

 
re

pr
es

en
tin

g 
42

 
sp

ec
ie

s

Ib
ar

s 
et

 a
l. 

(2
01

1)
; 

E
st

re
lle

s 
E

 p
er

s.
 

co
m

m
.

It
al

y
G

er
m

pl
as

m
 B

an
k 

of
 

T
us

ci
a 

U
ni

ve
rs

ity
 

(V
ite

rb
o)

M
ai

nl
y 
−

25
 °

C
 

(d
iv

er
se

 
te

m
pe

ra
tu

re
s 

fo
r 

re
se

ar
ch

)

D
ri

ed
 a

t 1
5 

°C
 a

nd
 1

5%
 

R
H

20
06

13
0 

ac
ce

ss
io

ns
 

re
pr

es
en

tin
g 

56
 

sp
ec

ie
s

M
ag

ri
ni

 S
 p

er
s.

 
co

m
m

.

A
m

er
ic

a
U

SA
C

R
E

W
’s

 C
ry

oB
io

B
an

k,
 

C
in

ci
nn

at
i Z

oo
 a

nd
 

B
ot

an
ic

al
 G

ar
de

n

M
ai

nl
y 

L
N

 (
4,

 −
20

, 
an

d 
−

80
 °

C
 f

or
 

re
se

ar
ch

)

D
ri

ed
 a

t a
m

bi
en

t 
te

m
pe

ra
tu

re
 a

nd
 R

H
 o

r 
ov

er
 s

ili
ca

 g
el

19
92

8 
at

 −
20

 °
C

, 
~2

9 
in

 L
N

Pe
nc

e 
(2

00
4,

 2
00

8a
, 

b)
, a

ut
ho

r’
s 

co
nt

ri
bu

tio
n

U
SD

A
-A

R
S-

N
C

G
R

P,
 

Fo
rt

 C
ol

lin
s,

 C
ol

or
ad

o
M

ai
nl

y 
L

N
 (

4,
 −

20
, 

an
d 
−

80
 °

C
 f

or
 

re
se

ar
ch

)

D
ri

ed
 a

t c
a.

 2
0 

°C
 a

nd
 

~2
0–

40
%

 R
H

20
05

~1
03

 a
cc

es
si

on
s 

re
pr

es
en

tin
g 

~3
0 

sp
ec

ie
s

W
al

te
rs

 C
 a

nd
 H

ill
 L

 
pe

rs
. c

om
m

.

N
at

io
na

l T
ro

pi
ca

l 
B

ot
an

ic
al

 G
ar

de
n 

in
 

K
al
āh

eo
, H

aw
ai

i

5 
°C

 (
ne

w
 

co
lle

ct
io

ns
 w

ill
 b

e 
st

or
ed

 a
t −

80
 °

C
)

U
nk

no
w

n 
de

si
cc

at
io

n 
(n

ew
 c

ol
le

ct
io

ns
 w

ill
 b

e 
dr

ie
d 

to
 4

2%
 R

H
 a

t 
20

 °
C

)

19
90

, n
ew

 
m

an
ag

em
en

t f
ro

m
 

20
16

~1
16

 a
cc

es
si

on
s 

re
pr

es
en

tin
g 

~4
9 

ta
xa

W
ol

ki
s 

D
 p

er
s.

 
co

m
m

.

A
si

a
Ta

iw
an

 
(R

O
C

)
Ta

iw
an

 F
or

es
tr

y 
R

es
ea

rc
h 

In
st

itu
te

3 
°C

26
%

 R
H

19
98

51
80

 a
cc

es
si

on
s 

re
pr

es
en

tin
g 

80
7 

sp
ec

ie
s

H
ua

ng
 Y

M
 p

er
s.

 
co

m
m

.

L
N

 li
qu

id
 n

itr
og

en
 te

m
pe

ra
tu

re
s 

(−
15

0 
to

 −
19

6 
°C

)

11 Fern Conservation: Spore, Gametophyte, and Sporophyte Ex Situ Storage, In Vitro…



230

The scarcity of ex situ spore collections likely represents the fact that (1) ferns 
have been less studied and are less understood than seed plants and (2) there has 
been less funding and institutional focus on their conservation when compared with 
domesticated or wild seed plants. Because of this, there has not been the develop-
ment of standard methods for fern spore storage as there has been for seed storage, 
with the development of international best practice standards over the past several 
decades (e.g. FAO Genebank standards such as FAO 2014). There are only a few 
publications, most in Spanish and in grey literature, describing procedures for rou-
tinely collecting and storing fern spores in germplasm banks (e.g. Bacchetta et al. 
2008; Ibars and Estrelles 2015; Ibars et al. 2011; Pence 2008b). A result of this lack 
of standardized procedures for fern spore storage is the variety of conditions used in 
the different ex situ spore collections surveyed around the world (Table 11.1). This 
chapter is not intended to provide a final standard for ex situ spore collections, but, 
based on the experience of two decades of fern spore storage, aims to contribute to 
the development of such protocols for fern spore ex situ conservation and to encour-
age the establishment of fern spore collections within existing germplasm banks.

11.2.3  Non-spore Options for Fern Conservation

While storing spores is the most efficient method for ex situ fern conservation, there 
are also situations where storing tissues from gametophytes or sporophytes can be 
useful conservation tools. If only a few spores are available, they can be multiplied 
by germinating them into gametophytes and sporophytes, and either of these life 
forms can be propagated vegetatively, to provide more material for research, resto-
ration, and preservation. There are also fern species for which the only life form 
known is that of the gametophyte (Farrar 1967, 2016), and thus, no spores are avail-
able for storage.

Gametophytes can be maintained as living collections, but because of their 
diminutive size, they are not as often used for display as sporophytes. Since they are 
small and easily manipulated, they have often been grown aseptically from spores 
or gemmae and propagated in vitro (e.g. Kamachi and Noguchi 2012; Marimuthu 
and Manickam 2011; Raine and Sheffield 1997). Gametophytes are well adapted for 
in vitro growth, as they consist of a small, photosynthetic thallus, one cell thick, 
which is highly regenerative and can reproduce clonally by fragmentation or bud-
ding (Maeda and Ito 1981; Ong and Ng 1998). In vitro cultures of gametophytes can 
also serve as a source of tissues for cryopreservation (Barnicoat et  al. 2011; 
Makowski et  al. 2015, 2016; Mikula et  al. 2009, 2010; Pence 2000a; Wilkinson 
2002). Because of the highly regenerative nature of gametophyte tissue and its rela-
tively undifferentiated structure, even if some of the tissues are damaged during 
cryopreservation, only a small surviving fragment is needed to regenerate the cul-
ture (Mikula et al. 2010). In vitro and cryopreservation methods for maintaining 
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gametophytes have been reported for a number of fern species (e.g. Mikula et al. 
2010; Pence 2000a), but only a few of these have been endangered ferns (Barnicoat 
et al. 2011; Pence 2015; Raine and Sheffield 1997; Sara and Manickam 2007).

Sporophytes are also grown in vitro for research and horticulture, as well as for 
conservation (Fernández and Revilla 2003; From 2010; Yu et al. 2017), and in vitro 
propagation methods for the sporophyte life form are very similar to those used for 
many species of seed plants (Dolinsek and Camloh 1997; Higuchi et al. 1987; Khan 
et al. 2008; Rogers and Banister 1992). Such cultures may be initiated through the 
aseptic germination of spores or from pieces of the sporophyte, sterilized for initia-
tion into culture (Dolinsek and Camloh 1997; Higuchi et al. 1987; Khan et al. 2008; 
Pence 2014). Many fern species have been propagated in  vitro for horticulture 
(Dolinsek and Camloh 1997; Higuchi et  al. 1987; Khan et  al. 2008; Rogers and 
Banister 1992) as a way of providing uniform quality for commercial use. Similarly, 
a number of rare species of ferns have been propagated in vitro to conserve the spe-
cies ex situ, as well as to provide material for restoration (Aguraiuja 2010a, b; 
Ashmore et al. 2011; Houser et al. 2016; Martin et al. 2006; Pence 2014, 2015; Sara 
and Manickam 2007). However, although there are a few institutions maintaining 
rare ferns in vitro, including the Lyon Arboretum’s Hawaiian Rare Plant Program, 
the Center for Conservation and Research at Omaha’s Henry Doorly Zoo, and the 
Center for Conservation and Research of Endangered Wildlife (CREW) at the 
Cincinnati Zoo and Botanical Garden, the use of in vitro collections of ferns for 
conservation has not been widely explored.

Long-term conservation of in vitro fern sporophyte cultures by cryopreservation 
is possible using growing, meristematic tissues, such as shoot tips or green globular 
bodies (Pence 2001, 2014, 2015). Cryopreservation of such tissues offers the oppor-
tunity to maintain stock lines for future use. It also has potential for conserving 
pteridophyte species for which spores are difficult to collect or produce in low num-
bers (Raine and Sheffield 1997). However, as with in vitro collections, there are 
only a few reports of cryopreserved sporophyte tissues of rare fern taxa (Pence 
2014, 2015).

11.3  Case Study: Long-Term Storage of Ferns in CREW’s 
Frozen Garden

CREW initiated its Frozen Garden of its CryoBioBank® in the late 1980s (Pritchard 
et  al. 2017). This collection includes propagules that have been stored in liquid 
nitrogen (LN) (−196 °C) and some also at other temperatures (from about 20 to 
−20 °C). The Frozen Garden was initiated with the aim of supporting the long-term 
conservation of native and endangered plant species of the USA but also with the 
aim of providing resources to contribute to the understanding of long-term storage 
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of plant germplasm in LN.  About 25  years after the collection was started, the 
Institute of Museum and Library Services (IMLS) of the USA funded a complete 
evaluation of the viability and genetic integrity of CREW’s collection. This evalua-
tion has provided results that can be used to inform current practice for ex situ 
conservation of ferns.

11.3.1  Spore Banking

 Collection and Storage of Fern Spores

Fern spores stored in the Frozen Garden were collected from several sources over a 
period of 14 years (from 1992 to 2006). When fronds were collected by CREW’s 
staff, they were usually air-dried for 5–10  days under ambient conditions in the 
laboratory in paper envelopes. Subsequently, spores that fell on the paper were col-
lected, dried as indicated below, and cryopreserved. However, if insufficient spores 
were observed on the paper, sori were scraped, and spores were collected along with 
sporangia and frond tissues. Some fern spores were sent directly by mail to CREW 
from several sources (e.g. Hawaii, Alaska, or China), which also included some 
frond and sporangia tissues. These samples, with spores and non-spore tissues, were 
dried and cryopreserved together due to the small amount of spores in the samples.

Spores (and other tissues if present) were dried at room temperature and 
RH < 40% for 2–7 days before storage, using silica gel as a desiccant (RH 20 ± 5%) 
if room RH was higher than 40%. Samples of the spores were then transferred to 
2 ml polypropylene cryovials and immersed directly into LN. For some species, 
replicates were placed in a mechanical freezer (−20 ± 2 °C), a refrigerator (4 ± 2 °C), 
or left on the benchtop in the laboratory (21 ± 3 °C) for comparison with the sam-
ples stored in LN.

 Germination of Fern Spores for Viability Assays

After storage of 9–21  years (e.g. Table  11.2), vials were removed from LN and 
placed on the benchtop to warm at ambient temperature for 20–60 min. Viability 
assays were afterward performed by germinating the fern spores in 15 x 150 mm 
petri dishes on mineral culture medium solidified with agar and prepared with the 
fungicide nystatin (100 U·ml −1) (Ballesteros et al. 2011, 2012, 2017). Petri dishes 
were then sealed with Parafilm (Bemis NA, Neenah, WI, USA) and put in a growth 
chamber set at 20 ± 2 °C with a 16/8 h light/dark cycle (Pence 2000b). Spores were 
observed using a dissecting microscope at 40× magnification, and germination was 
considered complete when the outer wall of the spore had ruptured and the rhizoid 
or the first chlorophyllic cell emerged (Ballesteros et  al. 2011, 2012, 2017). 
Germination was measured regularly up to 30  days in order to calculate total 
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germination and the rate of germination (Ballesteros et al. 2011, 2012, 2017). Then, 
the normal developmental transition from one-dimensional growth to two-dimen-
sional growth was assessed in gametophytes after 60 days in culture (Ashcroft and 
Sheffield 2000; Ballesteros et  al. 2011, 2012), a sufficient time to observe this 
transition.

 Summary of Results

The original fern spore collection consisted of 162 samples representing 56 species 
of ferns and 1 species of lycophyte. We tested 93 samples and germination occurred 
in 45 of the 56 species of ferns tested. Lab notes from the time of banking suggested 
that the species that did not germinate were likely dead before storage. These were 
primarily species with green spores (e.g. Matteuccia sp., Equisetum sp., and 
Onoclea sp.) for which no germination was observed initially and species with non-
green spores for which only a few spores were banked along with sporangia and 
frond tissues.

The percent germination was variable and depended on the species (Table 11.2). 
Germination of spores did not seem to be lower for the older species, and spores of 
most species stored for ≥20 years showed germination >60% (Table 11.2). When 
germination was measured in replicate samples (cryovials) of a particular species, 
no large differences were found between them, confirming the repeatability of the 
results obtained. In most cases, >80% of the spores that germinated developed lami-
nar gametophytes (Table 11.2), except for some accessions for which germination 
was very low or plates were highly contaminated. Contamination was mostly by 
fungi growing out of sori and frond tissues.

In a few species, the spores were stored at several temperatures (21, 5, −20, and 
−196 °C) for 10 or 21 years. In these species, spores stored in LN maintained higher 
rates of germination than spores stored at −20 or 5 °C (Ballesteros et al. in prep.). 
Actually, for most of these species, germination at 5 or −20 °C was very low (3–10 
times lower than germination of spores stored in LN) or nil for both storage times. 
There was no remaining viability in spores stored at room temperature (21 °C).

 Production and Acclimatization of Sporophytes

Gametophytes in the laminar phase from spore cultures were moved to soil by 
scrapping the surface of the agar medium, washing the gametophytes into a small 
beaker, and subsequently distributing the gametophytes onto a 1:1 mix of soilless 
potting mix: pine mulch fines in small plastic boxes (Phytatrays™, Sigma-Aldrich) 
with lids. When growing on soil, most of the gametophytes developed into the heart- 
shaped stage after a few weeks. They were sprayed with purified water occasionally 
to aid in fertilization, and sporophytes usually appeared spontaneously after 
3–12 months, depending on the species.
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Table 11.2 Spore germination and gametophyte and sporophyte development of selected species 
stored in liquid nitrogen in the Frozen Garden up to 21 years

Species
Storage time 

(years) Germination
Laminar 
gametophytes

Sporophyte growth 
in soila

Asplenium verecundum 9 *** *** Y
Cibotium menziesii 10 ** N/A Y
Asplenium kaulfusii 11 ** *** Y
Acrostichum 
danaeifolium

11 ** *** Y

Athyrium 
microphyllum

11 * * Y

Cibotium chamissoi 11 *** *** N
Diplazium 
sandwichianum

11 ** *** Y

Tectaria gaudichaudii 11 *** *** Y
Asplenium fragile 11 *** * Y
Asplenium sp. 12 *** *** Y
Asplenium platyneuron 12 *** *** Y
Polystichum 
acrostichoides

12 *** *** Y

Blechnum occidentale 13 *** *** N
Cyathea microdonta 14 ** *** Y
Macrothelypteris 
torresiana

14 * *** N/A

Tectaria trifoliata 14 *** *** N
Thelypteris dentata 14 ** *** Y
Osmunda regalis 17 * *** N/A
Polystichum 
aleutichum

19 ** * N/A

Adiantum fragile 19 ** *** Y
Cyclopelta 
semicordata

19 ** * N/A

Pityrogramma 
calomelanos

20 *** *** Y

Cyrtomium falcatum 21 *** *** Y
Polystichum 
tsus-simense

21 * *** Y

Pteris vittata 21 *** *** Y

Key: * (1–30%), ** (31–60%), *** (61–100%), N/A (data non-available), aat least one sporophyte 
grew in the period 2014–2017
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Sporophytes were acclimatized first by replacing the solid lid with a lid with 
several holes, then by cracking the lid open, and finally by removing the lids but 
moving the boxes to a tray under a larger dome (Fig. 11.1g). After several weeks, 
vents in the domes were gradually opened to allow further acclimatization to the 
ambient greenhouse conditions. In a few cases, sporophytes appeared spontane-
ously from gametophytes while they were still on nutrient medium. These sporo-
phytes were similarly moved to soil boxes and acclimatized. Sporophytes that were 
moved to the field (see section below) were also acclimatized from greenhouse 
conditions to field conditions (see below). Table 11.2 shows the species for which 
we obtained sporophytes in the greenhouse during the first months of growth using 
the methods described above.

11.3.2  Gametophyte Banking

 Growth and Storage of Gametophytes

In vitro cultures of gametophytes of six species of fern were banked in 1995, includ-
ing Adiantum tenerum, A. trapeziforme, Cibotium glaucum, Davallia fejeensis, 
Drynaria quercifolia, and Phlebodium aureum. Cultures were initiated in the early 
1990s from the aseptic in vitro germination of spores. Spores were germinated on a 
half-strength Murashige and Skoog (1962) medium and the resulting gametophytes 
maintained on the same medium (Pence 2000a). Both the encapsulation dehydra-
tion method (Fabre and Dereuddre 1990) and drying without encapsulation, with 
and without a 7-day preculture on abscisic acid (ABA), were tested for their effec-
tiveness in preserving viability of the gametophyte tissue through a 1 h exposure to 
LN (Pence 2000a). Encapsulation dehydration with preculture on ABA provided the 
best results, and this protocol was subsequently used for preparing tissues for long- 
term banking of samples. Dried beads were stored in 2 ml cryovials and rapidly 
cooled by immersion in LN.  Vials were stored submerged in LN.  A total of 21 
samples from the six species were banked.

 Testing the Viability of Gametophytes

Gametophytes were recovered after 20 years of storage with the same methods used 
to test prestorage viability after 1 h exposure to LN. Tissues were grown on 60 x 
15 mm petri plates with half-strength MS medium. Tissues were incubated as for 
spores (above), although at 26 °C, rather than 20 °C. Prestorage viability was scored 
as the percent of tissue containing alginate beads showing some tissue growth.
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Fig. 11.1 Aspect of immature (a) and mature (b) sporangia in Dryopteris sp. Aspect of mature 
(c-left) sporangia and sporangia after spore dehiscence (c-right) in Osmunda regalis. Mature 
spores dehisced on paper for their collection (d). Gametophytes of Adiantum tenerum, cryopre-
served using the encapsulation dehydration procedure, 2 months after resuming growth in vitro 
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 Summary of Results

Eight samples (cryovials) were tested representing all six species, two with repli-
cates banked on different dates. After 20 years of storage in LN, tissues from all 6 
species resumed growth in at least one replicate (Pence, unpublished). Survivals 
ranged from 0% to 90% per vial or 39% to 90% per species, while pre-banking 
survivals ranged from 7% to 92%. The percent regrowth of a sample was often 
higher than the original viability recorded for the sample, likely due to the small 
sample size and the variability of the samples, and thus it was not possible to deter-
mine if any deterioration of samples had occurred over time in storage. However, 
the sample sizes proved large enough to provide material for recovery, and the 
gametophytic fragments resumed growth into viable cultures (Fig. 11.1e).

11.3.3  Sporophyte Banking

 Growth and Storage of Sporophytes

Shoot cultures of sporophytes of the lycophyte, Selaginella uncinata, had been initi-
ated from surface-sterilized shoots that were grown on half-strength MS medium as 
for gametophyte cultures. Tips, approximately 1 mm in length, were dissected asep-
tically from the in  vitro-grown shoots, treated for 7  days on half-strength MS 
medium with and without 10 μM ABA, and cryoprotected using the encapsulation 
dehydration procedure (Pence 2001). Tissues were banked in 1995.

 Summary of Results

The survival of samples exposed to LN for 1 h at the time of banking was higher for 
tissues treated with ABA than for tissues precultured without ABA (Fig.  11.2) 
(Pence 2001).

After 3.5 years in LN, the shoot tips without ABA preculture showed no survival, 
while there was still survival, although reduced, in the ABA-treated tissues. 
However, when samples were removed after 20  years, there was no viability in 
either the ABA-treated or untreated samples. These results suggest that S. uncinata 
responded to the encapsulation dehydration procedure with some tolerance to desic-
cation, but that response was enhanced when the tissues were precultured on a 

Fig. 11.1 (continued) after 20 years of storage in liquid nitrogen, bar = 0.5  cm (e). Spores of 
Adiantum melanoleucum germinated on 0.8% agar (left) and half-strength MS medium with 
0.25% gellan gum (right), 11  weeks after surface sterilization and plating, bar  =  2  cm (f). 
Sporophytes of Polystichum tsus-simense growing on soil under a dome, spores were stored in LN 
for 21 years (g). Thelypteris patens outplanted back into their native habitat in Florida (Possley, 
2014) to help increase the native populations (F)
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medium with ABA. In addition, the ABA preculture appeared to enhance the ability 
to survive longer in LN storage than tissues without such treatment. These results 
are significant, in that they demonstrate that even in LN, viability may decline. Such 
declines have also been observed in short-lived seeds banked in LN (Ballesteros and 
Pence 2017), and decreases in longevity appear to be related to stresses on the tis-
sues before banking. The results with S. uncinata also demonstrate that factors 
which improve the ability of tissues to survive the stress of short-term exposures to 
LN at the time of banking will likely improve the longevity of the tissue during stor-
age, as well.

11.4  Practical Considerations for Conserving Ferns

11.4.1  Spore Banking

 Fern Spore Maturity and Quality During Collection

Ideally, spores that are stored should be mature, of good quality, and free from other 
frond tissues. This is important, for example, to avoid the storage of dead or imma-
ture spores (Huang et al. 2014), to avoid the storage of spores that have been aged 
on the frond after dispersal and likely will show poor longevity during storage 
(Ballesteros et al. 2011; Li and Shi 2015), and also to avoid fungal and bacterial 
contamination during fern spore germination and gametophyte growth. Fern spores 
can be sterilized before storage (Agrawal et al. 1993; Beri and Bir 1993; Constantino 
et al. 2000; Dyer 1979; Fernández et al. 2010; Ford 1992; Pence 2000b; Simabukuro 
et  al. 1998; Whittier and Pintaud 1999); however, this process can damage fern 
spores and reduce their germination capacity and gametophyte development 
(Camloh 1999; Simabukuro et al. 1998). Spores collected properly and sown with-
out frond residues are less likely to become contaminated and more likely to pro-
duce normal gametophytes (Aragón and Pangua 2004; Colli Aurea and Perez Sonia 
1999; Quintanilla et al. 2002; Whittier 1973).
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of shoot tips of S. uncinata, 
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In order to perform an optimal fern spore harvest, it is very important to plan the 
collection when the sporangia in the fertile leaves or strobili are mature (Bacchetta 
et al. 2008; Ibars and Estrelles, 2015; Ibars et al. 2011). A good knowledge of the 
phenology of the fern species and a few field trips to check its maturity will help to 
optimize the collection date, as is recommended for fern spores, as well as for seeds 
and pollen (e.g. Bacchetta et al. 2008; FAO 2014). The identification of mature spo-
rangia can vary among species, but generally they will be found on the youngest 
healthy leaves presenting closed sporangia that are bright in colour (e.g. Figs 11.1b, 
c). The sporangia should not be white (nor green for nongreen spores, Fig. 11.1a). 
Sporangia of green spores generally turn dark green when mature (Fig.  11.1c  – 
right), and sporangia of nongreen spores generally turn brown, yellow, or orange, 
depending on species (Fig. 11.1b). For species with sori covered by indusia, the 
colour of this structure (turning from green to yellow or brownish) helps to identify 
the mature sporangia (Bacchetta et al. 2008; Ibars and Estrelles 2015, Fig. 11.1b).

When fertile fronds with mature sporangia are collected, they can be briefly 
washed to eliminate impurities on the fronds. They can be stored and transported to 
the laboratory in paper envelopes or, if the transport is done within the same day of 
collection, in plastic bags (Bacchetta et  al. 2008; Ibars and Estrelles 2015; Ibars 
et al. 2011). Then, in the laboratory, fronds are usually air-dried for a few days under 
ambient conditions in paper envelopes or sheets, so the spores fall on the surface of 
the paper (Fig. 11.1d). When fronds have been transported in paper envelopes, these 
can be used for spores’ collection. Some fern species produce fertile leaves for 
which spore collection is not as direct as the one indicated above. For example, 
Matteuccia and Onoclea sp. fertile leaves must be submerged in water for a number 
of hours, and later the fertile leaves can be dried to release the spores. Without the 
first hydration step, the fertile leaves do not open (Templeman et al. 1987; Towill 
and Ikuma 1973).

One of the challenges of dealing with wild species, including ferns, is that it may 
not always be possible to collect an ideal sample, particularly if the plants are in a 
location that cannot be visited repeatedly to time the collections to the optimum 
level of spore maturity. In cases where the sporangia have opened, one may collect 
any remaining spores from open sporangia (Fig. 11.1c – left) by scraping the frond 
over paper. However, this can increase the risk of contamination during germination 
and the high possibility of getting spores of low viability or spores that are nega-
tively affected by LN storage (Li and Shi 2015). If a collection must be made from 
open sporangia, spores might be germinated in vitro, to grow the gametophytes and 
then proceed either to gametophyte cryopreservation (described in Sects. 11.3.2 and 
11.4.2) or to the growth of sporophytes for spore collection under more controlled 
conditions (e.g. greenhouse, botanical garden). If spores must be taken while they 
are still immature, germination may be lower than for mature spores (Huang et al. 
2014). However, LN exposure may increase germination (Mikula et al. 2009) or 
germination rate, as it can with some mature spores (De Brum and Randi 2006; 
Rogge et al. 2000). Finally, whether the spores are collected at optimal maturity or 
not, there is the possibility of spores of one or more different species being included 
in the collection. Such spores may travel by wind to the leaves and be mixed in with 

11 Fern Conservation: Spore, Gametophyte, and Sporophyte Ex Situ Storage, In Vitro…



240

the collection. Thus, it is important to monitor the gametophytes and sporophytes 
produced for the presence of species other than the target species.

 Optimal Moisture Content for Fern Spore Storage

Spores in the Frozen Garden were stored dry (open dried at RH about 40% or over 
silica gel). This desiccation did not seem to affect fern spore viability, whether they 
were green or nongreen (Pence 2000b). Several authors have recently indicated that 
both green and nongreen spores are tolerant to desiccation and have greater longev-
ity when stored dry at RHs between 10% and 25% (Ballesteros and Walters 2007a; 
Ballesteros et al. 2017; Li and Shi 2015; Mikula et al. 2015; Walters et al. 2005). 
Based on this optimal RH, and taking into account the changes in RH with tempera-
ture (and hence to avoid overdrying the spores during LN storage, e.g. Ballesteros 
and Walters 2011; Vertucci et al. 1994), it is recommended that after spores are col-
lected, they are to be dried for 2–5 days at 20 °C and RHs between 20 and 40% and 
subsequently stored at the temperature of LN.

 Optimal Temperatures for Fern Spore Storage

The results from long-term storage at CREW strongly support an optimal tempera-
ture of liquid nitrogen (−196 °C) for long-term storage of fern spores, when com-
pared with −20 °C (e.g. Ballesteros et al. 2011, 2012). Storing in the vapour phase 
of liquid nitrogen (from −130 to −180 °C) or mechanical freezers providing −80 °C 
may also be as effective (e.g. Ballesteros et al. 2011, 2012). However, dry storage at 
−20 °C may be damaging for some species (reviewed in Ballesteros 2010). Poor 
longevity of spores at −20 °C is probably due to the lipid content and TAG composi-
tion of some nongreen spores (Ballesteros and Walters, 2007b), although this may 
need to be evaluated species by species. For example, Pteris vittata spores stored for 
about 20 years in both LN and −20 °C showed good viability under both conditions 
(Ballesteros et al. in prep). Cycles of freezing/defrost (Ballesteros et al. 2012), as 
would happen if all spores of an accession were stored in one container and it was 
moved in and out of the freezer each time spores were required, should be avoided 
at any freezing temperatures. Refrigeration of spores (3–7 °C) or storage of spores 
at room temperature is not recommended for the long-term conservation of fern 
spores.

11.4.2  Gametophytes

Gametophytes are highly adaptable and easily manipulated propagules for ex situ 
conservation, either in vitro or in cryopreservation.

D. Ballesteros and V. C. Pence
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 In Vitro Culture of Gametophytes

Most in vitro cultures of gametophytes have been generated by the aseptic germina-
tion of spores, and thus, the considerations described above (Sect. 11.4.1) concern-
ing spore stage, sterilization, and purity are equally important when initiating 
gametophyte cultures. Media used for in vitro gametophyte growth are usually low 
in nutrients, and the most commonly used include plain agar or agar or gellan gum 
with added nutrients, often either Knop’s medium or half-strength Murashige and 
Skoog (MS) medium (e.g. Marimuthu and Manickam 2011; Mikula et  al. 2009; 
Pence 2000a). For handling during surface sterilization, spores are often enclosed in 
a paper packet, such as one made by folding filter paper, and the packet is sterilized 
along with the spores, which are then blotted onto the medium (Pence 2000a). 
Alternatively, the spores can be suspended in the sterilant and then collected by 
centrifugation or filtering (de Brum and Randi 2006; Somer et al. 2009). An alterna-
tive method for gametophyte culture initiation has been reported for Trichomanes 
speciosum, in which gemmae were isolated and similarly surface sterilized and cul-
tured (Raine and Sheffield 1997).

The rate of spore germination into gametophytes will vary with the species from 
days to months, and both germination and growth are influenced by the medium 
used. In this lab, it has been observed that spores sown on plain agar result in many 
small individual gametophytes, while spores sown on 0.25% gellan gum containing 
half-strength MS medium result in fewer spores germinating, but the gametophytes 
are larger and begin to propagate vegetatively (Fig. 11.1f). Aseptic germination has 
been reported for many species of leptosporangiate ferns, as well as for several 
eusporangiate species, including Equisetum spp. (Guillon and Fievet 2003; 
Kuriyama et al. 1990; Srinivasan and Kaufman 1978) and several Marattiaceae spe-
cies (Barnicoat et al. 2011). Thus, it appears that gametophyte cultures of many fern 
species can be readily generated and maintained as in vitro collections, if spores are 
available. However, while there have been some examples of rare species being 
conserved as gametophytes in vitro (Ashmore et al. 2011; Marimuthu and Manickam 
2011; Pence 2015; Raine and Sheffield 1997), thus far, long-term maintenance of 
in vitro collections has not been applied extensively to fern ex situ conservation.

 Cryopreservation of Gametophytes

Conservation of in vitro-grown gametophyte tissues has more commonly been done 
through cryopreservation. Fern gametophyte cultures have been shown to be highly 
adaptable to cryopreservation, particularly with the encapsulation dehydration pro-
cedure (Fabre and Dereuddre 1990). This has been the most widely used cryopro-
tection method and is the one that successfully maintained viability of gametophytes 
for 20 years in LN (Pence, unpublished). In this procedure, gametophytes or game-
tophyte fragments are encapsulated in a sphere of alginate gel and cryoprotected 
using a combination of osmotic dehydration with concentrated sucrose and drying, 
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before rapid cooling by immersion in LN. This method has worked well for most 
species reported, although a few have not survived the treatment (Barnicoat et al. 
2011). Other cryoprotectant procedures have been tested, particularly encapsulation 
vitrification, in which chemical cryoprotectants are used, to remove water and pro-
tect the tissues (Hirai and Sakai 1999). While some survival of fern gametophytes 
through this method has been reported, it has generally not been as high as with the 
encapsulation dehydration method (Makowski et al. 2016; Mikula et al. 2010). The 
use of vitrification without encapsulation has resulted in extreme plasmolysis of the 
tissues and no survival after LN exposure. However, dehydration without encapsu-
lation has resulted in some survival, especially when the tissues were pretreated 
with abscisic acid (ABA) (Pence 2000a). Treatment with ABA may mimic natural 
signals within the plant that provide desiccation tolerance to the tissues, as has been 
widely documented in moss gametophytes (Proctor et al. 2007).

Actively growing gametophytes appear to survive cryopreservation better than 
mature, non-growing tissues (Mikula et  al. 2009). Whole gametophytes of some 
species are too large for encapsulation, but they can either be reduced in size by 
growth on paclobutrazol (Barnicoat et al. 2011) or cut into smaller fragments for 
encapsulation (Pence 2015). Whether whole or fragment, tissues from gameto-
phytes often undergo damage during cryoprotection and cryopreservation (Mikula 
et al. 2009), but the high regenerative capacity of the tissues can reconstitute a cul-
ture from only a small portion of the tissue and possibly from single cells (Maeda 
and Ito 1981).

The application of encapsulation dehydration should be to a much wider range of 
pteridophyte taxa. Gametophyte cryopreservation has been reported primarily for 
taxa within the leptosporangiate ferns. Gametophytes of one eusporangiate species, 
Macroglossum smithii, have shown some survival after LN exposure using encapsu-
lation dehydration, although two other species from the same family (Marattiaceae), 
Marattia purpurascens and M. werneri, did not show any survival (Barnicoat et al. 
2011). To our knowledge, there have been no reports of gametophyte cryopreserva-
tion in other eusporangiate genera, such as Psilotum, Equisetum, or Ophioglossum, 
or in gametophytes of lycophyte genera, such as Lycopodium and Selaginella. In 
addition, methods are needed for species known only from the gametophyte stage 
(e.g. Farrar 1967) that would allow routine initiation of gametophyte cultures by 
direct surface sterilization of gametophytes. Finally, more species should be cryo-
preserved for long-term studies to more clearly understand the survival of these 
tissues over the course of decades.

While there are many areas for further research, the recovery of gametophyte 
growth after 20 years in LN, as well as reports from other labs of survival through 
short-term LN exposure, indicates that methods are available for the long-term ex 
situ conservation of gametophytes from likely a large number of fern species. 
However, these methods have been applied to an only a few rare fern species 
(Barnicoat et al. 2011; Mikula et al. 2009; Pence 2015; Wilkinson 2002) and could 
be more widely utilized.
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11.4.3  Sporophytes

Like gametophytes, the sporophytes of ferns and lycophytes can be maintained as 
in vitro collections, or the in vitro-grown tissues can be cryopreserved for long-term 
ex situ conservation.

 In Vitro Culture of Sporophytes

Most in vitro culture lines of sporophytes are initiated from in vitro-grown gameto-
phytes, which, in turn, are initiated from aseptically germinated spores (see Sect. 
11.4.2). When this is possible, it may take a few weeks to several years for the 
gametophytes to generate sporophytes (Pence 2015). However, additional methods 
for initiating aseptic sporophyte cultures have been reported, including regeneration 
from rhizomes, runner tips, leaves, leaf callus, and shoot tips, as well as bud scales 
and other tissues from in vitro-grown sporophytes (Bertrand et al. 1999; Camloh 
and Ambrozic-Dolinsek 2010; Higuchi et al. 1987; Jha et al. 2013; Li et al. 2017; 
Pence 2001; Shukla and Khare 2012; Winarto and Teixeira da Silva 2012), depend-
ing on the species and its growth habit. In vitro cultures have been reported for 
several rare species (Ashmore et al. 2011; Pence 2014, 2015; Taha et al. 2011; Yu 
et al. 2017), and the potential exists for utilizing such cultures for ex situ conserva-
tion as in vitro collections and for using them for propagating plants for restoration 
projects (Aguraiuja 2010a, b; Possley 2014).

 Cryopreservation of Sporophytes

Once established, fern sporophyte cultures can provide materials for cryopreserva-
tion in a manner analogous to that of shoot tip cryopreservation in angiosperms 
(Reed 2008). Species with growing tips can provide shoot tips, and this approach 
has been successful for Selaginella uncinata and Trichomanes punctatum var. flori-
danum (Pence 2001; Pence 2015). For other species, such as those that grow from a 
basal meristem, it may be possible to manipulate in vitro culture conditions to gen-
erate the meristematic, green globular bodies (GGBs) (Bertrand et  al. 1999; 
Fernández et al. 1996; Higuchi and Amaki 1989; Higuchi et al. 1987). GGBs of 
Asplenium scolopendrium var. americanum have been successfully cryopreserved 
(Pence 2015), and further work is needed to demonstrate this approach in other 
species.

The long-term survival of fern sporophyte tissues should also be explored fur-
ther. Shoot tips of Selaginella uncinata precultured with ABA survived 3.5 years of 
cryostorage, while those without ABA preculture did not. However, even the ABA 
precultured tissues did not survive 20 years in LN. Thus, questions of longevity, as 
well as the effects of preculture treatments and of the cryoprotection methods on 
longevity in cryostorage, must be explored further. In the same study of long-term 
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viability at CREW, shoot tips of several angiosperm species showed good survival 
after 15–20 years in LN (Pence et al. 2017). As with gametophytes, sporophyte tis-
sue banking has been explored less than spore banking for ferns, although sporo-
phytes of some rare ferns have been cryopreserved in CREW’s Frozen Garden for 
long-term storage. While there may be fewer situations that require sporophyte 
banking, it can be important for some species, particularly in the context of conser-
vation, when plants are few and difficult to access and/or produce few spores.

11.5  Ex Situ Conservation of Ferns: Case Study – Rare 
Ferns of South Florida

In addition to providing in vitro collections and tissues for cryopreservation, in vitro 
lines of rare fern species can be used to propagate plants for restoration. In collabo-
ration with the Fairchild Tropical Botanic Garden (Miami, USA), CREW has prop-
agated ferns in vitro of several species that are endangered in Florida, including 
Thelypteris patens, Adiantum melanoleucum, and Odontosoria clavata. These spe-
cies were received as spores and germinated in vitro and the gametophytes propa-
gated. After several months, sporophytes were produced, which also could be 
propagated in vitro. Plants were removed from culture and acclimatized in soil for 
2–3  months and then sent to FTBG, where they were grown further into larger 
plants. Two of the species have been outplanted back into their native habitat to help 
increase the native populations (Possley 2014) (Fig. 11.1h).

11.6  Conclusions

Several explants from the life cycle of ferns and lycophytes can be used as a ready 
source of germplasm for ex situ conservation. Storing spores is the most efficient 
method, but there are situations where storing gametophytes or sporophytes can be 
extremely useful, as well. There is a body of work that has shown that current meth-
ods available for the storage of spores, gametophytes, and sporophytes in liquid 
nitrogen are relatively straightforward and similar to protocols employed for seeds 
and non-seed tissues of flowering plants. Our studies have shown that spores and 
gametophyte cryostorage can provide viable materials after at least 20 years for the 
implementation of restoration programmes of endangered fern species, and the 
potential exists for sporophyte tissues as well. However, given the increasing num-
ber of fern and lycophyte species of conservation concern, these ex situ conserva-
tion methods have been underutilized. There is a need for the publication of 
guidelines and protocols to encourage increased attention to these groups and to 
facilitate best practices in future banking efforts. This would allow current seed and 
plant tissue banks to utilize their expertise and infrastructure to expand their focus 

D. Ballesteros and V. C. Pence



245

to include ferns and lycophytes and to provide guidance to new efforts, thereby 
helping to secure the diversity of these species into the future.
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Chapter 12
Azolla and Bougainville’s Voyage Around 
the World

Francisco Carrapiço

12.1  Introduction

The French expedition that was led by Louis Antoine de Bougainville (1729–1811) 
and that sailed around the world from 1766 to 1769 is well known for its contribu-
tion to science, namely, geography, astronomy, zoology and botany, in particular the 
discovery of Bougainvillea in Brazil. Unknown to many, however, is the fact that it 
was during this voyage that the first Azolla samples for science purposes were 
collected and included in Commerson’s herbarium. This year (2017), this botanical 
event commemorates 250  years. The geographic origin of these Azolla samples 
collected by Philibert Commerson (1727–1773) and Jeanne Baret (1740–1807) was 
and still is a controversial matter, given that the information published by Jean- 
Baptiste Lamarck (1744–1829) in 1783 indicates that they were collected at the 
Strait of Magellan (Carrapiço 2010a; Lamarck 1783). In addition, the origin of 
Azolla’s name is often a source of confusion, based on two contradictory ideas. In 
conclusion, much of what is known about this fern’s history and biology needs to be 
updated and complemented with new information. It is our goal in this chapter to 
shed new light on the untold history and biology of this important aquatic fern.
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12.2  A New Look on the Taxonomy and Biology of Azolla

Azolla is a small-leafed floating or semiaquatic heterosporous fern presenting 
overlapping scale-like bilobed leaves covering a slender and branched rhizome that 
floats horizontally on the freshwater surface of tropical and temperate environments 
(Carrapiço 2017; Svenson 1944). The roots of this fern are simple and emerging on 
the ramification points of the ventral side of the stem. The genus Azolla belongs to 
the family Azollaceae (Schneller 1990; Wettstein 1903) and includes seven species 
divided into two sections: Rhizosperma (A. pinnata and A. nilotica) and Azolla (A. 
filiculoides, A. caroliniana, A. mexicana, A. microphylla and A. rubra) (Adams et al. 
2013; Pereira et  al. 2011). However, the systematics of the family Azollaceae, 
namely, the section Azolla, is an open issue still controversial and confusing. In 
2004, Evrard and Van Hove carried a review of the taxonomy of the New World 
Azolla species (section Azolla) reintroducing the species A. cristata, which was 
introduced in 1847 by the German botanist Georg Heinrich Mettenius (1823–1866), 
based on the previous classification made by Georg Friedrich Kaulfuss (1786–1830) 
in 1824 (Evrard and Van Hove 2004; Mettenius 1847; Svenson 1944). Evrard and 
Van Hove based their work on three morphological characters: leaf papillae, mega-
spore perine surface and number of glochidia septa. They rearranged the Azolla 
cluster in two species: A. filiculoides (grouping A. filiculoides, A. caroliniana Willd. 
and A. microphylla Kaulf.) and A. cristata (including A. caroliniana auct. non- 
Willd., A. microphylla auct. non-Kaulf. and A. mexicana Presl.) (Evrard and Van 
Hove 2004; Pereira et al. 2011). However, one of the characters used, the “number 
of glochidia septa”, varies among specimens of A. caroliniana and A. filiculoides, 
and for that reason, it is not a good taxonomic character (Pereira et  al. 2011). 
Furthermore, our research carried out on the species of the sections Rhizosperma 
and Azolla obtained from the IRRI germplasm collection and based on morphologi-
cal and molecular data, namely, RAPD markers, does not support this proposed 
classification, meaning that the results indicate the existing of a two-section rank-
ing, the A. pinnata and A. nilotica in section Rhizosperma and five distinct species 
on section Azolla: A. mexicana, A. microphylla, A. caroliniana, A. filiculoides and 
A. rubra (Pereira et al. 2011).

Each bilobed leaf of Azolla has an immersed, thick, greenish or reddish and pho-
tosynthetic dorsal lobe and a very thin (one cell thick), immersed hyaline ventral 
lobe. The chlorophyllous dorsal lobe contains an ellipsoid cavity, measuring 0.15 × 
0.30  mm, which opens to the exterior through a pore (Caiola and Forni 1999; 
Carrapiço 2002, 2010a, b; Veys et al. 1999). This extracellular compartment con-
tains a permanent and specific endosymbiotic prokaryote community, a heterocyst- 
forming filamentous nitrogen fixing cyanobacterium, usually assigned to Anabaena 
azollae, as well as several genera of bacteria, such as Arthrobacter, Corynebacterium 
and Agrobacterium (Carrapiço 1991, 2017). These microsymbionts are specific of 
this association and live immobilized in a mucilaginous fibrillary network, which 
fills the peripheral area of the cavity. The mucilaginous material of the leaf cavity is 
delimited by two envelopes, an external and an internal one, leaving the centre 
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empty and probably filled with gas or liquid (Carrapiço 2010a, b). The presence of 
the prokaryote community, which lives in permanent symbiosis with Azolla, plays a 
relevant role in the plant’s survival skills when faced with new conditions (Carrapiço 
2010b). This is related to the fact that this community constitutes a source of evolu-
tionary innovation, where symbionts are the means through which a rapid renova-
tion and adaptation of the entire symbiotic system occurs, as a response to new 
environmental challenges and with consequences at the metabolical, physiological, 
and even genetic levels (Carrapiço 2010b).

Azolla is able to maintain an inoculum of the prokaryote community (cyanobac-
teria and bacteria) between plant generations (Carrapiço 2010a, 2017; Ran et al. 
2010), and sporocarps act as the transfer vehicles during sexual reproduction (Ran 
et al. 2010). The majority of these studies refer to the cyanobionts, but we believe 
that the same process can also be applied to the bactobionts (Carrapiço 1991, 2010a, 
2017). This process relies on the capacity of the cyanobiont to differentiate motile 
non-heterocystous hormogonial filaments, which are attracted to and enter the 
megasporocarp through a narrow pore (Ran et al. 2010). The mechanism by which 
the cyanobacteria cells become associated with the developing sporocarps involves 
branched epidermal trichomes, which arise on the ventral surface of the apical meri-
stem and probably includes chemical mediators (Adams et  al. 2013; Carrapiço 
2017; Perkins and Peters 1993). On entering the megasporocarp, the hormogonia 
differentiate into akinetes in the indusium chamber above the megaspore, remaining 
dormant until the plant germinates (Adams et al. 2013), initiating a new generation 
of the life cycle of Azolla.

Azolla has been traditionally used as green manure for rice cultivation and ani-
mal feed not only in China and in Vietnam, in the past few centuries (Lumpkin and 
Plucknett 1980; Moore 1969), but also in Africa (Carrapiço 2010a) and in Central 
and South America (Mariano Montaño 2017, personal communication). In addition 
to agricultural purposes, there are other areas where the Azolla-Anabaena associa-
tion has been applied. The use of Azolla as biofilter and bioremediation tool for 
contaminated waters has been developed in the last three decades with success 
(Costa et al. 1999; Costa et al. 2009; Forni et al. 2001; Sela et al. 1989). Recently, 
new areas of research have emerged related to this fern. The use of this symbiotic 
system as a model for biological, genomic, phytochemical and physiological studies 
(De Vries et al. 2016; Qiu and Yu 2003), namely, evolutionary developmental biol-
ogy (De Vries and De Vries, in Chap. 2 of this book), and as an epistemological tool 
to understand the post-neo-Darwinian evolutive process (Carrapiço 2015) is cur-
rently taking place. In biotechnological research, including biological based life- 
support systems (BLSS), Azolla can be incorporated in bioregenerative space 
devices for cosmos exploration (Carrapiço 2010a).

The Azolla leaf cavity behaves as both the physiological and dynamic interface 
unit of this symbiotic association, where the recognition of molecular functions 
happens and the main metabolic and energetic flows occur (Caiola and Forni 1999; 
Carrapiço 2010b). Two morphologically distinct classes of epidermal trichomes 
(simple hairs and multicellular branched hairs), present in the leaf cavity, are 
involved in the transfer and uptake of metabolites from the fern to the prokaryote 
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colony and from the endosymbionts to the host. In the vacuoles of the apical cells of 
the simple hairs, a mixture of several chemical compounds, namely, lipids, polysac-
charides, polyphenols and alkaloids or alkaloid-like compounds, was detected 
(Carrapiço 2017; Carrapiço and Tavares 1989; Pereira and Carrapiço 2007). These 
chemical compounds may play a role in the communication between the host and 
the symbionts, in the selection of microorganisms that are not useful to the fern, in 
the control of the endosymbionts in the cavity and in the establishment and mainte-
nance of the symbiosis (Carrapiço 2017). In this sense, this cavity can be considered 
to be a natural microcosm (Carrapiço 2002), a special micro-ecosystem which 
reveals a self-organization and an ecological defined structure, allowing the pro-
karyotes speciation or to form ecotypes adapted to specific environmental condi-
tions (Carrapiço 2017).

Although traditionally considered as a lower vascular plant, Azolla exhibits sym-
biotic characteristics more evolved than the other vascular plant-cyanobacterial 
symbioses, such as Cycas and Gunnera (Adams et al. 2013; Carrapiço 2006). There 
appears to be no direct correspondence between the fern’s evolutionary phylogeny 
and the complexity of the symbiosis (Carrapiço 2010a). This unique symbiosis is 
sustained throughout the fern’s life cycle, where the cyanobiont and bacteria are 
always present and transferred from one generation to the next, either in the dorsal 
leaf cavities or in the megasporocarps, indicating the obligatory nature of the sym-
biosis (Carrapiço 2010a). It means that Azolla is not infected de novo, suggesting a 
specific phylogenetic co-evolution of the symbionts and the host, and can be consid-
ered as a natural photobioreactor with millions of years of evolution (Shi and Hall 
1988). It also represents a good example of hereditary symbiosis, showing that the 
complexity of the relationship between the host and the symbionts can be recog-
nized as a new level of biological organization in evolution. All this data leads to the 
idea that the Azolla-Anabaena-bacteria association works in a synchronized way 
and can be considered to be a polygenomic entity, in which the different genomes 
operate together in a complementary and synergistic way for the whole. It also sug-
gests that we are in the presence of a superorganism or symbiome/holobiont in both 
biological and ecological terms (Carrapiço 2010a, 2015, 2017) in which new meta-
bolic and organic capabilities are acquired and developed by the partners, which 
establish a new level of organization that goes beyond the individual capabilities of 
any individual partner. A good example of it can be found in the nitrogen metabo-
lism shared by the host and its partners in this symbiotic system. The atmospheric 
nitrogen fixed by the cyanobacterium through the heterocysts is converted into 
ammonia and released into the leaf cavity. It has been shown that intracellular 
ammonia pools of symbiotically associated Azolla are five times bigger than those 
of endophyte-free Azolla (Braun-Howland and Nierzwicki-Bauer 1990). The activi-
ties of ammonia assimilating enzymes in the isolated trichomes of the dorsal leaf 
cavity were much higher than those in Azolla leaves, while these activities in the 
Anabaena filaments were repressed to very low levels. The host accounts for at least 
90% and 80% of the total glutamine synthetase and NADH-dependent glutamate 
dehydrogenase activities, respectively. These results suggest that hair cells play an 
important role in the assimilation of the nitrogen fixed and released into the cavity 
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by the cyanobiont. The nitrogen is transferred to the fern, after having been acquired 
during the development of the symbiotic process (Carrapiço 2010b; Uheda 1990). 
This data indicates that the synergies associated with symbiosis had and continue to 
have a leading role in the morphological, reproductive, physiological and metaboli-
cal complexification of the organisms in evolution (Corning 1983, 2005). In fact, the 
fossil records also suggest that the relationship between the fern and the cyanobiont 
was established in the mid-Cretaceous, which implies that the two organisms have 
been co-evolving for at least 80 million years (Jonathan Bujak 2017, personal com-
munication; Bujak 2007; Bujak and Bujak 2014).

Data from the 2004 Arctic Coring Expedition (ACEX) cores, drilled in the cen-
tral Arctic Ocean near the North Pole, show the presence of fossil Azolla in Eocene 
sediments (~48,5 Ma) (Brinkhuis et al. 2006). The plant’s remains occur as lamina-
tions, reflecting seasonal or longer cycles, and they have been observed in more than 
50 Arctic wells from northern Alaska, the Canadian Beaufort and the Chukchi Sea 
(Bujak 2007). The presence of repeated Azolla laminations in the central Arctic 
Ocean also indicates that the Azolla plants grew in situ on freshwater layers that 
repeatedly developed on the surface of the Arctic Ocean, rather than being trans-
ported from freshwater bodies on the surrounding land. Brinkhuis et al. (2006) and 
Bujak (2007) also suggested that the enormous quantities of Azolla inhabiting the 
Eocene Arctic Ocean for almost a million years may have triggered the initial shift 
from the Mesozoic greenhouse world towards our present icehouse state. According 
to their model, CO2 absorption by the fern resulted in an abrupt reduction in this 
atmospheric gas with critical consequences in the climatic change and implications 
for the global biogeochemical cycles. This period is referred to as the Azolla event 
(Brinkhuis et al. 2006; Brouwer 2017; Bujak 2007; Carrapiço 2010a).

12.3  The Bougainville’s Voyage: A Journey Through Utopia

In 1766, Louis-Antoine de Bougainville begins the political and scientific voyage 
around the world under the auspicious of the French King Louis XV (Taillemite 
2006). This expedition involved two ships, the frigate Boudeuse, commanded by 
Bougainville and Nicolas-Pierre Duclos-Guyot (1722–1794) second in command, 
and the storeship Étoile, commanded by François Chenard de la Giraudais (1727–
1776) (Carr 1968; Dunmore 2002; Williams 2013). There were 214 persons on 
board the Boudeuse and 116 on board the Étoile (Ridley 2010). Philibert Commerson 
and Jeanne Baret were travelling aboard the latter, him as royal botanist, naturalist 
and physician and her as his assistant or valet with knowledge in medicinal plants 
as it was suggested by Ridley (2010). Knapp (2011), however, considers Ridley’s 
idea that Jeanne Baret was an “herb-woman” to be mere a speculation. Commerson 
was also a follower of the Genevan philosopher Jean-Jacques Rousseau (1712–
1778) and disciple of the Swedish naturalist Carl Linnaeus (1707–1778), who in 
1754 asked him to carry out research on marine plants, fishes and shells of the 
Mediterranean (Williams 2013).
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The first ship to sail from France (Nantes) was the Boudeuse on 15 November 
1766. However, but due to a storm in the Bay of Biscay, the ship had to return to 
France, to Brest, where she was repaired and returned to the sea on 6 December. 
From there, she sailed to South of America en route to the Falklands (Malvinas in 
Spanish or Malouines in French) (Bougainville 1771; Monnier et  al. 1993). The 
Étoile was not ready to sail at that time and only left France (Rochefort) on 1 
February 1767 (Monnier et  al. 1993). The first mission of Bougainville was to 
deliver the Falklands to Spain, which happened on 1 April 1767 (Monnier et  al. 
1993; Taillemite 2006). After that, the Boudeuse sailed to Rio de Janeiro to meet the 
Étoile, which has arrived to this city on 13 June. A month later, on 15 July, both 
ships sailed to the Rio de la Plata, having arrived on 31 July to the city of Montevideo 
(Monnier et al. 1993; Taillemite 2006). They stayed there until November, visiting 
Buenos Aires too. During this period, several field trips were carried out, in which 
many biological samples were collected by Commerson and Baret (Williams 2013), 
including the first Azolla samples for scientific purposes. Some of this material pre-
pared for herbarium was sporulated, which enabled us to identify its species using 
scanning electron microscopy (SEM) of the megaspore perine surface and also the 
leaf papillae. As it was expected, the Azolla species was A. filiculoides (Figs. 12.1 
and 12.2).

We must mention that these field trips in the region of La Plata were really chal-
lenging for Commerson, who was hindered by a bad leg (Williams 2013), meaning 
that the success of the botanizing work was in great part due to Baret. In fact, 
François Vivez (1744–1828), surgeon of the Étoile, referring to Jeanne Baret’s work 
in his journal, reinforces this idea saying that “she worked like a black. During our 
period of call at the River Plate, she went to collect plants in the plain, in the moun-
tains two or three leagues away carrying a musket, a game-bag, food supply and 
paper for the plants” (Taillemite 2006; Williams 2013).

On 5 December 1767, the two ships began crossing the Strait of Magellan, which 
gives access to the Pacific Ocean. The crossing took almost 2 months, more  precisely 

Fig. 12.1 Azolla samples from Commerson’s herbarium, MNHN, Paris. Sporophyte of Azolla 
observed with stereo microscope and presenting the typical overlapping scale-like leaves (arrows) 
(a). Detail of unicellular papilla of dorsal leaf lobe (arrow) observed in SEM and characteristic of 
A. filiculoides (b)
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52 days (Taillemite 2006) with a stormy and cold weather in unpleasant environ-
mental conditions (Williams 2013). It is interesting to mention that the Portuguese 
navigator and explorer Fernão de Magalhães (1480–1521), at the service of the 
Spanish Kingdom, took 27 days to cross the Strait in 1520 but with much better 
weather conditions (Taillemite 2006). During the crossing, Baret and Commerson 
did several trips inland to collect biological specimens (Dunmore 2002; Olivier 
1909; Williams 2013). François Vivez referring to Jeanne Baret in this period said 
“she spent entire days in the forest with snow, rain and ice, to seek plants, or along 
the seashore for shells. It remains for me to say in her praise that she generally sur-
prised everyone by the work she did” (Dunmore 2002; Taillemite 2006).

After sailing through the Strait of Magellan, the two ships entered into the Pacific 
Ocean en route to the unknown Tahiti, where they arrived on 2 April 1768 (Taillemite 
2006). This island was named “Nouvelle Cythère” by the Bougainville’s French 
expedition, without knowing that in June of the previous year the British naval offi-
cer and explorer Samuel Wallis (1728–1795), commander of the Dolphin, declared 
Tahiti to be an English Crown territory on behalf of King George III (Dunmore 
2002; Ridley 2010; Williams 2013). In fact, Wallis only returned to England in May 
1768 which explains why Bougainville had no knowledge of this discovery 
(Dunmore 2002). The name “Nouvelle Cythère” was “inspired from the Greek 
island where Aphrodite, the goddess of love and beauty, was said to have been born” 
(Dunmore 2002). The island was also claimed as French territory (Williams 2013) 
and is currently part of the French Polynesia (French Overseas Country) following 
its annexation in 1880, when it was proclaimed a colony of France.

Many of the officers of the Bougainville’s expedition were Rousseau’s followers, 
including Bougainville himself as well as Commerson. For this reason, they had 
high expectations in relation to the inhabitants of the New Cythera island and the 
evolution of their society. The theory of the “noble savage”, according to which man 
in its natural state was born essentially good, without guilty, was widely accepted in 

Fig. 12.2 Azolla samples from Commerson’s herbarium, MNHN, Paris. Some of this material was 
sporulated. Megasporocarps (arrows) and microsporocarp (mic) observed with stereo microscope 
(a). Megasporocarp with a visible megaspore perine surface ornamentation (arrows) observed in 
SEM and characteristic of A. filiculoides (b)
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the eighteenth century and served as a key philosophical reference for these men. In 
earlier primitive societies, mankind would have been happier and less exploitative 
than in modern societies where corruption and oppression established the pattern 
for development, exploitation and poverty (Dunmore 2002; Williams 2013). 
According to personal journals of several members of the expedition, Tahiti seemed 
to correspond to a utopian and romantic world, where happiness and love were the 
main rules in society (Dunmore 2002; Ridley 2010; Williams 2013). The island’s 
society, however, was not as romantic and peaceful as they thought (Williams 2013).

It was in these conditions that an incident happened with Jeanne Baret (while 
disguised as a man) when she was collecting samples onshore in Tahiti. It was 
Bougainville who described it in his journal. When Commerson and Baret were 
doing herborization work, a number of native men surround her yelling “Ayenne” 
(girl in local language) and attempted to carry her off, revealing that the Commerson’s 
assistant was a woman (Williams 2013). Jeanne Baret travelled much of the trip 
disguised as a man until she was discovered on April 1768 (Dunmore 2002; Ridley 
2010; Schiebinger 2003; Williams 2013). Although she has denied that Commerson 
knew her real identity, we know that they had lived together after Commerson’s 
wife, Antoinette Vivante Beau, passed away on 19 April 1762, following the birth of 
a son 3 days earlier (Ridley 2010). In fact, Jeanne Baret was hired as housekeeper 
in 1764 when she was 5 months pregnant. When she was declaring her pregnancy 
(as required by law) on 22 August 1764, in Digoin outside Lyon, she refused to tell 
the name of the child’s father (Ridley 2010; Schiebinger 2003, 2004). In September, 
they both moved to Paris, where in January 1765, a baby boy, called Jean-Pierre 
Baret, was born. The baby only lived a few months (Monnier et al. 1993; Ridley 
2010; Schiebinger 2003, 2004).

After leaving the paradisiacal Tahiti, the French expedition visited several Pacific 
islands before arriving to Port Louis in the Isle de France (Mauritius) on November 
1768. This island had become a French territory in 1715 and would remain so until 
1810, when Great Britain took control of the island (Dunmore 2002). In 1768, the 
intendant was Pierre Poivre (1719–1786), a naturalist and friend of Commerson, 
who invited him to stay on the island to carry out botanical work (Dunmore 2002; 
Williams 2013). Having accepted the invitation, Commerson and Baret would con-
duct research, over the following 4 years, on the natural resources of Isle de France, 
Bourbon (Réunion) and Madagascar. They focused in particular on plants with 
pharmacological interest, as well as on spice plants whose trade was controlled by 
the Dutch. For this natural work, they were helped by two young illustrators pro-
vided by Pierre Poivre: Paul Philippe Sanguin de Jossigny (1750–1827) and Poivre’s 
godson, Pierre Sonnerat (1748–1814) (Williams 2013).

In the meantime, Commerson’s health had been deteriorating. In a letter dated 19 
October 1772 and sent from the Isle of France to Paris, to his friend the astronomer 
Jérôme Lalande (1732–1807), he refers to these health problems in a prophetic way 
saying that “after an attack of rheumatic gout, which kept me in bed for nearly three 
months, I thought I was convalescent, when, in addition, dysentery attacked me; up 
to the present it was been incurable, and it was brought me to the very edge of the 
grave. My strength is almost utterly exhausted, and I am already more than half 
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worn out. If the country air and diet of rice and fish do not cure me of this attack, 
you may well, as you once said (prophetically, no doubt), begin to work on the his-
tory of my martyrology”. (Olivier 1909). He tried to obtain some relief from these 
health problems by moving to the East coast of the Isle of France, but on 13 March 
1773 at 11:45 p.m., Commerson died at Le Flacq, at a friend’s house, only a few 
weeks after his last botanical excursion and before the news that he had been elected 
member of the Académie des Sciences could reach him on 21 March 1773 (Dunmore 
2002; Olivier 1909; Williams 2013). He was buried the next day in the Flacq 
cemetery, although his grave was never identified (Dunmore 2002).

12.4  The Winds of Liberty and the Emotions of the Natural 
World

As we have mentioned previously, Philibert Commerson and Jeanne Baret travelled 
in the same cabin on the Étoile. It was a very risky and delicate decision, but they 
were in a lovely relation not only with science (Knapp 2011; Ridley 2010; 
Schiebinger 2003, 2004). The sanitary conditions in both ships were very precari-
ous, namely, inadequate for women (Carr 1968), which reveals a very brave and 
courageous attitude on the part of Jeanne Baret who decided to travel on the Étoile 
with Commerson and with an all-male crew. When the voyage took place, it was 
forbidden by royal naval ordinance for officers and sailors to have women on board, 
which led her to disguise herself as a man (Schiebinger 2003, 2004). The impor-
tance of her work to herbalize and to discover new botanical species has not been 
emphasized by many authors, but it was thanks to her work that many of the biologi-
cal specimens have seen the daylight and reached France on May 1774 after the 
Commerson’s death at Flacq in the Mauritius Island (Isle de France) on 13 March 
1773 at the age of 45 (Monnier et al. 1993). Despite Philibert Commerson being a 
very good and determined botanist with a large expertise, it is well known that he 
was not a very organized person and was often ill or physically diminished during 
the voyage, namely, due to an injured leg made by a coach accident in Niort prior 
the journey and later gout crisis, which jeopardized part of his goals as naturalist 
(Bour 2015; Dunmore 2002; Williams 2013). However, Jeanne Baret, 13  years 
younger than Commerson, provided him with support and assistance during field 
trips, namely, by collecting and preparing biological specimens. As Bougainville 
referred in his 1771 historical book Voyage autour du monde par la frégate du roi la 
Boudeuse et la flûte l’Étoile; en 1766,1767,1768&1769, Jeanne Baret was “an 
expert botanist”, and also Commerson “praised her for the countless plants she col-
lected, the herbaria she constructed, the many collections of insects and shells she 
curated” (Schiebinger 2003). As a tribute to Baret’s work, Commerson named one 
of the collected plants as Baretia bonnafidia, a flowering plant from Madagascar 
known for its “doubtful sexual characteristics” (Schiebinger 2004). However, 
Commerson never published it, and posteriorly this plant was renamed and included 
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in the genus Turraea belonging to the family Meliaceae (Knapp 2011; Ridley 2010; 
Schiebinger 2004). It was only in 2012 that a definitive tribute to Jeanne Baret was 
achieved in recognition to the importance of her botanical work in science through 
the paper of Tepe et al. (2012), which named a new species of Solanum (S. baretiae) 
in her honour.

A considerable part of the biological material first collected in Brazil and La 
Plata failed to arrive to France (Olivier 1909; Williams 2013), leading Commerson 
to vow never to separate himself from his collections (Olivier 1909). After 
Commerson’s death, several bureaucratic problems emerged between the Isle de 
France administration and the Commerson’s biological material executors, which 
complicated the transfer of the collections to the Jardin du Roi in Paris (renamed 
Jardin des Plantes in 1793, after the 1789 revolution) (Williams 2013). Furthermore, 
many of the collections and manuscripts were not organized. Since it was decided 
to expedite the transfer of the material to France, it was not possible for the execu-
tors to catalogue it appropriately (Williams 2013). In November 1773, the boxes 
with the biological collections and his manuscripts were sent to the Jardin du Roi in 
Paris through the ship the Victoire which arrived at Lorient on May 1774 (Taillemite 
2006). The number of boxes sent is still a matter for discussion. According to 
Christinat (1996), it seems there were 32 boxes, although the number indicated by 
the inventory letter sent by the Intendant Jacques Maillart-Dumesle (1730–1782) 
from Port Louis was 34. It was Paul de Jossigny, who has worked with Commerson 
as illustrator in the Isle de France, that travelled and escorted this material to Paris 
and delivered it to Georges-Louis Leclerc de Buffon (1707–1788) and Bernard de 
Jussieu (1699–1777) at the Cabinet d’Histoire Naturelle du Roi, including the draw-
ings of the specimens collected by Commerson (Bour 2015; Williams 2013).

Using the new excellent database of the Muséum National d’Histoire Naturelle 
(MNHN) in Paris, we have found 3986 specimens of vascular plants collected by 
Philibert Commerson and, although not referred, also by Jeanne Baret in several 
locations during the Bougainville’s voyage and also during his stay at Mauritius, 
Madagascar and Réunion (Le Bras et al. 2017). These plants sent to Paris were in 
most cases new for science. This material and other biological samples collected by 
Commerson and Baret were almost “cannibalized” by the scholarly world, namely, 
by the established French scientific community, though often without proper attri-
butions (Williams 2013). I believe that a good example of it can be found in the 
well-known Bougainvillea, a flowering plant from Brazil and named by Commerson 
in honour of Bougainville in 1767. This plant, although with the name of 
Buginvillaea, and other 36 with their attributions were described by Antoine Laurent 
de Jussieu in 1789  in the Genera Plantarum (Jussieu 1789; Williams 2013) few 
days before the storming of the Bastille and the beginning of the French Revolution. 
In 1799, the German botanist Carl Ludwig Willdenow (1765–1812) published in the 
Species Plantarum the description of the species Buginvillaea spectabilis Willd. 
(currently Bougainvillea spectabilis Willd.) (Willdenow 1799) without any refer-
ence to Commerson. The same seems to have happened to the Azolla specimens 
collected by Philibert Commerson and Jeanne Baret, which were studied and pub-
lished on by several scientists without reference to the original herborization work 
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and research. Nevertheless, it is important to mention that Commerson never pub-
lished his observations, as he has died before having the possibility to deepen his 
research. According to Georges Cuvier (1769–1832), “it is astounding that one man 
should have been able to do so much in so short of time and in a tropical climate” 
(Olivier 1909; Williams 2013). The collaborative partnership between Commerson 
and Baret was key in completing this task successfully (Knapp 2011).

What happened to Jeanne Baret after Commerson’s death? We know that she 
became the owner of a small tavern at Port Louis (Isle de France), because she was 
fined for selling alcohol during the mass period in December 1773 (Dunmore 2002; 
Ridley 2010). After this reference, her name reappears in the official records in con-
nection with her marriage to Jean Duberna (or Dubernat), a French officer, on 17 
May 1774 in Port Louis (Dunmore 2002; Knapp 2011; Ridley 2010). The couple 
returned to France in early to mid 1775, settling down in Saint-Aulaye in Dordogne, 
some 80 km north of Bordeaux (Dunmore 2002). In 1785, she was granted a pen-
sion of 200 livres a year by the Ministry of Marine, as well as the official and public 
recognition of being an “extraordinary woman” for assisting Commerson’s work 
during the voyage, for sharing with him the dangers of the mission and for showing 
great courage in her duty (Dunmore 2002). Although not mentioned, it is suspected 
that Bougainville was behind this decision (Dunmore 2002). On 5 August 1807, she 
died at home in the small village of Saint-Aulaye at the age of 67 (Dunmore 2002), 
leaving everything she possessed to Commerson’s heirs, namely, his son Archambault 
(1762–1834) (Olivier 1909). She was the first woman to do the circumnavigation of 
the world (Ridley 2010).

12.5  Who Discovered Azolla?

The first reference and crude illustration of this plant in the literature was made by 
the French priest and naturalist Louis Feuillée (1660–1732), based on a Peruvian 
specimen. Published in 1725  in the Journal des Observations Physiques, 
Mathematiques et Botaniques under the name of Muscus squamosas aquaticus ele-
gantissimus, the reference also included that the plant was used for improving the 
production of chicken eggs (Carrapiço 2010a, b, 2017; Evrard and Van Hove 2004; 
Feuillée 1725). The first samples for herbarium purposes of this aquatic pterido-
phyte were collected in 1767 by Philibert Commerson and Jeanne Baret in 
Montevideo and Buenos Aires region. After Commerson’s death, this material was 
freely studied by several naturalists, among them were Marc Antoine Louis Claret 
de La Tourrette (1729–1793), Jean-Baptiste Lamarck, Antoine Laurent de Jussieu 
(1748–1836), Carl Ludwig Willdenow, Augustin Pyramus de Candolle (1778–1841) 
and Antoine Laurent Apollinaire Fée (1789–1874). Although Lamarck describes in 
1783, in the Encyclopédie Méthodique, the species Azolla filiculoides referring that 
the plant was brought from Magellan (Carrapiço 2010a; Lamarck 1783), we believe 
this was an error. This assumption is based on the information in Bougainville’s 
journal, which makes reference to these places, dates and existing samples at the 
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Herbarium of the Jardin botanique de Lyon, the Herbarium of the Muséum National 
d’Histoire Naturelle de Paris, the Herbarium of the Institut de Botanique de 
l’Université de Montpellier and the Herbarium of the Conservatoire et Jardin bota-
niques de la Ville de Genève (Fig. 12.3). An interesting note can be found in the 
Antoine Laurent de Jussieu’s herbarium sheet existing at the Muséum National 
d’Histoire Naturelle of Paris (MNHN-P-P00668168) and probably written by the 
hand of this botanist, indicating that “M.  Lamarck l’a annoncé du detroit de 
Magellan, par erreur” and referring to these samples from Buenos Aires and 
Montevideo and were included in Commerson herbarium (Fig.  12.4). It is also 
important to mention that the environmental conditions of the Strait of Magellan 
were not adequate to the biology, development and ecology of A. filiculoides 
(Roberto Rodríguez-Rios 2010, personal communication).

The Azolla ecological and biological description made by Lamarck was only 
possible if he had the opportunity to observe the live plant. This was, however, not 
the case, as Azolla had arrived in dried form on a herbarium sheet, and this fern did 
not exist in Europe at the time (Lamarck 1783; Marsh 1914). In fact, Azolla was 
only introduced in Europe in 1872 in several botanic gardens, from which it escaped 
into ditches and ponds (Marsh 1914). The solution to this Lamarck’s enigma can 
probably be found in the information included by Philibert Commerson with the 
collected Azolla and its ecology, which was observed by him and by Jeanne Baret 
in loco (Carrapiço 2010a). The published description made by Lamarck indicates 
that Azolla “C’est une petite plante aquatique, qui paroît flotter à la surface des eaux 
à la manière des Lenticules, (Lemna) avec lesquelles elle semble avoir beaucoup de 

Fig. 12.3 Sheets from Commerson’s herbarium featuring Azolla samples stemming from several 
botanical institutions: Muséum National d’Histoire Naturelle de Paris (a), Conservatoire et Jardin 
botaniques de la Ville de Genève (b), Jardin botanique de Lyon (c), Institut de Botanique de 
l’Université de Montpellier (d)
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rapports, et qui a néanmoins l’aspect d’une très petite fougère” and “cette plante a 
eté rapportée de Magellan par M. de Commerson” (Carrapiço 2010a; Lamarck 
1783). This error made by Lamarck related to the Azolla location had consequences 
for the fern systematics. As an example, Carl Ludwig Willdenow studied the Azolla 
samples from the Commerson herbarium and published in 1810  in Species 
Plantarum that there was a new species of this fern, named Azolla magellanica 
Willd. (Willdenow 1810) (meaning Azolla from the Strait of Magellan). This spe-
cies was in fact A. filiculoides. It was also in this publication that Azolla caroliniana 
was described for the first time based on material derived from Richard (Louis 
Claude Richard, 1754–1821) in Paris, and probably collected by Michaux (André 
Michaux, 1746–1802) in the Southeastern United States (Svenson 1944), referring 
to the geographic location of the plant collected.

Regarding the origin of the name Azolla, we know that Lamarck described A. 
filiculoides without referring to it. Several authors have suggested that the genus is 
a result of two words of Greek origin: azo, to dry, and ollyo, to kill, alluding to death 
from drought (Gledhill 2008; Lumpkin and Plucknett 1980; Moore 1969; Stearn 
1992). This interpretation seems contrived, and we believe that the name may cor-
respond to a native word for the plant (Dyce 1988, edited and expanded by John 
Edgington in 2016; Carrapiço 2010a). We do not know for certain who was 

Fig. 12.4 Antoine Laurent de Jussieu’s herbarium sheet with a note referring to Lamarck’s error, 
Muséum National d’Histoire Naturelle of Paris (MNHN-P-P00668168). Probably handwritten by 
Jussieu, indicating that “M. Lamarck l’a annoncé du detroit de Magellan, par erreur”
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 responsible for coining the name Azolla, but Commerson and Baret have probably 
adopted the designation used by the native population in Buenos Aires or in 
Montevideo having included it in the description sent to the Jardin des Plantes. 
Commerson’s description was eventually used by Lamarck in the Encyclopédie 
Méthodique (Lamarck 1783) although without proper attributions.

12.6  Conclusion

Azolla is an aquatic fern that presents an endosymbiotic prokaryotic community 
(cyanobacteria and bacteria) in the chlorophyllous dorsal lobe of the leaf. This sym-
biotic association is sustained throughout the fern’s life cycle, where the cyanobiont 
and bacteria are always present and transferred from one generation to the next, 
either in the dorsal leaf cavities or in the megasporocarps, indicating the obligatory 
nature of the symbiosis. Given all the referred main physiological and ecological 
characteristics, the Azolla leaf cavity can be seen as the “Rosetta Stone” of the sym-
biosis, allowing us to understand the dynamic and the synergistic processes of this 
symbiotic system (Carrapiço 2017). It represents the key to comprehending Azolla 
as a superorganism (Carrapiço 2010a) and to understanding how this remarkable 
and unique fern can be “domesticated” in view of an improved biobased future 
economy (Brouwer et al. 2014).

Azolla did not exist in Europe when the Bougainville’s voyage around the world 
took place in the eighteenth century, from 1766 to 1769. It was in Montevideo and 
Buenos Aires, and not in the Strait of Magellan, that this plant was collected for the 
first time for science purposes and prepared for herbarium by Philibert Commerson 
and Jeanne Baret. Following Commerson’s death in the Isle de France (Mauritius) 
in 1773, his herbarium and manuscripts, including all biological specimens col-
lected by himself and Baret, were shipped to the Jardin du Roi in Paris and distrib-
uted among several scientists affiliated to a number of scientific institutions. In 
1783, Lamarck describes in the Encyclopédie Méthodique the species Azolla filicu-
loides referring that the plant was brought from Magellan by Philibert Commerson 
(Carrapiço 2010a; Lamarck 1783). This reference, however, was an error related to 
the geographic location of the biological material collected by Commerson.
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Chapter 13
The Power of Gametophyte Transformation

Linh Thuy Bui, Holly Long, Erin E. Irish, Angela R. Cordle, 
and Chi-Lien Cheng

Abbreviations

dsRNA Double-stranded RNA
gRNA Guide RNA
GUS β-Glucuronidase
HR Homologous recombination
RNAi RNA interference
siRNA Small interfering RNA
T0 Primary transformant of gametophyte or 

sporophyte
T1 Generation produced by selfing T0

TALEN-mediated genome editing Transcription activator-like effector nuclease-
mediated genome editing

13.1  Introduction

Transgenesis is an essential tool to study gene function, and a simple, efficient 
DNA-delivery system is a criterion for any model organism. Ferns, the most diverse 
group of non-seed vascular plants, are sisters to the seed plants (Raubeson and 
Jansen 1992; Stevenson and Loconte 1996; Kenrick and Crane 1997; Pryer et al. 
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2001). The phylogenic position of ferns provides an excellent opportunity for inves-
tigating fundamental questions in land plant evolution such as those concerning 
alternation of generations, invention of seeds, and meristem organization. The 
homosporous fern Ceratopteris richardii has been championed as a model organism 
for over 20  years (Hickok et  al. 1995; Chatterjee and Roux 2000; Leroux et  al. 
2013) but only recently have transgenesis methods been developed successfully 
(Muthukumar et al. 2013; Plackett et al. 2014; Bui et al. 2015) in the fern. In this 
chapter, we will review methods of transgenesis developed in C. richardii and other 
non-seed land plant models and then focus on gametophyte transformation and its 
deployment for the study of asexual alternation of generations in the fern.

13.2  Transgenesis in the Moss Model

The moss Physcomitrella patens is a well-developed land plant model. A rare fea-
ture of P. patens, and possibly mosses in general (Trouiller et  al. 2007), among 
multicellular organisms is its preference for using homologous recombination to 
repair DNA double-strand breaks discovered during the development of gene- 
targeting procedures (Schaefer and Zyrd 1997; Strepp et al. 1998) and later verified 
(Kamisugi et al. 2006). This feature has been exploited further to develop highly 
efficient targeted gene deletion and replacement procedures (Hohe et  al. 2004). 
Although highly efficient, gene replacement in P. patens using linear DNA relying 
on the natural capacity of homologous recombination repair proves to be difficult, 
often with complex rearrangements at the target site (Wendeler et  al. 2015). 
Recently, CRISPR-Cas9-mediated gene targeting has been developed in P. patens. 
With a single DNA double-strand break created at the target site, both single-copy 
integration and precision were increased compared with the conventional method 
(Collonnier et  al. 2017). Multiplex gene editing has also been achieved using 
CRISPR-Cas9-mediated gene targeting in P. patens (Lopez-Obando et al. 2016). In 
addition, an RNAi-based method has been developed for gene suppression (Bezanilla 
et al. 2003, 2005) and used successfully in knocking down the expression of single 
(Nakaoka et al. 2012) or multiple (Vidali et al. 2009; Burkart et al. 2015) genes. In 
this system, the RNAi construct is integrated through homologous recombination 
into a locus that shows no phenotypic consequences when disrupted.

The dominant generation of P. patens is the gametophyte generation; haploid 
cells are preferable recipients in transgenesis. Ever since the first demonstration of 
successful stable transformation of P. patens (Schaefer et al. 1991), protonemata, 
the juvenile phase of gametophytes, have been used as the source of protoplasts, and 
PEG-mediated DNA transfer has been the commonly used DNA delivery system 
(Hohe et al. 2004, and see any recent publications such as Horst et al. (2016), Li 
et al. (2017)). Another method for DNA delivery is particle bombardment, which 
has been shown to stably integrate DNA in both random and targeted fashions, 
depending upon the vectors designed, into the moss genome (Cho et  al. 1999; 
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Šmídková et al. 2010), but heritability has not been tested. An advantage of this 
system is that intact protonemata can be used, bypassing protoplast preparation and 
subsequent regeneration.

13.3  Transgenesis in the Liverwort Model

The liverwort Marchantia polymorpha is another well-developed model organism 
in the nonvascular lineages of land plants (Ishizaki et al. 2016). Like P. patens, the 
gametophyte of M. polymorpha is the dominant, long-lived generation. The haploid 
M. polymorpha generation is dioicous, conferred by heteromorphic sex chromo-
somes, X or Y. A M. polymorpha spore will inherit either an X or Y chromosome 
and upon germination develops into a thallus with archegonia or antheridia, respec-
tively. In addition to reproducing sexually, a mature thallus can multiply through 
vegetative propagation by forming clustered gemmae on the dorsal side of the thal-
lus. Each gemma will develop into a free-living, individual thallus. Both spore- 
derived and gemma-derived immature thalli have been used, without the need for 
making protoplasts, as the plant source for transgenesis experiments. The ability to 
propagate thalli vegetatively through gemmae provides a resource of plant material 
with pure genetic background for transformation and, after transformation, allows 
clonal maintenance of transgenic lines indefinitely. In addition, because each 
gemma originates from a single cell, vegetative propagation can avoid potential 
chimerism of a transgenic thallus by going through just one round of gemma forma-
tion (Ishizaki et al. 2016).

Particle bombardment using either spore-derived (Chiyoda et  al. 2008) or 
gemma-derived (Takenaka et al. 2000; Kajikawa et al. 2008) young thalli was suc-
cessful in generating random insertions for gene function analyses. Agrobacterium- 
mediated transformation of a non-seed land plant was first made successful in 
M. polymorpha in 2008 (Ishizaki et al. 2008) and has become the method of choice 
for DNA delivery in that species. Both gemma-derived and spore-derived young 
thalli were used for transformation, and the latter grown in liquid media was used to 
generate a large number of T-DNA tagged lines for mutant screening (Ishizaki et al., 
2008; Ishizaki et al. 2013; Honkanen et al. 2016).

Gene targeting has been made possible by using two approaches, natural homol-
ogous recombination and genome editing to knock out genes. At first, a positive/
negative double-selection procedure previously used in rice gene targeting was used 
in M. polymorpha; HR products reached 2% of the surviving transformants (Ishizaki 
et al. 2013), and knockout mutants were successfully produced (Shimakawa et al. 
2017). CRISPR-Cas9-mediated genome editing was used successfully targeting an 
auxin response gene (Sugano et al. 2014). In this system, an endogenous U6 pro-
moter was used to drive the gRNA. In another design, strategies of selecting high 
Cas9 expressers and shorter gRNA proved to increase the efficiency and avoid off- 
target effects (Osakabe et  al. 2016). TALEN-mediated genome editing was also 
used to generate targeted mutations in M. polymorpha (Kopischke et al. 2017).
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13.4  Transient and Stable Transformation in the Fern Model

Unlike moss and liverwort species whose dominant generation is the gametophyte, 
the dominant generation in ferns, as in seed plants, is the sporophyte. In contrast to 
seed plants, where gametophytes are retained by and depend upon the sporophytes 
for growth and development, the spores of ferns are shed from the sporophytes and 
develop into free-living gametophytes. This life cycle, as that of the moss and liver-
wort, offers an opportunity to use gametophytes as the target for transgenesis.

Transient suppression of gene expression by RNAi was made possible by direct 
uptake of dsRNA into germinating spores of Marsilea vestita (Klink and Wolniak 
2001) and C. richardii (Stout et al. 2003) and by particle bombardment of DNA 
constructs into gametophytes of Adiantum capillus-veneris (Kawai-Toyooka et al. 
2004) and C. richardii (Rutherford et al. 2004). In an elegant system, young her-
maphroditic gametophytes of C. richardii were co-bombarded with an RNAi con-
struct using the partial sequence of a C. richardii gene encoding protoporphyrin IX 
magnesium chelatase (CrChlI) under the control of P35S plus a construct of P35S- 
driven GUS reporter. The CrChlI protein is required for chlorophyll biosynthesis; 
without it, the gametophyte becomes colorless. RNAi silencing in plants such as 
Arabidopsis is systemic due to amplification of siRNA by RNA-dependent RNA 
polymerases (see a review by Willmann et al. 2011). Presumably, similar mecha-
nisms act in the fern, as all the cells, including those formed after bombardment, 
were colorless. In contrast, GUS expression was restricted to cells that received the 
DNA constructs. The chlorophyll synthesis suppression was carried into the sporo-
phyte after gametogenesis and fertilization, but the degree of this epigenetic inheri-
tance was variable. Because the white sporophytes eventually died, further genetic 
inheritance of the suppression could not be followed. A similar system was success-
fully applied to study the function of an arsenite transporter in the arsenic-tolerant 
fern Pteris vittata by RNAi suppression (Indriolo et  al. 2010). More recently, 
Agrobacterium-mediated transient transformation in C. richardii was also demon-
strated (Bui et al. 2015).

Transgenesis of ferns was first demonstrated in P. vittata and C. thalictroides 
(Muthukumar et al. 2013). In this report, spores were chosen as the plant material 
for Agrobacterium-mediated transformation, while spores, 5-day-old germinating 
spores, and 15-day-old gametophytes were used in the particle bombardment trans-
formation. The results for Agrobacterium-mediated transformation are encouraging 
because GUS reporter expression persisted to the T2 sporophytes of two indepen-
dent transgenic lines. However, this system lacks an effective method to select for 
transformants, which makes it difficult to determine the transformation efficiency 
and to evaluate the efficacy of the method. As for the particle-bombarded tissues, 
GUS expression was detected in the whole young sporophytes when spores and 
5-day-old germinating spores were used, and, as expected, patterns of GUS expres-
sion suggested chimerism when 15-day-old gametophytes were bombarded. The 
stability of the transgene is not known as these bombarded, GUS-expressing game-
tophytes were not followed through into the sporophyte generation.
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A tractable transgenesis system using particle bombardment was established in 
C. richardii and C. thalictroides (Plackett et al. 2014) and an updated protocol soon 
followed (Plackett et al. 2015). This protocol uses sporophytes, not gametophytes, 
as the recipient for transgenesis. Young sporophytes developed from cultured game-
tophytes are induced to produce callus tissue, excised, subcultured, and then bom-
barded with a DNA construct carrying P35S driving a GUS reporter and PNOS driving 
HPH for hygromycin selection. The bombarded calli are selected and T0 sporo-
phytes regenerated on hygromycin before being transplanted to soil. This well- 
documented protocol produces T0 sporophytes with high efficiency, and the 
transgenes are stably integrated with the majority persisting into the T1 sporophytes. 
The necessity of callus induction followed by sporophyte regeneration is a major 
drawback of this transgenesis method. Regeneration from callus often results in 
chimeric T0 sporophytes, necessitating a delay on direct genefunction evaluation 
until the next generation. In addition, the inherent problem with particle bombard-
ment of multiple insertions of the transgene was also true in this case.

13.5  Agrobacterium-Mediated Transformation  
of C. richardii Gametophytes

The preferred method to generate transgenic plants is the simple, floral-dip in- 
planta method first developed in Arabidopsis (Bechtold et al. 1993). The procedure 
involves dipping a bolting Arabidopsis plant into an Agrobacterium culture carrying 
the desired constructs, allowing the plant to set seed, then selecting for transformed 
seeds. Typically, 0.5% to 3% of seeds are transformed. Importantly, in this system, 
the target of the Agrobacteria is predominantly the female gametophyte (Ye et al. 
1999; Bechtold et  al. 2000; Desfeux et  al. 2000). Two important lessons can be 
learned from this now classical method of transformation: one is to avoid tissue 
culture if at all possible, and the other is the susceptibility of female gametophytes 
to Agrobacterium infection. With those points in mind and encouraged by the suc-
cessful and efficient transformation of the non-seed plant M. polymorpha by 
Agrobacteria (Ishizaki et al. 2008) and by a patent application published online for 
fern spore transformation (the work was later published by Muthukumar et  al. 
2013), we set out to develop an Agrobacterium-mediated gametophyte transforma-
tion system for C. richardii.

From our previous studies of asexual alternation of generations by induced 
apogamy and apospory in C. richardii, we learned that although the fern is readily 
coaxed into asexual developmental pathways, both sporophytes and gametophytes 
also have the propensity to regenerate (Cordle et al. 2007; Bui et al. 2012). With 
the knowledge of the gametophyte’s capacity to regenerate, we were further con-
vinced that gametophytes are ideal for transformation. After failed attempts at 
transforming intact gametophytes with Agrobacteria, we decided to partially 
digest the cell wall of gametophytes before co-cultivation to facilitate direct con-
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tact of Agrobacteria with fern cells. This strategy avoided the care needed in han-
dling protoplasts and allowed transformed gametophytes to quickly regenerate. 
This protocol is simple to perform, is reproducible, and has an efficiency of 
around 5% (number of transformed gametophytes divided by total hermaphro-
dites used in co-cultivation). The regenerated T0 hermaphrodites are moved to 
individual fertilization wells for phenotype observation and for selfing or crossing 
to another line. After the T1 sporophytes have produced a few roots, they are trans-
planted to soil (Fig. 13.1). It takes approximately 12–15 weeks between co-culti-
vation and transplanting to the soil. Segregation analysis of the T1 spores from 
individual lines showed that 50% of the lines contain single-site insertions. 
Detailed procedures and results are described in Bui et al. (2015) where a slightly 
different protocol is also described for transient transformation (Fig. 13.2), which 
can be useful for a quick test of whether a promoter is expressed in the gameto-
phytes, among other applications.

Fig. 13.1 Stable transformation of C. richardii gametophytes. Two weeks after co-incubation 
with Agrobacteria, transformed gametophytic cells remained green and survived on selective 
media (b, arrows), while the untransformed gametophytes failed to grow (a). A single (c) or mul-
tiple (d, orange arrows) regenerated hermaphroditic gametophytes may arise on one gametophyte. 
A male gametophyte developed from transformed cells of the hermaphroditic gametophytes (d, 
white arrow). The young T1 sporophytes growing in the soil after 1 week (e) or 2 months (f). Bars 
in (a), (b), and (d) = 1 mm; bar in (c) = 0.5 mm; and bars in (e) and (f) = 2 cm (Adapted from Bui 
et al. 2015)
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Fig. 13.2 Enzyme treatments facilitate transient transformation. A 12-day-old gametophytes 
treated with 1.5% (w/v) cellulase (a) or with 1.5% (w/v) cellulase and 0.5% (w/v) macerozyme (b) 
for 2 h. Histological GUS analysis of transiently transformed gametophytes (d, e, and f) treated 
with 1.5% (w/v) cellulase and 0.5% (w/v) macerozyme as in (b), or control (no enzyme treatment, 
c). Bar = 0.5 mm (Adapted from Bui et al. 2015)
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13.6  Gametophyte Transformation Deployed for the Study 
of Asexual Alternation of Generations

The life cycle of the fern partitions sporogenesis and gametogenesis into two inde-
pendent plants, the sporophyte and the gametophyte, respectively. In contrast, spo-
rogenesis and gametogenesis are tightly linked in time and space in angiosperms. 
These differences make the direct comparison of asexual reproduction in angio-
sperms to that of ferns somewhat difficult but not impossible. The comparison was 
made by Cordle et al. (2011) and is summarized here. Asexual reproduction through 
seeds is called apomixis (Nogler 1984). Because there is no seed production in 
ferns, we will concentrate on how embryos are formed in apomixis and set aside the 
consideration of the interdependence of the embryo and endosperm for each other’s 
development. There are three major apomictic pathways in angiosperms (Ozias- 
Akins 2006; Tucker and Koltunow 2009; Schmidt et al. 2015), all bypassing fertil-
ization: an aposporous embryo develops from a nucellus or integument cell 
autonomously, an adventitious embryo develops from a nucellus or integument cell 
adjacent to the fertilized embryo, or a diplosporous embryo develops from an unre-
duced egg-like cell produced from abnormal gametogenesis. In fern species that 
undergo obligate apogamy in nature, the gametophytes are incapable of sexual 
reproduction due to a lack of functional archegonia or antheridia. Interestingly, 
gametophytes of fern species such as C. richardii that normally reproduce sexually 
in nature can be forced to produce apogamous sporophytes if fertilization is pre-
vented and they are grown on high levels of sugar (Cordle et al. 2007). The genera-
tion of sporophytes from gametophyte prothallus cells bypassing fertilization in the 
fern (apogamy) is comparable to aposporous embryogenesis in angiosperms with 
the difference that C. richardii gametophyte cells are haploid whereas nucellus or 
integument cells in angiosperms are diploid. In obligately apogamous fern species, 
abnormal mitosis or meiosis during sporogenesis gives rise to restitution nuclei 
whose chromosome number is not reduced. Thus the ploidy levels of the gameto-
phyte and the apogamous sporophyte are the same. It is therefore tempting to com-
pare the abnormal sporogenesis in apogamous ferns to the diplosporous embryo of 
apomixes, although in the latter case, the unreduced egg-like cell is the result of 
abnormal gametogenesis. A comparable situation to the apomictic adventitious 
embryo in angiosperms cannot be found in the fern. Rather, in our experience with 
apogamy induction in C. richardii, a gametophyte producing zygotic sporophytes is 
rarely observed to also generate apogamous sporophytes on induction media.

One of the most exciting recent findings about apomixis is the discovery that the 
BABY BOOM (BBM) gene resides in the apospory-specific genomic region (ASGR) 
of Pennisetum squamulatum (Conner et al. 2015), a polyploidy grass whose mode 
of apomixis has been studied extensively. These researchers were able to insert a P. 
squamulatum BBM sequence identified in the ASGR under the control of its native 
promoter into the genome of a tetraploid, sexual relative, P. glaucum. Unfertilized, 
diploid eggs of the transgenic P. glaucum were able to develop into embryos. 
Although it is unclear how the ASGR BBM expression pattern compares with the 
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BBM gene residing outside of the ASGR, if indeed such a gene exists in the P. squa-
mulatum genome, it is plausible to speculate that an ectopic and/or overexpressed 
ASGR BBM causes apomixis.

The BBM gene was identified as an early embryo-expressed gene from a Brassica 
napus microspore embryo culture where vegetative cells of immature pollen grains 
develop into embryos in vitro (Boutilier et al. 2002). Ectopic expression of B. napus 
BBM (BnBBM) or its soybean homolog results in spontaneous somatic embryogen-
esis in planta in Arabidopsis and B. napus (Boutilier et al. 2002; El Ouakfaoui et al. 
2010). In addition to in planta somatic embryogenesis, ectopic expression of 
BnBBM in sweet pepper increases the regeneration rate in Agrobacterium-mediated 
transformation (Heidmann et al. 2011). In tobacco, ectopic expression of Arabidopsis 
or B. napus BBM enhanced the regenerative capacity and induced spontaneous cal-
lus, root, and shoot formation (Srinivasan et al. 2007). Interestingly, use of an induc-
ible system for identifying BBM target genes uncovered many genes with no known 
roles in somatic embryogenesis but which were predominantly expressed in somatic 
embryos, suggesting multiple entries to somatic embryogenesis (Passarinho et al. 
2008). This notion was further supported by the report of additive and in some cases 
synergistic effects of ectopic expression of BBM and WUS2 in improving monocot 
transformation (Lowe et al. 2016).

The diverse effects of ectopic BBM expression in different species and cell types 
suggest an interaction between BBM targets and the existing program where the 
BBM gene is ectopically expressed, be it of an unfertilized egg of P. glaucum, the 
cells of an Arabidopsis cotyledon, or immature maize embryos. Will the BBM pro-
tein act within the gene network of gametophyte cells of C. richardii? The BBM 
protein belongs to the euANT lineage, a subfamily in the AP2/ERF family of tran-
scription factors (Kim et al. 2006; Floyd and Bowman 2007). There are nine euANT 
genes in Arabidopsis including AINTEGUMENTA (ANT), BBM, and AIL5 (Aoyama 
et  al. 2012). Like BBM, ectopic expression of AIL5 produces in planta somatic 
embryos in Arabidopsis (Tsuwamoto et al. 2010). A single euANT gene, CrANT, 
the homolog of the Arabidopsis ANT gene, has been identified from a C. richardii 
transcriptome. Although uncertain without a sequenced genome, C. richardii may 
lack BBM and AIL5, as do Selaginella moellendorffii and P. patens, the two non-
seed plants with sequenced and published genomes. Using the Agrobacterium-
mediated gametophyte transformation system described above (13.5), CrANT and 
BnBBM were each overexpressed in C. richardii gametophytes under the control of 
P35S. As observed in angiosperms, the transformation and/or regeneration efficien-
cies were increased by overexpression of CrANT and BnBBM in C. richardii game-
tophytes. More importantly, overexpression of either gene causes spontaneous 
apogamy at a rate higher than the sugar-induced apogamy. When CrANT expression 
was knocked down by RNAi, both the regeneration frequency and sugar-induced 
apogamy levels were decreased. The above work was published in 2017 (Bui et al.). 
More recently, the Arabidopsis AIL5 was overexpressed in C. richardii with similar 
results, albeit with less potent effects, to that of the BBM overexpressing gameto-
phytes (Fig.  13.3). There are multiple well-conserved domains among CrANT, 
BBM, and AIL5, but the two domains required for BBM to promote somatic 
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embryogenesis (El Ouakfaoui et  al. 2010) are not present in CrANT (Bui et  al. 
2017), and only one is conserved in AIL5. A plausible interpretation of the results 
is that the interaction between a gene network and a conserved region (or regions) 
in the three genes that promotes apogamy in the fern no longer occurs to promote 
somatic embryogenesis in angiosperms.

13.7  Conclusion

A simple and reproducible Agrobacterium-mediated system to transform the 
gametophyte has been established in C. richardii. Direct transformation of game-
tophytes has made possible the study of candidate gene functions in apogamy, the 
asexual alternation from the gametophyte to the sporophyte generation. These 
studies connect apogamy in ferns to that of somatic embryogenesis and apomixis 
in angiosperms, providing a lead to trace the evolution of asexual reproduction in 
land plants.

Fig. 13.3 Overexpression of BnBBM, CrANT, and AtAIL5 in C. richardii resulted in spontaneous 
apogamy. The percentage of apogamy was calculated based on the number of gametophytes exhib-
iting at least one apogamous sporophyte divided by the total number of gametophytes that survived 
the selection. BFM, basal fern medium with no sugar supplements. 2.5% Glucose, basal fern 
medium supplemented with glucose. Vertical lines indicate standard deviation. Asterisks denote 
levels of significant difference between different groups at p = 0.1 (1 asterisk) or p = 0.05 (2 aster-
isks) calculated using Student’s t-test using Excel Microsoft Office 2013. Unpublished results of 
AtAIL5 overexpression was incorporated into published results (Bui et al. 2017)
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Chapter 14
Generation of Transgenic Spores  
of the Fern Ceratopteris richardii  
to Analyze Ca2+ Transport Dynamics  
During Gravity-Directed Polarization

Ashley E. Cannon, Mari L. Salmi, Araceli Cantero, and Stanley J. Roux

14.1  Introduction

Ceratopteris richardii is a homosporous, aquatic fern that is found in tropical and 
subtropical regions worldwide. Unlike seed-bearing model plants, such as 
Arabidopsis, ferns have an alternation of generations that is defined by two indepen-
dent, autotrophic haploid and diploid generations (Hickok et al. 1995). Ceratopteris 
richardii is a particularly appealing fern system to study because it has a relatively 
short life cycle of approximately 4 months, is easily cultured and propagated, and 
can be used in genetic studies (Hickok et al. 1987). These valuable characteristics 
have led plant scientists to use this model system for over 30 years for conducting 
various physiological, biochemical, and genetic studies. To cite just a few examples 
of the diverse studies carried out, they include documentation of the role of a 
pheromone- induced gene in sex determination in Ceratopteris (Wen et al. 1999), 
the role of gravity in spore polarization (Edwards and Roux 1998), and the analysis 
of the Ceratopteris genome structure (Nakazato et al. 2006).

In addition to using the multicellular gametophyte and sporophyte, many studies 
have focused on the single-celled spore as a model, and this spore cell will be the 
focus of this chapter. As reviewed in this chapter, the Ceratopteris spore is a valu-
able cell to study because its development is well characterized and predictable 
(Chatterjee and Roux 2000), and it can be transformed for cellular and molecular 
studies (Plackett et al. 2014, 2015; Bui et al. 2015). Many of the studies using the 
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Ceratopteris spore are focused on the developmental and signaling aspects of 
gravity- directed polarization, in which the transcellular transport of Ca2+ plays a key 
role in determining that the rhizoid will emerge and grow in a downward direction 
when the spore germinates. The focus of this chapter will be to review and update 
the data documenting the key role of Ca2+ transport changes in transducing the grav-
ity stimulus into directed polarized growth and then to illustrate how RNA-seq 
analyses and genetic transformation studies still in progress have the potential to 
identify molecular components that transport Ca2+ and serve as Ca2+-binding signal-
ing agents.

The central role of Ca2+ transport in spore polarization first became evident from 
studies of the early steps leading to spore germination. In Ceratopteris richardii, 
spore germination is initiated by hydration and exposure to red light. Within hours 
of germination initiation, Ca2+ enters the spore through channels at the bottom and 
exits through pumps at the top, forming a 100-fold [Ca2+] differential measured 
outside the cell between its top and bottom (Salmi et al. 2011; ul Haque et al. 2007). 
That this differential is regulated by gravity was demonstrated by Salmi et al. (2011) 
during parabolic flight experiments in which transient changes in the g-force were 
directly related to changes in the Ca2+ differential: the differential dropped to near 
zero in micro-g and doubled in magnitude at 2-g. Some of these results were inde-
pendently confirmed in more recent hyper-g studies, in which the [Ca2+] differential 
increased with increasing g-forces (Park et al. 2017).

Chemical and kinetic studies provided more insights into the role of Ca2+ trans-
port changes in mediating the effects of gravity on cell polarization. If the entry of 
Ca2+ along the bottom of the spore is blocked by the Ca2+ channel antagonist nife-
dipine, the percentage of spores emerging downward is dramatically reduced 
(Chatterjee and Roux 2000). The efflux of Ca2+ at the top of the spore peaks between 
7 h and 12 h after light induces the germination process. Polarization is irreversibly 
set by the force of gravity within 24–30 h after spore germination is initiated by 
light while the spore is still a single cell. After this time, all subsequent development 
is aligned with the direction of gravity perceived by the spore during this initial 
period.

As a result of gravity-directed polarity fixation, the nucleus migrates downward 
around 24 h after germination initiation. That this downward migration was directed 
by gravity was demonstrated by video microscopy of spores germinated in the 
Space Shuttle on orbit, which showed that in micro-g, the nuclei migrated in ran-
dom directions (Roux et al. 2003). Both in space and on earth, this nuclear migra-
tion prepares the cell for an asymmetrical cell division at 48-h post-light exposure. 
Also both in space and on earth, the direction the nucleus migrates predicts the 
direction the rhizoid will emerge. On earth the direction of gravity perceived by the 
spore is displayed by the downward direction that the primary rhizoid grows after 
emerging around 72 h after germination is initiated (Edwards and Roux 1994). This 
highly predictable growth and developmental pattern allows scientists to visually 
observe the effects of disrupting cellular and molecular machinery during gravity- 
directed polarization or other developmental events of interest.
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Previous studies focused on understanding gravity-directed polarization in 
Ceratopteris spores provided some insight into the cellular and molecular mecha-
nisms governing this process. However, these studies were limited by a lack of gene 
sequence information and a reliable method of transformation. Ceratopteris spores 
were transiently transformed for the first time by incubating surface-sterilized 
spores with double-stranded RNA (dsRNA) (Stout et al. 2003).

Stout et al. (2003) used RNA isolated from spores 20 h after light exposure to 
generate a cDNA library, and dsRNA constructs were generated using these 
sequences. When dsRNA is produced by or introduced into cells, it causes the deg-
radation of homologous transcripts. This technique is now routinely used to cause 
RNA suppression or silencing and is referred to as RNA interference (RNAi) 
(Watson et al. 2005).

Stout et al. (2003) successfully suppressed transcripts related to Ca2+ signaling in 
Ceratopteris richardii using this technique. The dsRNA constructs suppressed the 
steady-state mRNA levels of target genes during the entirety of the incubation 
period without affecting the expression of other genes assayed. The level and length 
of suppression were transient, but it successfully and selectively knocked down 
genes during developmental processes of interest, e.g., gravity-directed polariza-
tion. This was the first study to show that RNAi could be used to knock down gene 
expression in Ceratopteris richardii.

Since the initial RNAi experiment that transiently transformed Ceratopteris 
spores, scientists have tried using other techniques to stably transform ferns. 
Muthukumar et al. (2013) used A. tumefaciens to transform spores; however, the 
efficiency was so low, 0.03%, that this method was not a feasible option. Bui et al. 
(2015) also used A. tumefaciens-mediated transformation but increased the effi-
ciency of transformation by using gametophytes that had been treated with cell 
wall-digesting enzymes. In this method, 12-day-old gametophytes were treated with 
1.5% (w/v) cellulase and 0.5% (w/v) macerozyme. This treatment disrupted most of 
the cell walls, but the tissue remained intact. After breaking down the cell wall, 
gametophytes were co-incubated with Agrobacterium that contained a plasmid with 
the β-glucuronidase (GUS) reporter gene for 48  h (Bui et  al. 2015). Using this 
method, 90% of the gametophytes showed GUS expression. This protocol worked 
to transiently transform Ceratopteris richardii gametophytes.

In addition, Bui et al. (2015) also developed a protocol to achieve stable transfor-
mation. Gametophytes of the same age were incubated in 1.5% (w/v) cellulase, the 
optimal treatment to ensure regeneration. After this treatment, cells were co- 
incubated with Agrobacterium containing a vector with a selection gene, hygromy-
cin phosphotransferase (HPT) (Bui et al. 2015). A 35S promoter-driven GFP marker 
gene was used for phenotypic screens. This method led to 1.6%–2.6% stable trans-
formation efficiency, with an average transformation-to-spore time period of 
12–15 weeks (Bui et al. 2015).

In addition to Agrobacterium-mediated transformation techniques, a method 
using callus and microparticle bombardment was recently developed. In this 
method, Plackett et al. (2014, 2015) generated callus from the shoot apex of 14-day- 
old sporophytes. Ceratopteris calli were transformed with a plasmid that contained 
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a GUS gene driven by a 35S promoter and an HPT selection gene, using micropar-
ticle bombardment. The transformation efficiency of this method was 71.58% ± 
2.56%, a much higher level than previous methods.

By removing cytokinins from the culture medium, transformed calli were 
induced to develop into sporophytes in about 8  weeks. These sporophytes were 
transferred to soil, and T1 spores were harvested 10–14 weeks later. Plackett et al. 
(2014, 2015) reported that on average, it took 4.5–5.5 months, from the time of 
bombardment to the time of T1 spore harvest. Additionally, it took at least 6 weeks 
for Ceratopteris richardii spores to ripen and germinate at a high enough percentage 
to feasibly analyze hygromycin resistance. Although this method took a lot of time, 
the transformation efficiency was very high. It was the first method developed that 
could feasibly be used to insert genes or knockdown endogenous genes in order to 
analyze specific molecular aspects of gravity-directed development. Our lab utilized 
this method to generate Ceratopteris mutants that would allow us to test alternative 
hypotheses proposed to identify the key Ca2+ transporters and signaling agents by 
which the gravity stimulus is transduced into polarized development of spores. In 
the next several sections of this chapter, we will describe Ceratopteris transforma-
tion experiments in which we successfully targeted specific genes for suppression 
or overexpression in order to test hypotheses about the likely molecular components 
that initiate the Ca2+ transport changes and that bind Ca2+ to link the Δ[Ca2+]cyt to cell 
polarization. Although in each set of experiments the success of the transformation 
was verified, the tests of how these transformations altered the gravity response are 
still in progress, and the results of these tests will not be presented here.

The first genetic modification selected was to transform Ceratopteris cells with 
a FRET-based Ca2+ sensor, Yellow Cameleon 3.60. As described below, the success 
of this effort has generated a uniquely valuable tool that can be used to analyze 
intracellular Ca2+ dynamics and rapidly screen transformants in Ceratopteris, a 
primitive plant system. Most of the remainder of this chapter will describe the meth-
ods and technical hurdles that had to be overcome to achieve successful transforma-
tion and how this tool can now be used to identify and characterize the transporters 
and Ca2+-activated signaling agents that are induced by gravity to direct the polar-
ization of single-celled spores.

14.2  Screening Assays of Sporophytes and Gametophytes 
Transformed with Yellow Cameleon 3.60

The pioneering publications of Plackett et al. (2014, 2015) and of Bui et al. (2015) 
described very well the methods that could be used to achieve successful stable 
transformation of Ceratopteris richardii. Relatively minor modifications of the 
biolistic method of Plackett et  al. (2014, 2015) were employed to transform 
Ceratopteris with the Yellow Cameleon gene 3.60. Once the multiple steps of those 
transformation methods were completed, it became necessary to confirm that the 

A. E. Cannon et al.



289

putative transformants were, indeed, stably transformed with the YC 3.60 gene. This 
was done by a combination of genotypic and phenotypic screening, as described in 
the following two sections.

14.2.1  Genotypic Screening of Transgenic Lines

Genomic DNA (gDNA) was isolated from fronds of T0 sporophytes using the 
DNeasy Plant Mini Kit. Mutants were screened using a PCR with primers designed 
to amplify the YC 3.60 gene. After confirming the presence or absence of the YC 
3.60 gene, the relative expression of YC 3.60 was analyzed using RT-PCR.

RNA was extracted from Ceratopteris sporophyte fronds using the Spectrum 
Plant Total RNA Kit. RNA was extracted from spores using a protocol previously 
published in Salmi et al. (2005). RNA isolated from spores or fronds was used for 
cDNA synthesis. The purity and concentration of RNA were determined using a 
NanoDrop UV-Vis spectrophotometer. The RNA integrity was checked by running 
a sample on a 1% agarose gel following the protocol of Aranda et al. (2012). The 
cDNA synthesis was done using the SuperScript First-Strand Synthesis System for 
RT-PCR. Primers specific to the YC 3.60 gene were used for a PCR using cDNA as 
a template. The Ceratopteris richardii actin and calmodulin genes were used as 
positive controls in semiquantitative RT-PCR.

14.2.2  Phenotypic Screening of Transgenic Lines

Imaging of YC 3.60 T0 and T1 roots of sporophytes was done using a Zeiss Axiovert 
200 M Fluorescence Microscope with a 100 W Hg lamp variable intensity power 
supply using a 20×/0.8 NA objective. Fluorescence filter cubes for CFP and YFP 
were used to screen for the presence of YC 3.60 in mutant roots. Roots were cut 
from mature sporophyte plants, rinsed, and maintained in ½ strength MS, pH 6.3 
until imaging. Each root was placed on a microscope slide with ½ strength MS, 
pH 6.3 and imaged using each filter cube. In order to account for autofluorescence, 
each mutant line was screened, and the optimal exposure time was recorded and 
used to screen wild-type plants with the same filter cubes. If the fluorescence inten-
sity of the signal was significantly higher than wild type using the CFP and YFP 
filter cubes, the mutant was considered phenotypically confirmed. An example of a 
sporophyte root showing YC 3.60-specific fluorescence is shown in Fig. 14.1.

Imaging of Ceratopteris rhizoids that germinated from spores harvested from T1-
transformed sporophytes was done using an inverted Zeiss LSM 710 confocal laser 
scanning microscope using a 20X/0.8 NA objective. The excitation wavelengths 
used were 405 nm and 514 nm for CFP and YFP, respectively. Gametophytes were 
placed on microscope slides with ½ strength MS, pH 6.3. After measuring YC 3.60 
rhizoid fluorescence, wild-type rhizoids were screened using the same exposure time 
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in order to look for differences in intensity of fluorescent signals. An example of a 
rhizoid that is showing YC 3.60-specific fluorescence is shown in Fig. 14.2.

Additional phenotypic screening of the gametophyte generation was also done 
by fluorescence light microscopy of T2 spores harvested from transformed 
 sporophytes. Imaging of YC 3.60 T2 spores was done using a Leica SP8 microscope 
with a Coherent Chameleon Ti:Sapphire mode-locked laser, a 63x/1.3 NA glycerol 

Fig. 14.1 Tissue-specific expression of Yellow Cameleon 3.60 in T0 Ceratopteris richardii roots. 
Wild-type roots (a and b) showed a low level of autofluorescence in the yellow fluorescent protein 
(YFP) emission spectrum. Two independent lines (c, d, e, and f) showed varying levels of YFP 
expression, but in every line screened, the signal was isolated to the vasculature. Images a, c, and 
e are the bright field images associated with the YFP fluorescence images shown in b, d, and f. All 
of the scale bars = 100 μm (Cannon 2016)
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objective, and a hybrid (HyD) non-descanned detector with a CFP-YFP beam split-
ter to detect the fluorescence. Fluorescence lifetime imaging microscopy (FLIM) 
was performed using a PicoHarp 300 router and analyzed using the SymPhoTime 
software package. Two methods, acceptor photobleaching and FLIM, were used in 
order to determine if the YC 3.60 protein was present in the spores. A video was 
constructed using images from a single time point that were assembled using Imaris 
x64 v8.0.1. An image of the intracellular region of Ceratopteris spores filled with 
intracellular, autofluorescent granules is shown in Fig. 14.3.

14.2.3  Insights Gained from Transforming Ceratopteris 
with Yellow Chameleon 3.60

By using the protocol developed by Plackett et al. (2014, 2015), we were able to 
achieve a similar high level of transformation. When compared to previous methods 
used, the transformation efficiency of 79% achieved by the biolistic-callus method 

Fig. 14.2 Ceratopteris richardii T1 gametophytes showed YC 3.60 expression in rhizoids. Wild- 
type gametophytes (a and b) showed a low level of autofluorescence in rhizoids in the yellow fluo-
rescent protein emission spectrum. The spore coat in wild-type (a and b) and YC 3.60 (c and d) 
gametophytes showed a very strong autofluorescent signal. The rhizoids in YC 3.60 gametophytes 
(c and d) showed a relatively strong YFP fluorescent signal. All of the scale bars  =  100 μm 
(Cannon 2016)
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used to transform Ceratopteris with YC 3.60 is much higher than what was achieved 
using Agrobacterium-mediated methods. This method successfully generated the 
first set of stable lines of transformed Ceratopteris richardii sporophytes that 
express a Ca2+ reporter gene that can be used both to rapidly determine if a fern has 
been transformed and to monitor intracellular Ca2+ dynamics during development. 
Transformation experiments also confirmed the efficacy of the method, which can 
now be used for multiple other gene transformations, as described below. Due to the 
novelty of this work, discoveries about the molecular characteristics and challenges 
associated with Ceratopteris transformation were made. These lessons can be used 
to optimize transformation in the future.

One discovery made during these experiments was a high level of autofluores-
cence in the spore, gametophytic, and sporophytic tissues screened during pheno-
typic assays. Autofluorescence is the fluorescence emission produced from 
endogenous molecules as a result of excitation from UV-Vis radiation. The major 

Fig. 14.3 Multiphoton fluorescence microscopy was used to visualize the intracellular region of 
Ceratopteris spores at a high resolution. (a) The Ceratopteris spore coat has a strong autofluores-
cent signal. (b) Ceratopteris richardii spores are full of autofluorescent granules with a fluores-
cence lifetime similar to the autofluorescent spore coat (Cannon 2016)
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challenge associated with autofluorescence is the ability to distinguish the intrinsic 
signal from fluorescent markers that have been introduced by exogenous application 
or genetically encoded after transformation.

The most common autofluorescent molecule in green plants is chlorophyll, 
which emits light at a wavelength of 600–700 nm in the red/far-red region of the 
spectrum. Another common cause of autofluorescence in plants is secondary metab-
olites such phenolics, alkaloids, and terpenoids (Talamond et al. 2015). Secondary 
metabolites autofluoresce in the blue region (430–450 nm) and some of the green 
region (520–530 nm) of the spectrum. Plant secondary metabolites help defend the 
plant against herbivores and pathogens but are also involved in plant growth and 
development. The high level of autofluorescence in the CFP emission range could 
be attributed to these secondary metabolites.

In general, the autofluorescence in the YFP emission range was very low. Because 
of the low level of autofluorescence in this region of the spectrum, all phenotypic 
assays were done using the YFP filter cube that collects light between 520 nm and 
550 nm. Even so, however, every tissue screened showed some level of autofluores-
cence. In order to overcome this issue, consistent controls were needed in order to 
subtract the average autofluorescent signal of wild-type sporophytes from fluores-
cent mutants.

Since the YC 3.60 protein is of limited use in autofluorescent tissues, alternative 
Ca2+-specific sensors may be used in future transformations. Recently, plant scien-
tists have started using a new Ca2+ sensor called GFP-aequorin (G5A). This is a 
chimeric protein composed of a green fluorescent protein (GFP) and aequorin, a 
bioluminescent protein. Like the yellow cameleon protein, the transfer of energy in 
this protein is Ca2+ dependent, so it can be used to monitor Ca2+ dynamics (Xiong 
et al. 2014). It is the transfer of energy from GFP to aequorin, referred to as biolu-
minescent resonance energy transfer (BRET), which defines the mechanism of Ca2+ 
detection. Since luminescence is the emission of light from a substance that does 
not require radiation, it is detected with a cooled charge-coupled device (cooled 
CCD) camera. This method eliminates problems associated with autofluorescence 
and has been successfully used to image Ca2+ dynamics in Arabidopsis leaves, a 
very autofluorescent tissue (Xiong et al. 2014).

In addition to GE5, another Ca2+ sensor that may be considered for future experi-
ments is R-GECO-1. R-GECO-1 is an intensity-based reporter that has recently 
been used in plant tissues. When Ca2+ binds to the CaM domain of R-GECO-1, it 
causes CaM to fold around the M13 domain. This change alters the chemical envi-
ronment of the chromophore leading to an increase in fluorescence intensity 
(Keinath et al. 2015). The GECO family of reporters has been optimized, and the 
newest version has an improved dynamic range, stability, and sensitivity. In addi-
tion, the GECO family of Ca2+ reporters has been developed in multiple colors. A 
GECO reporter could be used if the emission wavelength was outside of the auto-
fluorescent range of Ceratopteris tissues. In conclusion, the issues associated with 
autofluorescence in Ceratopteris could be overcome by using the GE5 or a GECO 
Ca2+ reporter. This would eliminate or decrease the problems associated with auto-
fluorescent interference.
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Beyond revealing the autofluorescence properties of Ceratopteris tissues, this 
YC 3.60 transformation process also led to a better understanding of the tissue spec-
ificity of the 35S promoter in this fern system. The Cauliflower Mosaic Virus 
(CaMV) 35S promoter is the most commonly used general purpose, constitutive 
promoter in plant transformation. The expression profile of this promoter has been 
analyzed in multiple systems where it shows constitutive expression with varying 
levels of tissue specificity (Odell et  al. 1985; Battraw and Hall 1990; Yang and 
Christou 1990; Benfey et al. 1990). When the expression profile of the 35S pro-
moter was analyzed in cotton, longitudinal sections through the root showed the 
highest level of fluorescence at the tip of the root and a moderate level of expression 
in the vasculature (Sunilkumar et al. 2002). When cotton pollen was analyzed, both 
wild-type and 35S::GFP pollen showed a moderate level of autofluorescence. 
However, some mutant pollen showed higher levels of fluorescence, indicating that 
this pollen was expressing GFP (Sunilkumar et al. 2002).

Due to the similarity in their structure, pollen is the best flowering plant tissue for 
comparison to spores. Pollen and spores are both surrounded by a thick, protective 
coat. The pollen tube and spore rhizoid are also both polarly growing single cells. 
Scientists have studied the expression of the 35S promoter in pollen of multiple 
flowering plants. The expression of the 35S promoter in tobacco pollen is low, and 
it is not detectable in Arabidopsis pollen (Wilkinson et al. 1997). However, Petunia 
pollen expressed the 35S promoter (Benfey and Chua 1989). These conflicting 
reports support the conclusion that the 35S promoter has tissue-specific expression 
patterns that are specific to the plant in which it is expressed.

One solution to solve the problems associated with the 35S promoter in fern 
spores would be to change the promoter in future Ceratopteris richardii transforma-
tions. An alternative promoter that has been used in multiple plant systems is the 
Arabidopsis ubiquitin-10 (UBQ10) gene promoter (Norris et al. 1993). This pro-
moter has a higher level of stability in transiently transformed plants when com-
pared to the 35S promoter (Grefen et al. 2010; Krebs et al. 2012). Additionally, in a 
direct side-by-side comparison, the UBQ10 promoter leads to a higher number of 
plant lines with suitable expression levels when compared to the 35S promoter 
(Behera et al. 2015). An alternative to a generic promoter is a fern-specific promoter 
or a spore-specific promoter. Studies looking into this option are limited by the lack 
of gene sequence information available for Ceratopteris richardii. Overall, the tis-
sue specificity and stability of expression issues could be overcome by changing the 
promoter from 35S to UBQ10 or a fern-specific promoter.

Although there were multiple issues associated with transforming Ceratopteris 
richardii with 35S::YC 3.60, one major success of these experiments was the dis-
covery of a fluorescence microscopy method that can be used to visualize the intra-
cellular region of spores at a high level of resolution. The technique used, multiphoton 
fluorescence microscopy, has been used to visualize dynamic processes in multiple 
living systems (Hoover and Squier 2013). Multiphoton microscopes are chosen over 
other fluorescent microscope systems due to their inherent optical sectioning 
method that restricts excitation of a fluorophore to the focal plane of the objective. 
This prevents photobleaching outside of the field of view. In addition, multiphoton 
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microscopes can be used to visualize and penetrate highly scattering tissue because 
they can utilize longer wavelengths than standard confocal microscope systems.

The unique attributes of the multiphoton microscope were necessary in order to 
visualize the inside of Ceratopteris spores. The serrated edges, high autofluorescent 
signal, and density of the spore coat made it very difficult to penetrate using a stan-
dard confocal microscope. The multiphoton system overcame the scattering and 
penetration issue associated with the spore coat. In order to visualize the entirety of 
the cell, a glycerol objective with a large numerical aperture, 1.3, was used. The 
near-infrared wavelengths along with a large numerical aperture objective allowed 
us to visualize the autofluorescent intracellular components of an optically turbid 
Ceratopteris spore for the first time (Fig. 14.3).

In these experiments, Ceratopteris richardii was stably transformed with a Ca2+ 
sensor that allowed for the first time an analysis of both Ca2+ dynamics during devel-
opment and a rapid detection of transformed ferns. Because of the novelty of this 
project, many issues came up during the process that would have been hard to pre-
dict. However, establishing a reliable method of transformation and detection of 
transformation success will allow scientists to efficiently proceed through this pro-
cess in the future. Additionally, using the current YC 3.60 lines, scientists will be 
able to analyze intracellular Ca2+ dynamics during different physiological events 
that cause changes in Ca2+ flux, e.g., mechanostimulation. These Ca2+ signatures can 
be compared to other systems and lead to a better understanding of the evolutionary 
aspects of Ca2+ signaling by comparing pteridophytes to gymnosperms and 
angiosperms.

14.3  Successful Transformations Altering Expression 
of Ceratopteris Genes and Their Potential to Help 
Identify Ca2+ Transporters and Signaling Steps 
Activated by Gravity

As discussed in the Introduction of this chapter, a key purpose of developing meth-
ods to stably transform Ceratopteris was so that genetic approaches could be used to 
identify key transporters and signaling agents that are activated by gravity to direc-
tionally polarize the spore cell. In the following sections, we will describe the specific 
gene transformations that have been carried out thus far and discuss the alternative 
hypotheses about mechanisms of gravity signal transduction these transformations 
are likely to help resolve. Although the experiments to test how these transformations 
alter the gravity response of spores are still in progress, the following texts well illus-
trate the potential value of the transformations achieved to clarify the mechanisms by 
which gravity directs cell polarization in Ceratopteris. Protein sequences for the pro-
teins encoded by the three different genes transformed (CrMscS, AnnCr2, psNTP9) 
and their alignments with related proteins are available at https://docs.google.
com/document/d/17zyakvK8_m9aDS8RbPOwGjzFJV607F3_jV1WSDlFa_I/
edit?usp=sharing.
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14.3.1  Mechanosensitive Channels

As noted in the Introduction, one of the earliest gravity-directed changes in spores 
is that Ca2+ enters the spore through channels at the bottom and then exits through 
pumps at the top, resulting in a Ca2+ differential between the top and bottom of the 
cell (Salmi et al. 2011; ul Haque et al. 2007). The fact that chemically blocking the 
entry of Ca2+ along the bottom of the spore, but not inhibiting the activity of Ca2+-
ATPAse pumps, disrupts the gravity response favored the conclusion that Ca2+ 
entry through channels along the bottom of the spore was the more important 
transport change that induces the subsequent gravity-directed polarization 
changes. So what kinds of Ca2+ channels would be likely to be activated by 
gravity?

In both animal and plant cells, mechanosensitive channels have been proposed to 
be among the earliest molecular responders to the gravity stimulus. According to 
this hypothesis, some settling mass such as a statolith or protoplasm can exert a 
force on the bottom membrane of the cell to induce the opening of mechanosensi-
tive cation channels. This would allow Ca2+ to enter from the extracellular matrix 
into the cytoplasm of cells. To test whether such channels are critical to initiate the 
gravity response in Ceratopteris spores, three different transcripts encoding mem-
bers of the MscS (mechanosensitive channel, small conductance) family of MS 
channels in Ceratopteris were identified by an RNA-seq analysis of genes being 
expressed at the time cell polarization is fixed by gravity. We obtained the full- 
length sequence of one of these genes (CrMscS1) and, in collaboration with the 
laboratory of Paul Blount at the University of Texas Southwestern Medical Center, 
obtained evidence in support of the conclusion that it actually has Msc activity by 
showing that it could partially rescue a bacterial knockout of Msc. We used a modi-
fied version of the method of Bui et al. (2015) to stably transform Ceratopteris with 
a short hairpin construct of CrMscS1. This construct generated an RNAi product 
that resulted in stably suppressing the expression of this MscS gene in mature spo-
rophytes of Ceratopteris.

Spores from these sporophytes are being generated now, and they will be used 
to test whether suppression of CrMscS1 has any effect on the ability of gravity to 
polarize the cell. Mechanosensitive channels can be localized both on internal 
membranes and on the plasma membrane, and localization of the CrMscS1 protein 
in spores has not yet been confirmed. It is possible that only those mechanosensi-
tive channels that are localized on the plasma membrane would mediate gravity-
induced entry of Ca2+ at the bottom pole of the cell, so companion experiments are 
being carried out to learn whether CrMscS1 or any of the other MscS-like genes in 
spores encode a channel that functions primarily on the plasma membrane. These 
localization experiments paired with gene suppression experiments will clarify 
whether MscS-like channels are key molecular transducers of the gravity response 
in single- spore cells.
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14.3.2  Annexins

Annexins belong to a multigene family of multifunctional Ca2+-dependent mem-
brane proteins found in animal and plant cells (Clark et  al. 2012). They play an 
important regulatory role in Ca2+-mediated signaling (Laohavisit and Davies 2011), 
including polar development of plant cells and Ca2+ influx (Wang et al. 2010; Tang 
et al. 2014; Zhu et al. 2014). With specific reference to gravity responses, annexins 
appear to be targets of Ca2+ action because the gravity stimulus alters their distribu-
tion in pea plumules, as judged by immunocytochemical analyses (Clark et  al. 
2000). One way annexins could mediate gravity responses is by their documented 
function in the directional secretion of materials to the plasma membrane and the 
wall (Konopka-Postupolska et al. 2011). Such localized secretion would be required 
to establish and maintain polarity in plant cells (Belanger and Quatrano 2000), and 
also to mediate the response phase of root and shoot gravitropism, because this 
phase requires that wall polysaccharides and membrane lipids be delivered asym-
metrically to the expanding cell periphery.

Both in Arabidopsis and in Ceratopteris, an early step in gravity-induced signal-
ing is the asymmetrical opening of Ca2+ channels (Cannon 2016). Thus, another 
potential connection between the function of annexins and gravity responses is the 
ability of annexins to facilitate the passive Ca2+ transport into cells (Laohavisit and 
Davies 2009), a function demonstrated genetically in Arabidopsis roots (Laohavisit 
et al. 2012). To genetically test the potential role of annexin in mediating the gravity- 
induced entry of Ca2+ along the bottom of spore cells, stable transformants of an 
annexin gene in Ceratopteris have been successfully engineered.

In Ceratopteris two full-length annexin transcripts, AnnCr1 and AnnCr2, have 
been identified. Because AnnCr2 is more abundantly expressed during the first 24 h 
of spore germination, when gravity is fixing the polarity of the cell and the transcel-
lular Ca2+ current peaks, this annexin was selected for the transformations. Using 
both the methods of Plackett et al. (2014, 2015) and Bui et al. (2015), we have suc-
cessfully generated two different lines of transgenic Ceratopteris sporophytes sta-
bly altered in their expression of AnnCr2, one constitutively expressing a spore 
annexin and one suppressed in annexin expression. Analysis of the gravity response 
of spores harvested from these sporophytes will clarify whether AnnCr2 plays a 
significant role in mediating either the gravity-induced entry of Ca2+ into spores or 
the subsequent Ca2+-mediated signaling steps needed for gravity to polarize these 
cells.

14.3.3  Apyrase

Apyrases are nucleoside triphosphate diphosphohydrolases (NTPDases) that hydro-
lyze nucleoside tri- and diphosphates but do not hydrolyze nucleoside monophos-
phates. Some apyrases are ectoapyrases, whose function is to limit the concentration 
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of extracellular nucleotides like extracellular ATP and ADP (eATP, eADP). These 
nucleotides can function outside the cell membrane as cell regulators when they are 
released from the cytoplasm by cells as they grow, when they are wounded, or when 
they are mechanically stimulated (Roux and Steinebrunner 2007). Experiments 
have shown that certain ectoapyrases play a significant role in plant growth and 
development (Deng et al. 2015; Wu et al. 2007; Lim et al. 2014; Liu et al. 2012), 
perhaps by controlling the rate of transport of the growth hormone, auxin, which 
can rise or fall depending on the eATP (Tang et al. 2003; Liu et al. 2012).

In Arabidopsis, inhibiting apyrase activity using antibodies and chemical inhibi-
tors caused the ATP in pollen growth media to increase (Wu et al. 2007). This exper-
iment supported the hypothesis that APYrase 1 (APY1) and APY2 in Arabidopsis 
regulate eATP like their homologs in animal systems. Additional evidence support-
ing this hypothesis came from experiments showing that the genetic suppression of 
APY1 increases eATP (Lim et al. 2014) and mimics the effects of increased eATP in 
modulating root skewing in Arabidopsis seedlings (Yang et al. 2015).

In animal systems, there are two main classes of ATP receptors that belong to the 
P2 superfamily, P2X and P2Y. The P2X receptors are transmitter-gated ion channels 
that allow Ca2+ ions to enter cells when ATP is bound. Although the P2Y receptors 
are not channels, the binding of ATP to them also leads to an increase in [Ca2+]cyt 
through the release of intracellular stores of Ca2+. In both cases, Ca2+ acts as a sec-
ondary messenger directing molecular events that lead to physiological changes. 
Recently, Choi et al. (2014) identified the first eATP receptor in plants. The receptor, 
DORN1 (DOes not Respond to Nucleotides 1), is a lectin receptor kinase I.9 
(At5g60300). When this receptor is mutated, the ATP-induced increase in [Ca2+]cyt 
is absent (Choi et al. 2014).

A role for apyrases and eATP in the gravity-directed polarization of Ceratopteris 
spores would be consistent with previously mentioned studies showing that Ca2+ 
channels in plant cells can be induced to open by extracellular nucleotides and that 
the concentration of these nucleotides is regulated by ectoapyrases (Clark and Roux 
2011). Because a transcript encoding an apyrase-like enzyme is expressed in 
Ceratopteris spores during the period of polarity fixation, we hypothesized that 
extracellular nucleotides and apyrases might play a role in gravity-directed early 
growth and development in this system (Edwards and Roux 1998). Data in Bushart 
et al. (2013) and in Cannon (2016) show that spores release ATP as they germinate 
and grow and that applied nucleotides and a purinoceptor antagonist that blocks the 
effects of eATP suppress gravity-directed polarization. Collectively, these observa-
tions are consistent with the hypothesis that extracellular nucleotides could influ-
ence Ca2+ transport in Ceratopteris spores as they do in Arabidopsis (Demidchik 
et al. 2009, 2011).

Since previous experiments demonstrated that extracellular nucleotides could 
play a role in gravity-directed polarization of Ceratopteris spores, and an apyrase- 
like enzyme is expressed during this process, the pea (Pisum sativum) apyrase 
(psNTP9), a documented ectoapyrase (Thomas et al. 1999), was used for Ceratopteris 
transformation. Using the methods previously described by Plackett et al. (2014, 
2015), we successfully generated one stably transformed line of transgenic 
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Ceratopteris sporophytes overexpressing psNTP9. Analyzing the gravity response 
of the spores produced by this sporophyte is in progress. These experiments will 
help determine the role of eATP in gravity-directed polarization. Based on data 
from previous studies, the constitutive expression of an ectoapyrase could decrease 
the concentration of eATP leading to a decrease in gravity-directed polarization. In 
addition to looking at the role of apyrase in the gravity response, it would also be 
valuable to determine if apyrase modulates eATP in Ceratopteris by measuring the 
concentration of eATP in the transgenic spores. Overall, transgenic spores overex-
pressing apyrase will help us determine the role of extracellular nucleotides and 
apyrase in the early growth and development of Ceratopteris spores, especially 
gravity-directed polarization.

14.3.4  Brief Note on a Nonviable Transformation

In addition to the successful transformations described above, we also attempted to 
ectopically express a Ca2+-ATPase pump, whose identity, sequence, and central role 
in the gravity-induced transcellular Ca2+ transport were well documented by Bushart 
et al. (2013). In contrast to the multiple successful transformations described above, 
three separate attempts to generate transformants stably expressing the Ca2+-ATPase 
gene, using the method of Plackett et al. (2014, 2015), all failed to yield any T0 
sporophytes with this transgene. This result could be an indication that some genes 
cannot be transformed into Ceratopteris callus using the biolistic method, but it 
could also indicate that enhanced expression of the Ca2+-ATPase gene is incompat-
ible with the growth of cells in the callus culture.

14.3.5  Platform for Testing Effects of Transformations on Ca2+ 
Transport Dynamics

Initial indirect tests of whether any of the individual transformations described 
above altered the gravity response of the spore could be done by assessing the direc-
tionality of rhizoid emergence, which is typically more than 85% downward in 
wild-type spores. However, more rigorous direct tests of whether any of the trans-
genic mutations altered gravity-induced changes in Ca2+ transport would require a 
device that could measure differential Ca2+ ion concentrations outside of individual 
cells. Self-referencing Ca2+-selective electrodes, such as used by Chatterjee et al. 
(2000), or a lab-on-a-chip device, such as used by Salmi et al. (2011), would be apt 
platforms that could assess even subtle Ca2+ transport changes that resulted from the 
introduced transgene. An even more valuable device for these measurements would 
be the recently described autonomous lab on a chip that successfully measured 
gradual changes in gravity-induced transcellular Ca2+ polarization induced by grad-
ual changes in the g-force applied to the spores (Park et  al. 2017). This device, 

14 Generation of Transgenic Spores of the Fern Ceratopteris richardii…



300

called a BioCD, has 32-spore wells laid out on a compact disc CD in four different 
rings at different distances from the center axis of rotation, so that when the disc is 
rotated, increasing g-forces are experienced by spores the further they are from the 
center. Because this device can be operated autonomously, it could be used in a 
spacecraft flying in low earth orbit, i.e., a microgravity environment, to assess the 
threshold of g-force needed to initiate the Ca2+ differential both in wild-type and in 
transgenic spores. Such an experiment would be a novel and valuable follow-up to 
earlier experiments examining the response of spores to the microgravity environ-
ment (Roux et al. 2003; Salmi et al. 2011).

14.4  Conclusion

This chapter had a twofold focus: an updated review of data demonstrating the key 
role of Ca2+ transport changes in transducing the gravity signal into directed polar-
ization of Ceratopteris spore cells and documentation of multiple successful trans-
formations of Ceratopteris. Along with the transformation descriptions, we 
discussed how these transformants can be used to test hypotheses on how the grav-
ity stimulus directs cell polarization of spores. The review also provided a website 
to access the full-length sequences for CrMscS, Ann2Cr, and CrAPY.

Tests of how/if the transformations alter the gravity response in transgenic spores 
are now in progress. Because current hypotheses implicate roles for MscS, annexin, 
apyrase, and Δ[Ca2+]cyt in gravity-induced responses of the spores, both positive and 
negative outcomes of these tests will be unique contributions that will advance an 
understanding of molecular mechanisms affected by gravity in spore cells. Certainly, 
also, the value of Ceratopteris spores as a model system for understanding gravity 
responses in single cells and for understanding cell polarization has been greatly 
enhanced by the transformation methods described by Plackett et al. (2014, 2015) 
and by Bui et al. (2015) and verified here as readily applicable to multiple different 
gene transformations.
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Chapter 15
Secondary Metabolites of Ferns

Janos Vetter

15.1  Introduction

A number of essential metabolic processes and metabolites are common to all 
plants, including photosynthesis, respiration, and protein and nucleic acid metabo-
lism. These processes and their components are very similar (and in some cases, 
identical) across different systematic groups. They are necessary for the primary 
metabolism of plants and are the subjects of plant physiology and biochemistry. 
Differences may be noted among certain systematic or ecological groups of plants, 
such as differences in photosynthesis among C3, C4, and Crassulacean acid metabo-
lism plants.

Secondary metabolism is the sum of specific biochemical processes. These reac-
tions (and the participating molecules) are specific for a certain group, such as a 
family, genus, or species. The secondary metabolites from a given group are synthe-
sized in similar or identical ways; furthermore, the precursor molecules (the main 
substrates for biosynthesis) are the same. Differences may be noted in the reactions 
of biosynthetic pathways (e.g., the participation of other enzymes, different factors 
of reactions). Large and diverse groups of molecules are formed by the secondary 
metabolites. These substances are synthesized from certain intermediary or final 
products of primary metabolism, but their functions can be very different. Their 
biological roles include comprehensive protection against microbes or different ani-
mals; they also are attractants and may play a role in plant-plant or plant-animal 
relations.

A plant’s secondary metabolites may be grouped in a variety of logical ways. For 
example, one can consider the chemical structure of molecules and group alkaloids 
based on their “skeleton” type: tropane alkaloids, isoquinoline alkaloids, etc. 
Alternatively, the biological or physiological effects can be used to group the 
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metabolites in a pharmacological sense. Thirdly, the principle of biogenetics can be 
used in a grouping based on the modes and precursors of their biosynthesis. In the 
latter approach, the plant’s secondary metabolites would have five main groups: 
saccharides, phenolics, polyketides, terpenoids, and nitrogen-containing metabo-
lites (mainly alkaloids). The following is a brief general overview of these groups:

 1. Saccharides. Saccharoid compounds originate directly from sugars or from simi-
lar derivatives. This group includes simple (or more complicated) sugar mole-
cules, uronic acids, amino sugars, and glycosides. According to the non-sugar 
parts (aglycons), the main subgroups are phenol-, N-, tio-, and cyanogenic 
glycosides.

 2. Phenolics. This group of metabolites is very large and important. A common 
biosynthesis process uses the shikimic acid pathway; its precursors originate 
from universal glycolysis (as a C3 molecule) and pentose phosphate cycles (as a 
C4 molecule). The produced shikimic acid is the starting point for the biosynthe-
sis of different phenolics, including cinnamoic derivatives, coumarins, tannins, 
and flavan derivatives (including isoflavonoids and phytoestrogens).

 3. Polyketides. This smallest group of secondary metabolites includes β-polyketone 
derivatives, composed of specific C2 units [(CH2-CO)n]. Their synthesis is 
attached to universal fatty acids by Ac-CoA participation.

 4. Terpenoids. These terpene-like compounds are composed of C5-units. The pri-
mary precursors are Ac-CoA molecules (as acetyl donors) from reactions of res-
piration; three Ac-CoA molecules produce mevalonic acid (a C6 molecule). 
Through different enzyme reactions, the mevalonic pathway produces hemiter-
penes (C5), monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), triter-
penes (C30), tetraterpenes (C40), and politerpenes (in which the number of 
C-atoms is greater than 40).

 5. Nitrogen-containing metabolites. These compounds are synthesized from some 
universal molecules (e.g., amino acids, nucleic acid basis molecules) in one or 
more steps. The most important reactions are decarboxylation and transamina-
tion. The most efficient molecules are the alkaloids; the number of described 
alkaloids today exceeds 14,000. Alkaloid biosynthesis starts from a given amino 
acid; its main purpose is the production of N-heterocycles.

The number and diversity of plant secondary metabolites has created a reservoir 
of potentially defensive chemical compounds. Some of these compounds occur in 
the wide spectrum of plant taxa, whereas other molecules are only found in certain 
taxa (e.g., in species, genera, or families). The protecting compounds are stored in 
different but separate compartments (mainly in vacuoles); thus, the probability of 
self-intoxication is very low or nonexistent (Mithöfer and Boland 2012). Defense 
reactions, based on secondary plant metabolites, have an inducible characteristic. 
The starting “signal” is the attack (entering) of herbivorous animals. The exact 
mode of action of these defense reactions is partly unknown; in general, the effects 
of secondary metabolites include disrupting animal cell membranes, influencing 
transport processes, and inhibiting various metabolic processes of animals (Mithöfer 
and Boland 2012).
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This chapter summarizes the chemical, biochemical, and botanical aspects of the 
secondary metabolites of ferns. The discovery of these new molecules through iso-
lation and structural/physiological investigations illuminates the chemical and bio-
logical properties of the secondary metabolites of ferns.

15.2  Secondary Metabolites of Ferns

15.2.1  Saccharides

The most characteristic active substances are the cyanogenic glycosides, the glyco-
sides of α-hydroxynitrils (Fig. 15.1). These molecules are enzymatically hydrolyzed 
(by β-glucosidase and by hydroxynitrile lyase enzymes) and release HCN mole-
cules. The cyanogenic glycosides are located in the vacuoles of cells. The 
β-glucosidase enzymes are located in the apoplastic space, are bound to cell walls, 
or are found in vesicles or chloroplasts. Liberation of HCN (cyanogenesis) begins 
with the mechanical destruction of a living plant structure.

Cyanogenic glycosides occur mainly in angiosperms and gymnosperms; how-
ever, some species of Pteridophyta contain certain cyanogenic glycosides. A 
Brazilian study examined the occurrence of these molecules in 19 fern species on a 
monthly basis (Santos et  al. 2005). Cyanogenic glycosides (based on picric acid 
tests) were continuously recorded in the species Pteridium aquilinum var. arachnoi-
deum and Microgramma vacciniifolia only. Prunasin is the most important cyano-
genic glycoside in ferns (Fig. 15.2). The different varieties of Pteridium aquilinum 
(fam.: Dennsteadtiaceae) were found to contain different quantities of prunasin. In 
the early phase of the plant, the prunasin concentration in crosiers varied between 
1.8 and 107.7 mg/g dry matter (DM) (Alonso-Amelot and Oliveros-Bastidas 2005). 
Jiang et al. (2013) reported the presence of vicianine (a glycoside with an aromatic 
substituent/phenol group and a vicianose disaccharide sugar component) in dried 
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Glaphyropteridopsis erubescens (fam. Thelypteridaceae) in greater quantity. New 
data from Africa (Oloyede et al. 2014) indicated the presence of cyanide in leaflets 
of Nephrolepis exaltata, although the content (0.12–0.53 mg cyanide   per 100 g 
FM= Fresh Matter) was much lower (by orders of magnitude) than the content of 
cyanogenic glycosides found in Pteridium taxa. Cyanogenic glycosides play a role 
in plant protection, acting as a feeding deterrent against insects and herbivore ani-
mals (da Costa et al. 2012). The release of HCN, which is one of the most effective 
plant toxins, inhibits cellular respiration by blocking cytochrome c oxidase in 
mitochondria.

15.2.2  Phenolics

To determine the total content of phenolics in ferns, Folin-Ciocalteous reagent is 
frequently used. The total level of phenolics is generally calculated using the gallic 
acid standard, with the concentration given in gallic acid equivalent units (GAE). 
Different methodological details (e.g., substance, mode and character of extraction, 
reagent, evaluation) can affect the chemical data remarkably.

Investigations have analyzed and compared the total phenolic content (TPC) for 
some common fern species using identical methods (Lai and Lim 2011; Gupta et al. 
2014). TPC values for some Indian ferns (Gupta et al. 2014) fluctuated between 
4.33 mg GAE/g FM and 77.4 mg GAE/g FM for Lindsaea odorata and Aleuritopteris 
flava, respectively. However, the majority of fern species had TPC values between 
5 and 22 mg GAE/g FM, with the arithmetical mean (n = 8) of TPC data being 
19.1 mg GAE/g FM.  Investigations by Lai and Lim (2011) established different 
groups of ferns:

 1. Ferns with the highest TPC content (21–32 mg GAE/g FM): Cyathea latebrosa, 
Cibotium barometz, Drynaria quercifolia, Dicranopteris linearis, and Blechnum 
orientale

 2. Ferns with high TPC levels (10–19 mg GAE/g FM): Adiantum raddianum and 
Pteris vittata)

 3. Ferns with moderate TPC levels (5–9.9 mg GAE/g FM): Acrostichum aureum, 
Nephrolepis biserrata, Diplazium esculentum, Pityrogramma calomelanos, 
Lygopodium circinnatum, and Pyrrosia nummularifolia

 4. Ferns with the lowest TPC quantities (3.20 and 2.00 mg GAE/g FM, respec-
tively): Pteris venulosa and Microsorium punctatum

To compare TPC values among different species, it seems logical to perform the 
evaluation according to their systematic position, such as at the level of genera or 
families. The two Pteris species (P. vittata and P. venulosa) had different TPC con-
tents. The species from the Pteridaceae family (Adiantum radianum, Pityrogramma 
calomelanos, Pteris venulosa, P. vittata, Acrostichum aureum) had TPC contents 
between 4.2 and 180 mg GAE/g FM, with the contents seeming to be independent 
of the family. The three Polypodiaceae species showed a wide distribution, with 
phenolic contents between 2.3 and 25 mg GAE/g FM.
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Based on the data from previous studies (Lai and Lim 2011; Gupta et al. 2014; 
Alonso-Amelot et al. 2004, 2007), the total phenolic content of ferns was grouped 
by family. Table 15.1 lists the calculated biometrical parameters for the number of 
available data, arithmetical means of phenolic contents, standard deviations, coef-
ficients of variation, and median, minimum, and maximum values. The average 
phenolic contents (means) for three families have a coefficient of variation of 
23–55%; however, this value is very high (108%) for the Pteridaceae family. A 
simple comparison of arithmetical means indicates remarkable differences between 
the families, with the greatest value for the Blechnaceae family. However, signifi-
cant, confirmative differences were not found between the phenolic contents of the 
given fern families (see Table 15.1).

An accepted fact in plant physiology and ecology is that plant phenolics are 
induced in response to stress factors in the environment. These molecules are 
thought to protect against damage from ultraviolet-B radiation (Lai and Lim 2011). 
Ecological factors can induce significantly higher levels of TPC, such as the 
increased ultraviolet radiation in the ecosystems of higher-elevation mountains. 
Species with high phenolic content can grow well in mountain habitats where sun-
light intensity is higher, at altitudes up to 1500–1700 m. On the other hand, the 
species Adiantum aureum has only 9.45 mg GAE/g FM, probably because of its 
capability for shade tolerance (Lai and Lim 2011). It appears that the systematic 
position of a fern is not a strong regulating factor for TPC. However, certain envi-
ronmental parameters (e.g., altitude, ultraviolet radiation, temperature, light condi-
tions) can affect the actual level of phenolics (Alonso-Amelot et al. 2004, 2007).

Secondary metabolites can occur as free or bound molecules. The free molecules 
can directly produce one or more reactions, whereas the bound forms are responsi-
ble for transport and accumulation. The liberation of free forms is an essential pre-
condition of later biological effects. The fern species Ceterach officinarum, 
Asplenium trichomanes, and Adiantum radiantum were analyzed in Serbia (Durdevic 
et al. 2007) for free and bound phenolics. The samples were pretreated by boiling in 
2 N NaOH solution for 1 h. The amounts of total free phenolics exceeded their 
bound forms in Ceterach officinarum, with the leaves containing 11.7 mg/g DM of 
free phenolics and 9.13 mg/g DM of bound phenolics. The rhizomes had 2.81 mg/g 
DM of free phenolics and 1.96 mg/g DM of bound phenolics. Asplenium tricho-
manes had the same characteristics in leaves; however, in rhizomes, the quantity of 
bound phenolics was higher than in the leaves.

Table 15.1 Phenolic contents of different fern families

Fern family
Number 

of data

Phenolic 
content 
mg/100 g 
DW

± 
SD

Coefficient 
of variation 
(%) Median

Minimum 
value

Maximum 
value

Dryopteridaceae 8 1493 513 35 1355 820 2350
Blechnaceae 4 2596 577 23 2575 2095 3140
Pteridaceae 10 1976 2126 108 1335 320 7742
Polypodiaceae 10 1485 806 55 1660 200 2540

Based on data of Alonso-Amelot et al. 2004, 2007; Gupta et al. 2014; Lai and Lim 2011
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Han and co-workers (2015) summarized the phytochemical investigations of 
Dryopteris species. Due to the important biological (anthelmintic) effects of 
Dryopteris species, the phytochemistry of these ferns has been studied since the 
nineteenth century. The number of their identified chemical compounds is high 
(approximately 260 until 2015); 15 compounds of phenolics were published (Han 
et al. 2015). The main sources of these molecules were the species Dryopteris sub-
laeta, D. fragrans, D. ryotoana, and D. erythrosora. Five derivatives belong to the 
free phenolics, including some metoxy derivatives (Fig.  15.3). These molecules 
have one or three aromatic rings, with two or four metoxy substituents. The majority 
of phenolics are phenol-glycosides, such as the small arbutin (Fig.  15.4) or the 
fragranoside G and fragranoside F (Fig. 15.5) (Han et al. 2015). The isolated phenol 
glycosides of Dryopteris genus have one or two aromatic rings.
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Fig. 15.3 (a) Structure of 
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Dimethoxyphenyl)
but-3-en-1-ol 
methoxyderivative isolated 
from Dryopteris fragrans 
(b) Structure of trans-3-
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cyclohex-1-ene (isolated 
from Dryopteris fragrans) 
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The isolation and quantification of phenolics with high-performance liquid 
chromatography were conducted for Pteris ensiformis (Pteridaceae) by Chen and 
co-workers (2007). Their group measured the quantity of eight phenolics, three of 
which were isolated first. The authors used whole fern plants and produced an aque-
ous extract. The highest concentration was found for a caffeic derivative (9.99 mg/g 
DM), whereas the lowest content was found for 5-O-caffeoylquinic acid (0.86 mg/g 
DM); the other contents were somewhere between these high and low values. In a 
test of antioxidant capacity, the two di-O-caffeoylquinic acid derivatives had the 
highest 1, 1-diphenyl-2-picrylhydrazyl (DPPH) scavenging potential and the stron-
gest 6-hydroxy-2,5,7,8-tetramethylchroman-2 carboxylic acid (Trolox) antioxidant 
capacity. The data from Chen et al. (2007) indicate one essential step in the biologi-
cal roles of phenolics: the fundamental antioxidant potential of ferns.

 Tannins

Tannins are great macromolecules consisting of polyphenols. Their main groups are 
hydrolysable tannins composed of gallic acid monomers and condensed tannins 
composed of flavone monomers. The former group of tannin molecules has lower 
molecular masses (500–3000 Da), whereas the latter group has higher molecular 
masses (1000–20,000  Da). Tannins occur in all groups of higher plants (in 
Pteridophyta, gymnosperm, and angiosperm plants). Their main biological function 
is protection against phytophagous insects. They also can decrease the nutrient 
uptake of animals: high tannin levels diminish the palatability of forages, the inten-
sity of digestion is reduced, and certain rejection of food is induced. The most prob-
lematic fern species (Pteridium aquilinum, bracken fern) has approximately 
120 mg/g of condensed tannin content (da Costa et al. 2012). Tannins and tannin 
derivatives probably have no direct role in bracken toxicity, but they can cause irrita-
tion of the gastrointestinal tract in bracken-fed animals. The progressive accumula-
tion of phenolics (including condensed tannins as high molecular phenolics) was 
recorded with frond expansion for Pteridium species (Alonso-Amelot et al. 2004). 
Tannin levels were correlated positively with the increasing elevation of mountains 
in P. caudatum and P. arachnoideum.
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 Flavonoids

Flavonoids are a large group of polyphenols (more than 4000 compounds are 
known) with high and mainly beneficial biological activity. Their name originates 
from the Latin flava (meaning yellow). The flavonoids have a C15-carbon skeleton 
(two phenyl rings and a heterocyclic ring in the middle: C6-C3-C6 structure). The 
flavone backbone has a 2-phenyl-1,4-benzopyrone structure.

The majority of investigations include the fractionation of flavonoids, isolation 
of constituents, and the determination of their chemical structure. However, the 
number of publications about the quantification of individual components or of total 
flavonoid concentrations is very low. The qualitative aspects of fern flavonoids are 
better known than are the quantitative characteristics. Total flavonoid levels were 
measured in the leaves, stems, rachis, and roots of Dryopteris erythrosora (Zhang 
et al. 2012). Their contents fluctuate from 2.1 to 8.26%.

Flavonoid occurrence was analyzed in different samples of Dryopteris filix-mas 
and D. dilatata from different locations, years, and fractions by Vogler et al. (2012). 
Data were obtained from thin-layer chromatography and high-performance liquid 
chromatography for both ferns. Very characteristic distributions were found: the 
flavonoids kaempferol-rutinoside and rutin occurred exclusively in D. filix-mas, 
whereas the caffeoyltartronate and kaempferol-3-O-β-D-glucopyranosido-7-O-α-
L-rhamnopyranoside molecules were detected in D. dilatata. These data may indi-
cate a species-dependent flavonoid distribution. A review by Han et  al. (2015) 
contains a long list of flavonoids isolated from the Dryopteris genus, with 43 flavo-
noids obtained from five Dryopteris species (D. erythrosora, D. fragrans, D. villa-
rii, D. crassirhizoma and D. sublaeta) based on data from 15 publications.

A comparative analysis of flavonoids was carried out in China by Wang et al. 
(2017). The total flavonoid content of 49 fern species ranged from 3.3  mg/g 
(Selaginella uncinata) to 191.7 mg/g (Woodwardia japonica). Samples of this anal-
ysis were gathered from different habitats of Tianmu Mountain, which has charac-
teristically various ecological conditions in altitude, soil condition, and light 
intensity. Fern samples originating from habitats with less sunlight had higher fla-
vonoid contents than those growing in strong sunlight. Fern species from higher 
altitudes (between 500 and 1000 m) had higher total flavonoid content than those 
growing at lower altitudes (under 500 m). However, these associations were not 
confirmed by statistical methods.

Protoflavones are specific, relatively oxidized flavonoids with an unusual non-
aromatic B-ring (Fig. 15.6) and a hydroxyl group at C-1′ (Hunyadi et al. 2014). 
Their main method of biosynthesis is largely unknown, but the probable first step is 
the oxidation of the 4′-hydroxyflavon precursor (e.g., apigenin, genkwanin). The 
next phase of synthesis is the reduction of the 4-oxogroup and/or saturation of one 
or both double bonds in the B-ring (Lin et al. 2007). The biological effects of pro-
toapigenone and its analogues have been studied extensively. These molecules have 
strong cytotoxic activity against various cancer cell lines (e.g., lung, liver, ovarian, 
breast), as discussed in the review by Hunyadi et al. (2014).
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 Coumarins

Coumarin and its derivatives can cause specific problems in blood clotting. In the 
plant kingdom—mainly in certain angiosperm plant groups—some coumarin deriv-
atives occur; they can later produce bishydroxicoumarin molecules that cause inhi-
bition of the blood clotting process. In the fern species Polypodium hartatum 
(Polypodiaceae), three such derivatives (coumaric acid glycosides) were isolated: 
trans-melilotoside; trans-coumaric acid-3-O-β-D-glucopyranoside, and trans-coumaric 
acid-4-O-D-glycopyranoside (Yao et al. 2016).

 Antioxidant Activity of Ferns

The normal biochemical processes of life are oxygen and oxidation dependent. 
However, reactive oxygen radicals may be overproduced under the effects of vari-
ous pathological and environmental, thus produce oxidative stress. Oxidative status 
has a determining role in the induction and development of many diseases, such as 
cardiovascular problems, cancer, atherosclerosis, rheumatic damage, or the differ-
ent processes of aging. Antioxidant agents or effects can help to overcome or at least 
improve the problem. There are synthetic antioxidants for this use, but they can have 
side effects and unexpected consequences. Several components of plants have dem-
onstrated antioxidant capacity, such as β-carotene, ascorbic acid, α-tocopherol, phe-
nolics (including flavonoids), and others. Ferns and fern allies have considerable 
antioxidant potential, mainly via their phenolics. The antioxidant activity (potential) 
of a plant or plant extract can be estimated by in vitro tests. These reactions are 
based on the reduction capacity of a model compound in a regulated chemical pro-
cess. One of the most frequent methods is the measurement of the reduction degree 
for the free radical 1,1-dyphenil-2-picrylhydrazil (DPPH).

Different samples of Pteris vittata were compared for certain phytochemical 
properties (Singh et al. 2015). The total phenolic and flavonoid contents showed 
remarkable variations; the means were 0.718 mg ± 0.53 GAE/g and 0.455 mg ± 
0.37 QE/g(Quercetin Equivalent/g) for phenolics and flavonoids, respectively. The 
measured tendency of data was unexpected, while all analyzed plants belonged to 
one species (Pteris vittata). Unfortunately, the ecological conditions of habitat 
were not described in the cited publication. The great differences reported for total 

OOH

R

A C

B

OH

O

18

7

6

5 4

3

2

1'

2'

3'
4'

5'

6'

O

Fig. 15.6 Chemical 
structure of the 
protoflavones (Hunyadi 
et al. 2014)

15 Secondary Metabolites of Ferns



314

phenolic and flavonoid levels may be consequences of various ecological or other 
stress factors.

An important aspect of biochemical-physiological studies is the investigation of 
the antioxidant power from a given plant’s isolated compounds. Eight such mole-
cules were isolated from Pteris ensiformis (Chen et al. 2007). The contents of these 
derivatives fluctuated between 0.86  mg/g DM and 9.99  mg/g DM for 
7-O-caffeoylhydroxymaltol 3-O-β-D-glucopyranoside and 5-O-caffeoyl-quinic 
acid, respectively. All of these compounds produced considerable radical scaveng-
ing activities based on DPPH and Trolox equivalent antioxidant capacities. Caffeic 
acid, its four derivatives, and hispidin glycosides had stronger DPPH scavenging 
activities than “standard” α-tocopherol or its equivalent. Among the isolated and 
studied molecules, di-O-caffeoylquinic acids were the strongest antioxidant compo-
nents. Other work from the same team (Chen et al. 2008) compared the antioxidant 
activities of 12 compounds isolated from Davallia solida rhizomes. The water 
extract of rhizomes had high phenolic content (210.8 ± 4.6 mg catechin equivalent/g 
DW) and a strong DPPH scavenging activity (IC50 = 0.0159 ±1.21 mg/g DW). The 
majority of these isolated molecules were catecholic polyphenols.

The connection between antioxidant activities and systematic appurtenance 
seems to be a logical relationship, but its validation is a goal of researchers. Some 
data on the antioxidant activity of different fern species are available in the litera-
ture. The antioxidant activities based on in vitro DPPH scavenging activities were 
gathered from recent publications (Lai and Lim 2011; Lai et al. 2009; Gupta et al. 
2014; Ding et al. 2008; Chang et al. 2007) and were recalculated in the same units 
for comparison. The transformed data of different species have a high variability; 
the basic conclusion may be that the found antioxidant “power” is practically inde-
pendent from the systematic position of a species. In the next step of the evaluation, 
data were organized based on the appurtenance to fern families. We analyzed the 
families when the number of species was at least four; thus, five fern families 
(Aspleniaceae, Blechnaceae, Dryopteridaceae, Polypodiaceae and Pteridaceae) 
were included in the statistical analysis. The main parameters (arithmetical mean, 

Table 15.2 DPPH radical scavenging activity in different fern families

Fern family

Number 
of 
data(n)

DPPH 
scavenging 
activity 
IC50 (mg/
mM),mean ± SD

Coefficient 
of 
variation(%) Median

Minimum 
value

Maximum 
value

Dryopteridaceae 11 0.0022 0.0191 869 0.018 0.0059 0.071
Blechnaceae 4 0.0736 0.076 104 0.073 0.072 0.14
Pteridaceae 11 0.810 0.833 103 0.54 0.087 2.70
Polypodiaceae 11 0.407 0.081 20 0.054 0.014 2.51
Aspleniaceae 4 4.86 8.28 171 1.08 0.071 17.21

Based on data of Ding et al. 2008; Gupta et al. 2014; Lai et al. 2009; Lai and Lim 2011; Valizadeh 
et al. 2015

J. Vetter



315

standard deviation, coefficient of variation, median, and minimum and maximum 
values) are given on Table 15.2.

The standard deviations of the means for the antioxidant capacities of fern fami-
lies are markedly different. The coefficient of variation was 27% for Polypodiaceae 
(n = 11), 103% for Pteridaceae (n = 11), and 869% for Dryopteridaceae (n = 11). 
The highest antioxidant potentials (i.e., the lowest numbers) were produced in fami-
lies Dryopteridaceae and Blechnaceae. A comparison of DPPH radical scavenging 
activities based on data from four research teams showed remarkable numerical 
differences. Statistical verification, however, was impossible by an analysis of vari-
ance method because of disparities between data groups.

There are two theoretical possibilities for the chemical-biochemical factors and 
substances that regulate the actual antioxidant activity:

 1. Specific molecules with antioxidant characteristics (phenolics, especially certain 
flavonoids)

 2. Enzyme molecules capable ofr antioxidative reactions (catalase, superoxide dis-
mutase and others)

 Phenolics and Antioxidant Activity

A meta-analysis was performed to examine the possible connection between pheno-
lic content and antioxidant activity based on five publications (Chang et al. 2007; 
Ding et al. 2008; Gupta et al. 2014; Lai et al. 2009; Lai and Lim 2011). Data pairs 
of total phenolic content and free radical scavenging capacity (measured by DPPH 
radicals) were analyzed. We performed linear regression analyses separately for the 
different data groups. The calculated statistical parameters are summarized in 
Table 15.3.

Significant linear connections were demonstrated for 5 samples of Study 1 (at 
0.05 level), for 15 samples of Study 2 (at 0.05, as well as 0.01 and 0.001 significance 
levels), and for 6 samples of Study 5 at the 0.05 level. Interestingly, aqueous extrac-
tion produced a significant connection, but methanol extraction did not (Chang et al. 
2007). The connections between phenolics and free radical scavenging activities 
were not verified statistically for data from Studies 3, 5, and 6, as well as part of 
Study 1. A probable explanation for this inconsistency is complex: although there 
were small differences in methodologies, the in vitro measurable free radical scav-
enging activity is a complicated property that depends not only on phenolics but 
also on other antioxidant molecules (e.g., polysaccharides).

The pool of antioxidant substances in ferns seems to be great and complex, 
including more than just phenolics in the broad sense. Water-soluble polysaccha-
rides were fractionated and analyzed from Pteridium aquilinum (Xu et al. 2009). 
The average molecular mass was 458 kDa. Monosaccharide components included 
glucose (58%), galactose (18.7%), rhamnose (10.2%), and arabinose (6.1%). The 
main conclusion of this study was that fern polysaccharides can be components of 
the antioxidative system. Another study (Wang and Wu 2013) produced an 
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 oligosaccharide fraction by chemical hydrolysis from P. aquilinum. The water-soluble 
oligosaccharide fraction had high sugar content and remarkable hydroxyl radical 
scavenging activity.

A study by De Long et al. (2011) on the chemical composition of Matteuccia 
struthiopteris demonstrated the chemical diversity of antioxidant potential. 
Considerable concentrations were measured from ascorbic acid (3.0 μmol/g DM), 
α- and β-tocopherol (314 and 80.8 μg/g DM, respectively), α- and β–carotenes (438 
and 122 μg/g DM, respectively), and xantophylls (violaxanthin 225 μg/g DM; zea-
xanthin 127 μg/g DM; lutein 238 μg/g DM). These compounds, under high pheno-
lics levels, provide an important reservoir of antioxidant molecules.

15.2.3  Terpenes and Terpenoids

Terpenes and terpenoids are the oldest and most widespread group of secondary 
metabolites. Terpenoids are modified terpenes (i.e., their derivatives), in which 
methyl groups are eliminated/changed or oxygen atoms are added. The number of 
isolated terpenoids is very high, with more than 23,000 structures having been iden-
tified in the plant kingdom in 2007 (Chen et al. 2007).

Table 15.3 Linear connections between phenolics and antioxidant activity for different fern 
groups: a meta-analysis of data

No. of 
study

Number of 
analyzed 
species (n)

Equation for the linear 
connection of phenolics (X) 
and antioxidant activity (Y) r

Level of 
significance Origin of 

basic data0.05 0.01 0.001

1 5 Y = 1.99–0.000975X −0.890 + ∅ ∅ Lai et al. 
(2009)

2 15 Y = 1.66–0.00064X −0.780 + + + Lai and 
Lim 
(2011)

3 8 Y = 9.09–0.00123X −0.442 ∅ ∅ ∅ Gupta 
et al. 
(2014)

4 6
Extract in 
methanol

Y = 0.349–0.0000134X −0.800 ∅ ∅ ∅ Chang 
et al. 
(2007)

5 6
Extract in 
water

Y = 0.423–0.00000213X −0.838 + ∅ ∅ Chang 
et al. 
(2007)

6 31 Y = 0.069–0.00000127X −0.200 ∅ ∅ ∅ Ding 
et al. 
(2008)

+, significant connection; ∅, lack of significance
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 Monoterpenes

Leaves of the bracken fern (Pteridium aquilinum) contain different terpenoids as 
well as other monoterpenes. These molecules have mainly volatile characteristics; 
consequently, this plant can emit certain monoterpene molecules. Terpenoid emis-
sion was the subject of field measurements in Pteridium aquilinum (Mandronich 
et al. 2012). Emitted monoterpene levels ranged from 0.002 to 13 μg C/g DW per 
hour in understory plants; open air plants emitted monoterpenes at a rate of 0.005 to 
2.21 μg C/g DW per hour. Regulation of this monoterpene emission is not clear; 
there were no significant connections between terpene emissions and temperature or 
photosynthetically active radiation. The documented data of such emissions provide 
evidence for the effects on plant metabolism, ecosystems, and the chemical compo-
sition of the atmosphere (Mandronich et al. 2012).

 Sesquiterpenes

From a toxicological point of view, the most important sesquiterpene derivative is 
ptaquiloside (Fig. 15.7). The occurrence, structure, toxicology, and other character-
istics have been discussed in detail by different authors, including our own group 
(Rasmussen et al. 2013, 2015; Rizgar 2016; Somvanshi et al. 2006; Vetter 2009, 
2011 etc.); therefore, a very short summary is presented in this chapter. Ptaquiloside 
is a colorless compound (C20H30O8, molecular weight is 398.45) of amorphous char-
acter with good water solubility. Ptaquiloside belongs to the norsesquiterpene gly-
cosides of illudane type. It has been found not only in Pteridium aquilinum, but also 
in Pteris cretica, Cheilanthus myriophyla, Pityrogramma calomelanos (all from the 
Pteridaceae family), Dennstaedtia scabra, Histiopteris incisa (from the family 
Dennstaedtiaceae), and Cibotium barometz (from the family Cibotiaceae) species 
(Somvanshi et al. 2006). The occurrence of ptaquiloside has been reported (Pathania 
et al. 2012) in Onychium cryptogrammoides, O. tenuifrons (both from Pteridaceae), 
Hypodematium crenatum (from Hypodematiaceae), and Dryopteris cochleata (from 
Dryopteridaceae).
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Fig. 15.7 Ptaquiloside (a 
norsesquiterpene glycoside 
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The highest ptaquiloside content can be measured in young plants (in crosiers) at 
the beginning of the growing season. All organs of bracken ferns (the shoot and root 
systems, including rhizomes) were shown to have ptaquiloside molecules. 
Rasmussen et al. (2015) confirmed the hypothesis about ptaquiloside transport into 
rhizomes at the end of the vegetation period. Other data from this team indicate that 
the maximum ptaquiloside content occurs in May, with a strong decrease during 
maturation of fronds (Rasmussen et  al. 2013). An important publication from 
Rasmussen et al. (2003) demonstrated the detection of ptaquiloside molecules in 
soil around the bracken plant. This fact and its certain consequences (e.g., the pos-
sibility of ptaquiloside contamination in drinking water via ptaquiloside secretion 
into the soil) prompted new investigations into the stability and hydrolysis of pta-
quiloside under different environmental conditions, including temperature, pH, and 
other factors. The essential conclusion of these studies is that ptaquiloside mole-
cules are stable for a few months under common soil conditions at low temperatures 
(5 °C) at pH values of 4.0–6.5. The degradation of molecules is rapid under pH 4 or 
above pH 6.5. Other factors affecting this degradation (hydrolysis) include a micro-
biological attack. Microbes in upper soil layers can cause such degradation 
(Rasmussen et al. 2015). Ptaquiloside molecules showed lability at room tempera-
ture, in both acidic and alkaline solutions. Their hydrolysis produces 1-indanon 
compounds (pterosin O and pterosin B) and glucose liberation.

 Pterosins

Pterosins are a large group of sesquiterpenes (mainly from the species of the 
Dennstaedtiaceae and Pteridaceae families) with 1-indanon skeletons (Fig. 15.8). 
Pterosin B was first isolated in 1970 from P. aquilinum var. latiusculum (Hikino 
et al. 1970). The distribution of pterosins was summarized and published by Chen 
et  al. (2015). They identified approximately 31 pterosins from approximately 30 
taxa (27 species, 1 subspecies, and 2 varieties from families Adiantaceae, 
Dennstaedtiaceae, Dicsoniaceae, Pteridaceae and Polypodiaceae). The genera 
Microlepis and Pteridium each had five species from which one or more pterosins 
were isolated and elucidated. The species Hypolepis punctata had 11, whereas 
Pteridium aquilinum var. latiusculum had 10 pterosins. Three new pterosin deriva-
tives (pterosin A, Z, and I) were isolated and described from species Ceratopteris 
thalictroides (Pteridaceae), Hypolepis punctata (Dennstaedtiaceae), and Pteridium 

OFig. 15.8 Chemical structure of 1-indanone
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revolutum (Dennstaedtiaceae) (Chen et al. 2015). Pterosins with unusual character-
istics (e.g., dimer structures) were isolated and elucidated from Pteris multifida, 
including bimutipterosin A and B (Liu et al. 2011).

The biological effects of pterosins are wide ranging. They have resistance against 
certain insects. Pterosins B and O can inhibit Bacillus subtilis bacteria (Rizgar 
2016). Further investigations reported anti-diabetic and anti-obesity effects for 
these molecules. Certain extracted or synthesized molecules (pterosins A, C, D, G, 
I, L, N, and X and pteroside Z) showed biological activity against diabetes, for both 
type 1 (insulin-dependent) and type 2 (insulin-independent) diabetes. Their anti-
diabetic effects may stem from the stimulation of glucose consumption (uptake) and 
improved insulin sensitivity (Hsu et al. 2013).

 Diterpenoids

Diterpenoids of plants are secondary metabolites with strong biological activity. 
Examples include the various heart glycosides (digitalis glycosides) and others. The 
number of known diterpene glycosides in ferns is not too high; likewise, the number 
of related studies and publications is low. Wang et al. (2011) isolated six new mol-
ecules from the bioactive ent-kaurene diterpenoids, so the total number of known 
diterpenoids of ferns (together with the earlier described molecules) is 12. New 
molecules were obtained from Pteris semipinnata (Pteridaceae): ent-15-oxokauran-
19-oic acid derivatives, known as pterisolic acids A–F.  Another medicinal fern 
(Pteris dispar) was the object of studies in China (Gou et al. 2011). Pteris dispar is 
used widely in folk medicine against tumors and inflammations. The isolated new 
diterpene derivative (C20H28O6)—a trihydroxylated product of ent-kaur-16-en-19-oic 
acid—showed cytotoxic properties against KB cells during in vitro tests (IC50 value: 
59.8 μmol/L).

 Triterpenes

Triterpene molecules have six isoprene units and are C30 substances. More than 200 
triterpene molecules have been reported. The structures of fern triterpenoid deriva-
tives are distinct from the triterpenoids of higher plant taxa. The most frequently 
occurring fern triterpenoids are diplopterol, diploptene, and fernene molecules 
(Fig. 15.9). The most essential chemical difference in fern triterpenoids is the lack 
of oxygen functionality at the C-3 atom (Shinozaki et al. 2008). Fern triterpenoids 
are formed by direct cyclization of squalen (which is different from higher plant 
groups), so the specific squalen cyclase enzymes occur in ferns.
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 Phytoecdysteroids

Phytoecdysteroids are specific secondary metabolites of ferns that are triterpene 
derivatives. They are analogues of the molting hormones of insects. Their distribu-
tion, biosynthesis, and functions were summarized by Lafon et al. (2011). The num-
ber of isolated and elucidated molecules is more than 40, and most of them have 27 
C atoms. Phytoecdysteroids occur only in some fern families, and their distribution 
in ferns is not equal. For example, their concentration in Pteridium aquilinum is 
greatest in the rhizomes, followed by the roots and fronds. However, in Microsorum 
membranifolium, it is more concentrated in the fronds than the rhizomes; in M. 
scolopendria, it is more concentrated in the rhizomes than the fronds (Lafon et al. 
2011). Fluctuations in ecdysteroid contents during vegetation season is characteris-
tic for Pteridium vulgare rhizome, in which it was reported to be 0.4% DM in 
January but tenfold lower (0.04% DM) in October (Messeguer et al. 1998). New 
phytoecdysteroid molecules were isolated from Polypodium vulgare by Hungarian 
researchers (Simon et al. 2011). The names and molecular formulas of these com-
pounds include 5-hydroxiecdysone (C27H45O7), 20-deoxyshidasterone (C27H43O5), 
and polypodine B 2-β-D-glucoside (C33H55O13).

15.2.4  Nitrogen-Containing Secondary Metabolites; Alkaloids

Alkaloids are the most important members of nitrogen-containing secondary metab-
olite group. The plant kingdom is rich in alkaloids and their estimated numbers are 
high, although not in ferns. The fern species Hypodematium squamuloso-pilosum 
was analyzed by Zhou et  al. (1998), who identified two β-carboline alkaloids: 
1-acetyl-β-carboline and its hydroxyl derivative 1-acetyl-8-hydroxy-β-carboline 
(Fig. 15.10). Both molecules showed positive Dragendorff reactions. The β-carboline 
alkaloids contain a pyridine ring and are attached to an indole skeleton.

A phytochemical screening may be the first step in the elucidation of these sub-
stances. Screening reactions are used frequently in phytochemistry for medicinal 
plants, their candidate plants, or the production of a first proximate analysis. The 
documented occurrence of alkaloids in ferns is a rare phenomenon. Thus, it seemed 
to be logical to carry out a meta-analysis of alkaloid occurrence from screenings 

a b c

29

22

3
9

11

3

OH

22

3

Fig. 15.9 Characteristic triterpenes from ferns (a) Diplopterol (22-hydroxyhopane) (b) Diploptene 
(hop-22(29)-ene) (c) Fernene (fern-9(11)-ene

J. Vetter



321

based on recent publications. The interpretation of data in publications was simple: 
positive alkaloid tests clearly indicate their occurrence.

We summarized the results of 11 such studies on fern species (Table 15.4) and 
grouped all data according to family. Various extracts were produced in different 
investigations (extracts in water, ethanol, methanol, petroleum ether, chloroform, 
acetone, and benzene). The reaction of Mayer was used mostly for alkaloid detec-
tion. In a study by Patil et al. (2013), aqueous extracts were produced and reactions 
of four kinds were carried out: tests of Mayer, Wagner, Dragendorff, and reaction 
with picric acid.

Positive reactions were documented for some fern species in certain extracts, 
including alcohol (ethanol or methanol). The strongest reactions were experienced 
by Pyrrosia lanceolata (Polypodiaceae) in the frond and rhizome (Ruby and Sara 
2014). Four extracts showed positive reactions, but negative tests were reported for 
the other analyzed species of this family (Drynaria quercifolia; Polypodiaceae) 
(Rajesh et al. 2014). Four positive reactions (with the exception of aqueous extract) 
were found for Blechnum orientale (Devi et al. 2016). An interesting question is the 
value of different alkaloid reactions. Patil and his team (2013) used four such tests 
and observed interesting differences. In Angiopteris erecta (Marattiaceae), the 
aqueous extract showed positive reactions in Mayer’s and Wagner’s tests, but nega-
tive reactions were detected with Dragendorff reagent and picric acid.

An essential question of a comparative evaluation is the role of the systematic 
position of the taxa. Alkaloid occurrence is characteristic for the families 
Dryopteridaceae, Pteridaceae, Dennstaedtiaceae, Athyraceae, and Cyatheaceae 
(Table  15.4). These fern families—except Cyatheaceae—belong to the order 
Polypodiales. In a given family and genus, however, there are alkaloid-containing 
and alkaloid-deficient species. For example, Cyathea gigantea, C. nilgirensis, and 
C. crinita produced positive reactions (Janakiraman and Johnson 2015), but C. 
brunoniana had no alkaloids (Talukdar et al. 2010). C. gigantea produced a positive 
test in one of the studies (Janakiraman and Johnson 2015). In a second study, its test 
was negative both in the stem and in the leaf (Talukdar et al. 2010). A fundamental 
problem is the type of extractant used in chemical determinations. Extraction in 
water is successful for certain species only, whereas alcohol (ethanol, methanol) 
seems to be effective. Only one or two extractants were used in some publications, 
for other solvents, Table 15.4 indicates that no data were available. There are differ-
ences between the alkaloid content of different plant organs (shoot system, root 
system); however, the available data are limited and mostly consider the entire plant.
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Table 15.4 Occurrence of alkaloids in fern species detected in different extracts by various test 
reactions

Family species
Type of 
reaction

Extract 
in water

Extract in 
ethanol/
methanol

Extract in 
petrol- 
ether

Extract in 
chloro- 
form

Extract in 
acetone

Dryopteridaceae 
fam.
Dryopteris filix-mas a

b
c
d

+
+
-
-

n.d. n.d. n.d. n.d.

Dryopteris cochleata a − + − n.d. n.d.
Dryopteris 
nigropaleacea

− + n.d. n.d. +

Polystichum 
bakerianum

− + n.d. n.d. +

P. prescottianum − + n.d. n.d. −
Pteridaceae fam.
Adiantum lunulatum a

b
c
d

-
+
-
+

n.d. n.d. n.d. n.d.

Adiantum incisum a
b
c
d

-
-
-
-

n.d. n.d. n.d. n.d.

Adiantum venustum − + n.d. n.d. +
Actinopteris radiata a + + − n.d. n.d.
Pityrogramma 
calomelanos

a − + − n.d. n.d.

Onychium 
cryptogrammoides

− + n.d. n.d. +

Pteris confusa n.d. + n.d. n.d. n.d.
Pteris vittata n.d. + n.d. n.d. n.d.
Pteris argyrea n.d. + n.d. n.d. n.d.
Pteris biaurita n.d. + n.d. n.d. n.d.
Pteris multiaurita n.d. + n.d. n.d. n.d.
Cyatheaceae fam.
Cyathea nilgirensis − + − − +
Cyathea gigantea − + − − +
Cyathea crinita − + − − -
Cyathea gigantea a n.d. − − − −
Cyathea gigantea a − − − − n.d.
Cyathea brunoniana a − − − − n.d.
Dennstaedtiaceae 
fam.

(continued)

J. Vetter



323

The interpretation of certain results presented in Table 15.4 is not easy. These 
data do not provide reliable and unambiguous information on the alkaloid content 
of ferns. Two items need to be resolved for a clear discussion of this problem:

 1. Isolation, elucidation, and clear demonstration of alkaloids in ferns
 2. Production of comparable, quantitative data for ferns with positive test 

reactions

Table 15.4 (continued)

Family species
Type of 
reaction

Extract 
in water

Extract in 
ethanol/
methanol

Extract in 
petrol- 
ether

Extract in 
chloro- 
form

Extract in 
acetone

Pteridium aquilinum a n.d. + n.d. n.d. n.d.
Pteridium aquilinum − + n.d. n.d. +
Pteridium aquilinum n.d. + n.d. n.d. n.d.
Athyraceae fam.
Athyrium atkinsonii − + n.d. n.d. +
Athyrium 
mackinnonii

− + n.d. n.d. +

Athyrium 
wallichianum

− + n.d. n.d. +

Deparia acuta − + n.d. n.d. +
Deparia 
allantodiodes

− + n.d. n.d +

Diplazium maximum − + n.d. n.d. −
Polypodiaceae fam.
Drynaria quercifolia a − − − n.d. n.d.
Pyrrosia lanceolata + ++ ++ + n.d.
Pyrrosia lanceolata + ++ ++ +++ n.d.
Aspleniaceae fam.
Asplenium 
trichomanes

− + n.d. n.d. +

Salviniaceae fam.
Salvinia auriculata a n.d. − n.d. n.d. +
Blechnaceae fam.
Blechnum orientale − + + + +
Marattiaceae fam.
Angiopteris erecta a

b
c
d

+
+
-
-

a, Mayer reaction; b, Wagner reaction; c, Dragendorff reaction; d, reaction with picric acid; +, 
positive test; −, negative test); n.d., no data
Origin of basic data: Patil et al. 2013; Rajesh et al. 2014; Mir et al. 2013; Gracelin et al. 2013; 
Janakiraman and Johnson 2015; Talukdar et al. 2010; Kardong et al. 2013; Awe and Amobi 2015; 
Ruby and Sara 2014; Devi et al. 2015; Devi et al. 2016
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15.3  Conclusions

The development and use of new chemical methods for the isolation, elucidation, 
and quantification of secondary metabolites may produce new data for phytochem-
istry, biochemistry, and various disciplines of applied botany and phytotherapy. 
With the currently available data, the main conclusions of this chapter are as 
follows:

 1. Great diversity has been found in the secondary metabolites of ferns. Recent 
investigations can extend our knowledge on actual molecule groups.

 2. The number of elucidated phenolics and terpenoids is high, but amount of iso-
lated saccharides is low. Furthermore, the occurrence of alkaloids seems to be 
very limited. Recent data on alkaloids are based on positive alkaloid tests, but 
these findings have not yet been confirmed by isolation, elucidation, and quanti-
fication of the actual molecules.

 3. The biological effects of secondary metabolites in ferns are very heterogeneous. 
Studies on this topic have proliferated in recent years. The exact chemical com-
position of ferns can substantiate or confirm the common use of a given species. 
Therefore, these investigations have great practical importance because many 
fern species have been used in folk medicine of different countries.

 4. The most important chemical fact may be the occurrence of various secondary 
metabolites with antioxidant characteristics. Phenolics (including flavonoids and 
their derivatives) and other molecules (oligo- and polysaccharides) may have 
such properties. The antioxidant capacity of certain ferns depends on the concen-
tration of some secondary metabolites. These connections are known and have 
been documented for various higher plant groups; for ferns, however, the evi-
dence is currently incomplete.

 5. The elucidation of new bioactive molecules from ferns can increase the range of 
substances that are suitable for medicinal and veterinary use. Recognition of 
their biosynthesis and biological effects can result in the creation of new prod-
ucts. The future industrial synthesis of these molecules may be a new research 
field.

 6. Some secondary metabolites of ferns have toxicological importance because of 
their poisonous characteristics for both animals and humans. Certain sesquiter-
penes and sesquiterpene glycosides (namely, ptaquiloside) can cause acute and 
chronic toxicity via direct (consumption) and indirect (milk secreted by ingested 
animals) methods. Various diseases (e.g., bovine enzootic hematuria, acute hem-
orrhagic disease, upper alimentary carcinoma for cattle, bright blindness for 
sheep, carcinogenic problems for humans) indicate the toxicological relevance 
of some fern’s products and thus the importance of these metabolites.

 7. The ferns can be the objects of animal attacks, from worms and herbivores. The 
plant’s defense mechanisms may be attributed to the occurrence and effects of 
certain secondary metabolites. Ferns containing cyanogenic glycoside will pro-
duce free HCN molecules to work against the biological attackers. Ferns with 
tannin molecules can deter or inhibit some phytophagous insects. The filicin 
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molecule (Dryopteris filix-mas) has anthelmintic properties, whereas phytoecdy-
sones can cause damage to the developmental processes of insects. Mono- and 
sesquiterpenes are produced as volatile substances after animal damage. These 
materials have positive effects on an herbivore’s enemies; certain sesqui- and 
diterpenes can act as phytoalexins. Thus, some fern species may be safe alterna-
tives to synthetic polluting pesticides.

 8. Further investigations are required on the secondary metabolites of ferns. The 
isolation, detection, and characterization of new compounds of ferns may lead to 
practical medicinal, biotechnological, and industrial benefits.
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Chapter 16
Current Trends in Pteridophyte Extracts: 
From Plant to Nanoparticles

Liliana Cristina Soare and Nicoleta Anca Şuţan

16.1  Introduction

The diversity of pteridophytes is estimated at 10,000–15,000 species (Akeroyd and 
Synge 1992; Roos 1996), with a distribution of species that increases from the Poles 
towards the equator (Moran 2004). Areas of high diversity are found in the Andes 
(with approximately 2500 species of ferns and lycophytes), New Guinea (approxi-
mately 2000 species), Borneo (1200 species), Ecuador (1250 species), Costa Rica 
(1165 species) (Moran 2008), China (2600 species) (Lu 2007), the Philippines 
(1000 species), Malaysia (550 species), Thailand (700 species), India (600 species) 
(Lu 2007; Schneider et al. 2004), etc.

Such areas of high pteridophyte biodiversity stimulate the use of a great number 
of species for human consumption or in traditional medicine. Thus, in countries 
such as Malaysia, the Philippines, Hawaii, Australia, Nepal, India etc., ferns are 
used for consumption (Liu et al. 2012). China is home to “more than 20% of the 
global pteridophyte flora” (Lu 2007). For over three millennia, 52 edible fern spe-
cies have been used for consumption in China, and other 144 species may be used 
for this purpose. Their dry and salted leaves, the starch or the tea made from these 
leaves are commercial products in China (Liu et al. 2012).

The use of pteridophytes in the multimillennial traditional medicine of many 
people has been the foundation of modern therapeutical research. Crude extracts, 
standardized extracts or purified substances have been tested to discover new prop-
erties with therapeutic potential.

The current research methods, techniques and equipment allow us to obtain 
results which help validate ethnopharmacological treatments. The identification of 
secondary fern metabolites, specific to this group, explains their bioactivity. Modern 
research studies have shown that Blechnum orientale (the Centipede fern), an edible 
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species used in the Asian traditional medicine for various skin diseases, stomach 
pain, gall bladder disorders, etc., may be used in the treatment of colon cancer and 
that of multidrug-resistant bacterial infections (methicillin resistant Staphylococcus 
aureus, MRSA) (Lai et al. 2010) as well as in the treatment of diabetic ulcer wounds 
(Lai et al. 2016).

New technologies for identifying pteridophyte species of medicinal importance 
have been discovered and developed. Thus, the classical identification of medicinal 
fern species based on their morphological characters has been replaced by “DNA 
barcoding” (Ma et al. 2010).

Some of the current problems identified in the medical field may be solved by 
using natural products obtained from ferns, products that possess a wide range of 
biological properties (antibacterial, antifungal, antiviral, antioxidant, anti- 
inflammatory, antitumor, hypoglycemic, neuroprotective, etc.). One of the problems 
that poses a major threat to the population is the rapid increase in the resistance of 
microorganisms to synthetic antibiotics, including those that were recently discov-
ered. Superbacteria, some of them resistant to more than 20 antibiotics, have 
appeared in recent years and added to the range of multidrug-resistant bacteria. In 
2013, The Centers for Disease Control and Prevention (CDC; https://www.cdc.
gov/) published a study on the “Current Antibiotic Resistance Threats in the United 
States, by microorganism”, which mentions three groups of microorganisms:

 1. Microorganisms with a threat level of urgent (Clostridium difficile, Carbapenem- 
resistant Enterobacteriaceae, drug-resistant Neisseria gonorrhoeae)

 2. Microorganisms with a threat level of serious (multidrug-resistant Acinetobacter, 
drug-resistant Campylobacter, fluconazole-resistant Candida, extended spec-
trum β-lactamase producing Enterobacteriaceae (ESBLs), vancomycin-resistant 
Enterococcus VRE, multidrug-resistant Pseudomonas aeruginosa, drug- resistant 
non-typhoidal Salmonella, drug-resistant Salmonella typhi, drug-resistant 
Shigella, methicillin-resistant Staphylococcus aureus MRSA, drug-resistant 
Streptococcus pneumoniae, drug-resistant tuberculosis)

 3. Microorganisms with a threat level of concerning (vancomycin-resistant 
Staphylococcus aureus VRSA, erythromycin-resistant Group A Streptococcus, 
clindamycin-resistant Group B Streptococcus)

16.2  Crude Extracts

The impressive number of research studies on fern use in traditional medicine has 
inspired researchers to create databases that provide information on “medicinal 
uses, chemical constituents as well as protein/enzyme sequences” of some species 
(Thakar et al. 2015). The information stored in such databases can help us not only 
to discover new medicinal drugs but also to conserve pteridophytes (Thakar et al. 
2015), in case the species used for therapeutic purposes are rare, vulnerable, etc. and 
they would consequently require protection.
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Extracts were obtained, and phytochemical characterization along with bioactiv-
ity testing was performed for different spontaneously occurring species, such as 
Stenochlaena palustris (swampy land, Kampar, Malaysia) (Chai et al. 2012), for 
species cultivated in botanical gardens, for example, Blechnum orientale (Putrajaya 
Botanical Garden, Kuala Lumpur, Malaezia) (Lai et al. 2010), Azolla microphylla 
(Centre for Conservation and Utilization of Blue Green Algae, Indian Agricultural 
Research Institute, New Delhi) (Abraham and Kaushik 2015), Psilotum nudum, 
Nephrolepis biserrata and N. cordifolia (fern house of National Botanical Institute, 
Lucknow, India) (Rani et al. 2010), or for in vitro plants, for example, the gameto-
phyte of Asplenium trichomanes, A. trichomanes-ramosum and Polypodium vulgare 
(Deliu et al. 2013), the gametophyte and sporophyte of P. vulgare or the gameto-
phyte of Cystopteris fragilis (Soare et al. 2012a).

Plant parts (leaves, rhizomes, roots, spores or gametophytes) or the whole plant 
were used to obtain extracts. The extracts from the whole plant of Dicranopteris 
linearis (Rajesh et al. 2016) were tested to establish their phytochemical composi-
tion and antioxidant activity. Cao et al. (2013) used the whole plant of Dryopteris 
erythrosora to obtain extracts, which were tested for their antioxidant, anticarcino-
genic and acetylcholinesterase inhibitory properties. The analysis also comprised 
the characterization of the flavonoids encountered in these extracts. The leaves of 
Blechnum orientale (Lai et al. 2010), Asplenium adiantum-nigrum and A. tricho-
manes (Hammami et al. 2016), A. nidus (Nath et al. 2013), Acrostichum aureum, 
Asplenium nidus, Blechnum orientale, Cibotium barometz, Dicranopteris linearis 
var. linearis (Lai et al. 2009), Asplenium scolopendrium (Șuțan et al. 2016), etc. 
were used to obtain extracts, which were subsequently tested for bioactivity. The 
leaves of the edible species Stenochlaena palustris, at different ontogenetic stages 
(young/mature sterile frond, young/mature fertile frond), were used by Chai et al. 
(2012) to obtain extracts, which were characterized in terms of polyphenol content 
and antioxidant activity. They proved to be a healthy source of food. Fern leaves are 
a renewable resource, which may be used even when the species require 
protection.

The antioxidant activity and the polyphenol content were tested for the 
extracts obtained from rhizomes of Drynaria fortunei, Pseudodrynaria coro-
nans, Davallia divaricata, D. mariesii, D. solida and Humata griffithiana, spe-
cies that compose the Chinese traditional formula “Gusuibu” (Chang et al. 2007). 
Rhizomes of Polypodium vulgare (Souri et  al. 2008), Drynaria quercifolia 
(Kandhasamy et al. 2008), Polypodium interjectum, Polystichum woronowii, P. 
aculeatum, Asplenium scolopendrium, A. adiantum-nigrum, Dryopteris affinis, 
Pteris cretica and Athyrium filix- femina were also used to obtain and character-
ize extracts (Valizadeh et al. 2015); some of the extracts were supplemented with 
silver nanoparticles (Șuțan et al. 2016).

Spores, which are produced in large amounts by ferns, have constituted the bio-
logical material for some extracts, whose allergenic, carcinogenic and cytogenetic 
effects were tested. In high biodiversity areas, pteridophyte spores are natural atmo-
spheric pollutants (Bunnag et al. 1989). These are found in large amounts in the 
closed spaces of botanical gardens or in closed private spaces (Simán et al. 2000). 
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They may affect human health due to their allergenic or carcinogenic action. Thus, 
the spores of the species Acrostichum aureum (Bunnag et al. 1989), Lycopodium 
(Devi et al. 1989), Asplenium nidus, Dicranopteris curranii, D. linearis, Nephrolepis 
auriculata, Pteridium aquilinum or Stenochlaena palustris (Chew et al. 2000) are 
allergenic, while those of the species Anemia phyllitidis, Dicksonia antarctica, 
Pteridium aquilinum, Pteris vittata and Sadleria pallida (Simán et  al. 2000) are 
known for their carcinogenic action. Furthermore, the extracts from spores of 
Athyrium filix-femina were evaluated for their potential in the photosynthesis of 
silver nanoparticles (AgNPs) and for their cytogenetic effects (see Subchap. 16.7).

The physical condition of the plant material used for obtaining extracts can influ-
ence their composition and bioactivity. For example, certain flavonoids can be 
degraded when using fresh plant material (Marston and Hostettmann 2006). The 
raw plant material necessary for the extracts was fresh, frozen or dried and pulver-
ized, as follows: fresh leaves of Athyrium filix-femina, Dryopteris affinis, D. filix- 
mas (Soare et al. 2012b) and Asplenium nidus (Nath et al. 2013); fresh rhizomes of 
Drynaria quercifolia (Kandhasamy et  al. 2008); dried leaves of Asplenium 
adiantum- nigrum, A. trichomanes (Hammami et al. 2016) and Stenochlaena palus-
tris (Chai et  al. 2012); dried leaves and rhizomes of Polypodium interjectum, 
Polystichum woronowii, P. aculeatum, Asplenium scolopendrium, A. adiantum- 
nigrum, Dryopteris affinis, Pteris cretica and Athyrium filix-femina (Bahadori et al. 
2015); dried rhizomes of Drynaria fortunei, Pseudodrynaria coronans, Davallia 
divaricata, D. mariesii, D. solida and Humata griffithiana (Chang et al. 2007); and 
frozen rhizomes and leaves (−18  °C) of Asplenium scolopendrium (Șuțan et  al. 
2016).

In some cases, the extracts were obtained from plant material pulverized in liquid 
nitrogen. Thus, in order to determine the polyphenol content, and the antioxidant, 
antibacterial and tyrosinase-inhibiting activity, fresh leaves of some medicinal 
plants were pulverized in liquid nitrogen. The extraction was performed using meth-
anol, in a rotary orbital shaker (Lai et al. 2009).

Specialist literature mentions extracts obtained with the help of one or more 
solvents. Diverse categories of solvents selectively extract the components from the 
plant material, which may show different bioactivity. The solvents that are fre-
quently used to obtain crude extracts include water, ethanol, methanol, dichloro-
methane, petroleum ether, hexane, benzene, chloroform and acetone (Chai et  al. 
2012, 2015; Chang et al. 2007; Kandhasamy et al. 2008; Lai et al. 2009; Rajesh 
et al. 2016; Roudsari et al. 2012; Souri et al. 2008; Valizadeh et al. 2015; Xie et al. 
2015).

The evaluation of the bioactivity of crude extracts was either directly performed 
on these extracts or after their concentration and fractionation. For example, crude 
ethanol extracts were obtained from the dried and pulverized leaves of the species 
Psilotum nudum, Nephrolepis biserrata and N. cordifolia. The extracts were con-
centrated in a rotary orbital shaker, freeze-dried and afterwards fractionated with 
hexane, chloroform, ethanol and water (Rani et al. 2010). Each of the obtained frac-
tions was tested for antibacterial and antifungal properties.
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16.3  Antimicrobial Activity of New Extracts 
and Formulations

Pteridophytes contain a wide range of bioactive compounds, from the terpenoid, 
phenolic, flavonoid and alkaloid classes (Ho et  al. 2011). Alcaraz et  al. (2000), 
Cushnie and Lamb (2005) and Yusuf (1994) mentioned the presence of secretory 
epidermal tissues on fern leaves and tissues that produce alkaloids, flavonoids, gly-
cosides and phenolic compounds, which are substances with antimicrobial proper-
ties. Flavaspidic acids PB and AB, isolated from the methanol extract obtained from 
the rhizome of Dryopteris crassirhizoma, are responsible for the powerful antimi-
crobial activity against Staphylococcus aureus MRSA, Streptococcus mutans and 
Bacillus subtilis (Lee et al. 2009). Eicosenes and heptadecanes have an antibacterial 
and antifungal activity (Abraham and Kaushik 2015; Dalli et  al. 2007). Recent 
research showed that some phenolic compounds inhibit bacterial virulence factors 
(T3SS-type III secretion systems) present in many Gram-negative pathogenic bac-
teria (Khokhani et al. 2013). It was demonstrated that fern extracts have antimicro-
bial effects on some Gram-negative and Gram-positive pathogenic bacteria, 
including multidrug-resistant bacteria and on certain species of fungi.

Numerous research studies have emphasized the link between the antimicrobial 
activity of the extracts and the solvents used to obtain them. Thus, Pal (2012) 
observed that the most effective antimicrobial activity against E. coli was exhibited 
by acetone extracts obtained from leaves of Athyrium filix-femina (inhibition zone/
IZ = 18 mm). Ethanol extracts produced an inhibition zone of 15 mm and methanol 
extracts of 12 mm; the weakest activity was observed in the case of aqueous extracts 
(IZ = 7 mm). Aqueous extracts from leaves of Psilotum nudum, Nephrolepis biser-
rata and N. cordifolia showed a more powerful antimicrobial activity against nine 
bacterial strains (Rani et al. 2010) than the chloroform, hexane or ethanol extracts. 
The extracts from the rhizome of Drynaria quercifolia obtained using ethanol, 
methanol, petroleum ether, hexane, benzene or chloroform exhibited a different 
antibacterial activity, dependent on the solvent. Thus, the diameter of the inhibition 
zone produced by the extracts against Escherichia coli was 10 mm for the ethanol, 
methanol and benzene extracts and 8  mm for the chloroform extract, while the 
extracts for which petroleum ether and hexane had been used showed no antimicro-
bial activity (Kandhasamy et al. 2008).

The part of the plant used to obtain extracts influences their antimicrobial activ-
ity. Thus, for the methanol extracts from leaves of spontaneously occurring plants of 
Polypodium vulgare and from gametophytes with sporelings (generated in vitro), 
the antibacterial effects were different. The extract from leaves exhibited an inhibi-
tion zone of 12 mm against a bacterial strain isolated from the soil, while the extract 
from the gametophyte with sporelings created an inhibition zone of 8 mm (Soare 
et al. 2012a).

For multidrug-resistant bacteria, new antibacterial products can be developed, 
starting from the pteridophyte extracts that have been tested. Aqueous, methanol 
and chloroform extracts from the leaves of Lygodium flexuosum presented an 
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 important antimicrobial activity against multidrug-resistant bacteria such as 
methicillin- resistant Staphylococcus aureus (MRSA) and vancomycin-resistant 
Enterococcus faecalis (VRE), as well as against other clinically isolated bacterial 
strains (Nayak et al. 2013). The antibiotic activity of the extract, which, in some 
cases, was more effective than that of the antibiotic used as a control sample, indi-
cates the fact that the plant is a source that must be taken into consideration and 
further investigated for this property.

The antibacterial effects of pteridophyte extracts were evaluated for their effec-
tiveness against phytopathogenic bacteria. The fraction obtained with anhydrous 
ethyl acetate from the methanol extract of Azolla microphylla inhibited the growth 
of Xanthomonas oryzae (Abraham and Kaushik 2015), one of the most important 
rice pathogens (Fun et al. 2017). The ethyl acetate fraction contains a mixture of 
eicosenes and heptadecanes, compounds that were identified in the extract of Pteris 
biaurita, an extract that was tested against the fungi Curvularia lunata, Fomes 
lamaoensis, Poria hypobrumea, Fusarium oxysporum and against the bacterium 
Bacillus pumilus (Dalli et al. 2007). The antifungal activity of pteridophyte extracts 
was also emphasized for the following species: Saccharomyces cerevisiae, 
Aspergillus niger (Soare et  al. 2012b), Candida albicans (Amoroso et  al. 2014), 
Microsporum gypseum, Trichophyton mentagrophytes and T. rubrum (Rani et  al. 
2010), etc.

In human or animal organisms, the natural compounds ingested are metabolized 
producing certain biological responses. As such, the results reached for a crude 
extract, for whole fruits or vegetables may be different from those reached for com-
pounds isolated from that particular extract or for parts of fruits or vegetables (Lila 
and Raskin 2005; Liu 2003).

A series of interactions, known as endointeractions, occurs among the existing 
components of a plant extract (Lila and Raskin 2005); they produce the biological 
response. The combination of a plant extract with another extract or with a synthetic 
medical drug produces exointeractions (Lila and Raskin 2005), which modify the 
biological response. These phytochemical interactions can explain the state of 
health of people from a certain geographical area, known for a certain food behav-
iour (Lila and Raskin 2005).

Antimicrobial activity of pteridophyte extracts may be modified through combi-
nations with other extracts or other synthetic medical drugs, in new formulations 
with therapeutic potential. The interactions that take place in such combinations can 
be cummulative, if the effect obtained for the new formulation sums up the separate 
effects. A particular interest is shown to those associations that produce synergetic 
effects, significantly higher than the sum of the separate effects. It is possible for the 
phytochemical interactions that take place in the new formulations to produce nega-
tive effects (antagonistic effects). In such cases, the activity of the active compounds 
is inhibited (Lila 2009). In some other cases, the combination enhances bioavail-
ability, solubility and absorption of bioactive components (Eder and Mehnert 1998; 
Gartner et al. 1997).

The research on the synergetic effect of the combination antibiotic plant product 
has become a key instrument in phytomedicine (Santos et al. 2015). The  combination 
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between curcumin and some synthetic antibiotics produced synergetic antibacterial 
effects against Staphylococcus aureus (Teow and Ali 2015). The generation of 
nanoparticles of the solid lipid (SLNs) type in formulations that contain ampicillin 
and curcumim determined a decrease in the MIC (minimum inhibitory concentra-
tion) and MBC (minimum bactericidal concentration) as compared to the formula-
tion that contains only ampicillin and curcumin, a result that also suggests a decrease 
in the risk of developing resistance to antibiotics (Alihosseini et al. 2016). Green tea 
polyphenols, combined with oxacillin, produce a decrease in the MIC of the antibi-
otic in the fight against Staphylococcus aureus (MRSA) (Yoshida et al. 2005).

Formulations that contain kaempferol isolated from Impatiens balsamina and 
erythromycin or clindamycin showed synergetic antibacterial effects against 
Propionibacterium acnes (Lim et al. 2007). Different flavonoids and carotenoids in 
combination with antibiotics also led to synergetic antibacterial effects against 
Pseudomonas aeruginosa (Santos et al. 2016). The methanol extract of Punica gra-
natum, combined with the antibiotics chloramphenicol, gentamicin, ampicillin, tet-
racycline and oxacillin, has a synergetic effect against methicillin-resistant 
Staphylococcus aureus (MRSA) and methicillin-sensitive S. aureus (MSSA) (Braga 
et al. 2005).

Pteridophyte extracts have been considered in the evaluation of the possible 
enhancing antibacterial effects produced in combination with antibiotics. New com-
binations between methanol extracts from leaves of Dryopteris filix-mas (D) and the 
antibiotics piperacillin (Pip) and tetracycline (Te), respectively, produced larger 
inhibition zones than those corresponding to the antibiotic or the extract when used 
independently. The new combinations were created by impregnating standard anti-
biotic discs with the extract. The formulation D + Te produced better results against 
Staphylococcus aureus and Enterobacter cloacae and the formulation D  +  Pip 
determined larger inhibition zones against S. aureus, Enterobacter cloacae and a 
bacterial strain isolated from the soil (Soare et  al. 2012c). Similar results were 
reported by Parihar et al. (2006) for the aqueous and alcoholic extracts from leaves, 
rhizomes and roots of Athyrium pectinatum. Thus, a mixture of equal parts of extract 
and antibiotic may show, in some cases, greater effectiveness than the antibiotic 
alone.

16.4  Synthesis of “Green” Nanoparticles Using Pteridophyte 
Extracts

The therapeutic use of pteridophytes has had a spectacular evolution, starting from 
their use in the traditional medicine of different peoples to the current stage in which 
pteridophytes are used in the form of nanoparticles.

The nanotechnology industry was a global business evaluated at about 4 million 
dollars about 10 years ago and 1 billion dollars in 2015 (Roco 2005). At present, 
hundreds of products containing biomaterials have applicability and are used on a 
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large scale in the fields of electronics, optics, in the process of food packaging, in 
medicine and the cosmetic industry, in wastewater treatment technology or in envi-
ronmental remediation processes (Aitken et al. 2006; Nowack and Bucheli 2007; 
Handy et  al. 2008a; Klain et  al. 2008). A few thousand other nanomaterials are 
being researched at the moment.

Nanoparticles are the smallest increments of the physical world; they are of simi-
lar scale to the biomolecules that govern the existence of life. The DNA molecule 
has a diameter of approximately 2  nm, while the C60 diameter is approximately 
5 nm. These structures, as a result of their nanometric dimensions (variable between 
1 and 100 nm), have some modified characteristics (resistance, conductivity, cata-
lytic reactivity, magnetic or optical properties), leading to a collateral interpretation 
of the common laws of science (Handy et al. 2008b). The nanoparticle behaviour 
and its potential side or favourable effects on the living systems do not depend only 
on the dosage but also on their surface, size and shape. These effects are also based 
on their physical and chemical properties. For example, the solubility of otherwise 
insoluble substances may increase dramatically when the size of their particles is 
smaller than 100 nm. Furthermore, nanoparticles have a larger surface compared to 
the particles with a similar mass, which leads to a higher surface reactivity (Auffan 
et al. 2009). Surfactants and other additives can modify the surface characteristics 
of nanoparticles and can prevent their aggregation (European Comission 2006). The 
similarity between natural biomolecules and designed nanomaterials may be trans-
lated into an enormous potential of the latter to interfere in biological processes. 
These interactions might affect the cell membrane behaviour and biochemical pro-
cesses or even the genetic code itself (Klaine et al. 2012).

In the last decade, the elaboration of one-step methods for the synthesis of metal 
nanoparticles has been stimulated by their multiple practical applications. Even 
though the synthesis of metal nanoparticles may be induced through various physi-
cochemical methods, the biogenic reduction of metal ions is a rapid process, which 
can be performed at room temperature and pressure, with increased intensity. At the 
same time, nanoparticle biosynthesis, as a cost-effective and nontoxic method, safe 
to the environment, is preferable when the finite product is to be used in biomedical 
and pharmaceutical applications (Mittal et al. 2013). Nanoparticles offer the advan-
tage that they can be encapsulated and released in a controlled and targeted 
manner.

Diverse biological systems, such as plants, algae, bacteria, yeasts and fungi, were 
proved to be excellent bioreactors for the in vivo synthesis of nanoparticles, but the 
use of plant extracts, combined with particular acids or some metal salts, such as 
silver (Ag), gold (Au), copper (Cu), platinum (Pt), zinc (Zn), cesium (Cs), titanium 
(Ti), indium (In) salts and many others, offer the advantage of an effective control 
over nanoparticle biosynthesis and purification.

Specialist literature indicates a relatively recent date for the first nanoparticle 
synthesis using fern extracts. Kang et al. (2008), using Pteridophyta, reported the 
synthesis of silver nanoparticles (AgNPs) by means of “green chemistry”; these are 
the most popular types of nanoparticles encountered in biosynthesis methods. Later 
on, extracts from Actiniopteris radiata were used to reduce silver ions to 

L. C. Soare and N. A. Șuțan



337

 nanoparticles with a diameter ranging from 20.8  nm to 30.6  nm, while AgNPs 
measuring between 35 and 65  nm were synthesized in extracts from Adiantum 
capillus- veneris. Silver nanoparticles, whose synthesis was mediated by the extract 
from Nephrolepis exaltata, without supplementing the reaction medium with 
capping and stabilizing agents, were characterized as polydispersed, with a large 
amplitude of their mean size between 22 and 44  nm (Raut et  al. 2010 cited by 
Chrislyn et al. 2016).

Analyses performed by means of transmission electronic microscope (TEM) and 
selected area electron diffraction (SAED) showed that gold and silver nanoparticles 
photosynthesized through the reduction of tetrachloroauric acid and AgNO3 in the 
extract of Adiantum philippense, respectively, were monocrystalline and anisotropic 
and had variable sizes, between 10 and 18 nm (Sant et al. 2013). It was appreciated 
that the reduced sizes of these NPs, approximately 11 nm for AuNPs and about 
13 nm for AgNPs, were due to the alkaline pH value and the photosynthetic environ-
ment. The same method was applied to the Au ions which were reduced to nanopar-
ticles with an average size of 8.3 nm in the extract from Azolla microphylla. The 
shape of Ag and Au nanoparticles, whose synthesis was mediated by fern extracts, 
was predominantly spherical, but the HRTEM analysis with higher magnification 
indicated that they were spherical, triangular, hexagonal and rod shaped (Kunjiappan 
et al. 2015).

16.5  The Role of Metabolites from the Pteridophyte Extracts 
in Nanoparticle Synthesis

For nanoparticle biosynthesis, fern extract is mixed with a metal salt at room tem-
perature. The reaction is completed in a few minutes to a few hours. The molecular 
basis for the biosynthesis of AgNPs is not known, but it has been speculated that the 
organic matrix favours the bonds between Ag and proteins, through the aminoacid 
fragments that serve as nucleation sites.

Most often metal nanoparticles have been produced by condensation, a principle 
that was proposed by Turkevich et  al. (1951). According to Balaji et  al. (2008), 
proteins/enzymes are responsible for reducing metal ions when plant extracts are 
used in nanoparticle synthesis. Polysaccharides, polyols, heterocyclic compounds 
soluble in water and, generally, phytochemical compounds with reductive or anti-
oxidant properties are recognized as the main agents responsible for reducing metal 
compounds and for stabilizing nanoparticles, respectively (Huang et  al. 2007; 
Geethalakshmi and Sarada 2010; Prathna et al. 2010; Ghosh et al. 2011, 2012a, b; 
Park et al. 2011).

Phytochemical screening of fern extracts showed their content of proteins and 
secondary metabolites, such as phenols, alkaloids, tannins, flavonoids, carbohy-
drates, saponins, glycosides, steroids and terpenoids (Pan et al. 2011; Panneerselvam 
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et al. 2016; Xavier et al. 2016), to which the reductive and stabilizing properties are 
attributed.

For example, the FTIR (Fourier-transform infrared spectroscopy) analysis of the 
extracts from A. capillus-veneris and Cyathea nilgerensis demonstrated phenols, 
when combined with AgNPs, prevent their agglomeration (Samidoss et al. 2013; 
Johnson et al. 2017). For the extracts from Pteris tripartita, flavonoids were men-
tioned to have an extremely important role in reducing the Ag ions. The implication 
of phenols, as well as that of aliphatic amines, alcohols, amides and carbonyl groups 
from biomolecules, was also suggested in the process of stabilization of silver 
nanoparticles in the extracts from Dicranopteris linearis (Rajaganesh et al. 2016; 
Baskaran et al. 2016).

The reductive capacity of metal ions was tested for different types of extracts, 
such as the fresh aqueous extracts from dried plants of Actiniopteris radiata (Sant 
et al. 2013) or from plants/green leaves of Adiantum capillus-veneris (Santhoshkumar 
and Nagarajan 2014), A. philippense (Sant et  al. 2013) and Azolla pinnata 
(Korbekandi et al. 2014); boiled aqueous extracts from fresh leaves of Cheilanthes 
farinosa (Nalwade et  al. 2013), Nephrolepis exaltata (Chrislyn et  al. 2016), 
Dicranopteris linearis (Rajaganesh et  al. 2016), Pteris argyraea, P. confusa, P. 
biaurita (Britto et al. 2014), P. tripartita (Baskaran et al. 2016) and Nephrolepis 
exaltata (Bhor et  al. 2014); crude methanol extracts from dried plants of Azolla 
microphylla (Kunjiappan et al. 2015) or extracts concentrated by evaporation from 
dried plants of Cyclosorus interruptus, Christella dentata and Nephrolepis cordifo-
lia (Xavier et  al. 2016); and crude ethanol extracts from leaves or rhizomes of 
Asplenium scolopendrium (Şuţan et  al. 2016) or Dryopteris crassirhizoma (Lee 
et al. 2016).

The antioxidant potential and the medicinal value of fern species have been the 
determining factors in selecting them for the synthesis of Ag and Au nanoparticles. 
At the same time, the quantitative and qualitative diversity of the bioactive ingredi-
ents from fern extracts may be an explanation for the morphological diversity of 
nanoparticles (Makarov et al. 2014).

The bioactive compounds found in the composition of the extracts, the solvent 
used for extraction, the concentration of the extract and that of the metal salt, the 
electrochemical potential of metal ions, the pH of the reaction mixture, the incuba-
tion period and the period of contact were often mentioned as influential factors in 
the nanoparticle production rate, as well as in the resulting characteristics.

The first indication of the biosynthesis of AgNPs is given by the change in the 
colour of the reaction mixture. For example, in only 20  s, the phytosynthesis of 
AgNPs induced by the extract from Salvinia molesta determined a colour change in 
the reaction mixture from green yellowish to reddish brown (Verma et al. 2016). 
The addition of the extract from Adiantum philippense to the solution of tetrachlo-
roauric acid (HAuCl4·3H2O 1 mM) determined a colour change in the mixture from 
greenish to dark blue (Sant et al. 2013). In the case of the extract from Azolla micro-
phylla, through the biosynthesis of AuNPs, the reaction mixture turned dark pink 
(Kunjiappan et al. 2015).
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The pH value of the reaction mixture has an extraordinary influence on the 
nanoparticle formation process. First, pH modification is correlated with quantita-
tive and qualitative diversification of phytochemical compounds contained in the 
extract, as well as with the variation of their potential for binding and reducing 
metal cations and anions during nanoparticle synthesis, determining changes in 
shape, size and synthesis yield. For example, Chrislyn et al. (2016) showed that the 
synthesis speed of AgNPs in extracts from Nephrolepis exaltata was higher than in 
the alkaline medium. Similarly, the UV-Vis spectrum confirmed that pH = 11 was 
optimal for the synthesis of AuNPs. AgNPs were best synthesized when pH = 12, 
for the synthesis assisted by the extract from Adiantum philippense (Sant et  al. 
2013). However, the same authors pointed out that for a lower pH, the absorption 
capacity was lower and wider. These findings confirm the results according to which 
the alkaline pH stabilizes and prevents the agglomeration of synthesized 
nanoparticles.

The size of the phytosynthesized NPs varied depending on the reaction medium. 
Thus, AgNPs whose biosynthesis was mediated by the extract from Cyathea nilge-
rensis varied on average between 45 nm and 74 nm (Johnson et al. 2017). The small-
est AgNPs with a diameter of 0.93 nm and a mean size of 6.5 nm were obtained in 
the biosynthesis reaction catalysed by the extract from Azolla pinnata (Korbekandi 
et al. 2014).

Kinetic studies revealed that temperature is a decisive factor in the process of 
nanoparticle biosynthesis. For example, the reaction rate and biosynthesis efficiency 
of anisotropic Au and Ag nanoparticles (spherical, triangular and decahedral) in 
extracts from Diplazium esculentum (Sinha and Ahmaruzzaman 2016) were 
favoured by the increase in temperature. It is estimated that the increase in tempera-
ture leads to the increase in the nucleation rate.

The concentration of the plant extract, as well as the concentration of metal salts, 
is a defining parameter for the reaction of nanoparticle phytosynthesis. Thus, Sant 
et al. (2013) showed that the undiluted aqueous extract from Adiantum philippense 
had induced an effective synthesis of the Au and Ag nanoparticles, while the diluted 
sample had displayed no significant nanoparticle synthesis. Moreover, mixing the 
plant extract with tetrachloroauric acid/silver nitrate in a higher concentration (from 
1 mM to 10 mM) induced nanoparticle synthesis at higher rates. In the case of the 
tetrachloroauric acid, the increase in the biosynthesis rate was recorded up to a con-
centration of 5 mM; the increase in the concentration of metal ions resulted in a 
decrease of biosynthesis intensity. For silver nitrate the optimal concentration of 
metal ions was 9 mM.

In this context, it should be mentioned that the efficiency of metal nanoparticle 
synthesis depends on the electrochemical potential of the ions, so that the ability of 
plant extracts to reduce metal ions can be significantly higher in the case of ions 
with a higher electrochemical potential (Ag+) compared to the ions with a lower 
electrochemical potential (e.g. [Ag(S2O3)2]3−) (Haverkamp and Marshall 2009, cited 
by Makarov et al. 2014).
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16.6  Applications of Nanoparticles Phytosynthesized 
in Pteridophyte Extracts

Up to the present, numerous studies have promoted fern extracts as renewable 
sources, safe to the environment, which can be successfully used to reduce metal 
ions to bioparticles. In spite of the fact that nanoparticles biosynthesized in plant 
extracts are of real interest, till now, they have been tested in a relatively low number 
of in vitro or in vivo practical applications for their antioxidant, antimicrobial, anti- 
inflammatory, larvicidal and pupicidal activity. For example, the DPPH assay, fer-
rozine and phosphomolybdenum assay and ABTS+ assay revealed a significant 
difference in the antioxidant activity of biosynthesized AgNPs when compared to 
the aqueous extract from Pteris tripartita (Baskaran et al. 2016). AuNPs biosynthe-
sized in extracts from Azolla microphylla were shown to have a significant antioxi-
dant capacity as well as a liver protective activity. They were promoted as potential 
protection and prevention agents against liver diseases (Kunjiappan et al. 2015).

Comprehensive studies on the in vitro antimicrobial activity of AgNPs biosyn-
thesized using fern extracts demonstrated their powerful or moderate antimicrobial 
effect against certain pathogenic agents. It is considered that antimicrobial activity 
is dependent on the size and dosage of AgNPs and that their inhibitory activity is 
more effective against Gram-positive bacteria than against Gram-negative bacteria 
(Koteswaramma et al. 2017).

Silver nanoparticles whose synthesis was mediated by extracts from Nephrolepis 
exaltata exhibited an important antimicrobial activity as compared to those that 
were chemically synthesized, which presented either no antimicrobial activity or an 
antimicrobial activity comparable to that of standard antibacterial agents (Bhor 
et  al. 2014; Chrislyn et  al. 2016). AgNPs phytosynthesized in extracts from 
Cheilanthes farinosa induced an inhibition zone of 15 mm against Staphylococcus 
aureus and 20 mm against Proteus morganii, an activity similar to that manifested 
by tetracycline (Nalwade et al. 2013). In addition, Kalita et al. (2016) underlined the 
biocompatibility and functionalization of the AuNPs surface biosynthesized using 
aqueous extracts from Adiantum philippense with the broad-spectrum antibiotic 
beta lactam (amoxicillin). AuNPs combined with amoxicillin enhanced the in vivo 
and in  vitro bactericidal activity against Gram-positive and Gram-negative 
bacteria.

The action of AgNPs and Ag2+ was reported to be similar, although nanoparticles 
proved to be more efficient at much lower concentrations than ions. The exact 
mechanism of their antibacterial activity has not been discovered yet, but some 
researchers claim that AgNPs attach to the cell membrane, disrupt its permeability 
and determine structural modifications of the cell membrane, eventually leading to 
the death of the cell (Krishnaraj et al. 2012).

Morones et al. (2005) and Baker et al. (2005) suggested that AgNPs may enter 
bacteria and fungi producing damage due to their interaction with phosphorus and 
sulphur electrons from compounds such as DNA and proteins.
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Several studies have evaluated the mosquitocidal effect of nanoparticles whose 
synthesis was induced in pteridophyte extracts. Based on the findings resulted from 
the experiments focused on the ovicidal properties and especially on the oviposition 
deterrent effects of AgNPs synthesized using extracts from Dicranopteris linearis, 
Rajaganesh et al. (2016) recommended them particularly for the integrated control 
programs against arbovirus vectors.

Other studies emphasized the larvicidal and pupicidal potential of aqueous 
extracts from Adiantum capillus-veneris supplemented with AgNPs against the vec-
tor of malaria, Anopheles stephensi (Samidoss et al. 2013), or that of the extracts 
from Cyclosorus interruptus, Christella dentata and Nephrolepis cordifolia against 
the pest Spodoptera litura (Xavier et al. 2016). The same authors argued in favour 
of the use of extracts of Nephrolepis exaltata with AgNPs in the treatment of waste-
water contaminated by Escherichia coli.

Gold and silver nanoparticles biosynthesized in extracts from Diplazium escul-
entum were tested for their catalytic properties in the remediation of two carcino-
genic textile dyes (methyl violet 6B and rose bengal) and of the phenolic compound 
4-nitrophenol. The depleted nanostructured materials and the intermediary products 
of the degradation process, along with the period of dye degradation by the nano-
structured catalysts, recommend them as ideal candidates in wastewater treatment 
processes (Sinha and Ahmaruzzaman 2016).

The interest shown to nanoparticles and nanomaterials must be supported by 
empirical research (Bernhardt et al. 2010; Klaine et al. 2012) and scientific argu-
ments that reduce fear and concern about potential side effects of nanotechnological 
products on human and natural ecosystems. The vast majority of the research con-
ducted so far has tested the exposure of living systems to much higher nanoparticle 
concentrations (mg L−1) than the evaluated natural risks (μg L−1). Appreciating and 
defining the dosage-response curve in correlation with reality is essential, especially 
because most scientific results suggest that nanomaterials have a chronic action at 
low concentrations (Gottschalk et al. 2009). The determination of the correct dos-
age, validated by reality, must be followed by the creation of a scenario that includes 
the most efficient way to introduce nanoparticles in the experimental system and the 
evaluation of transportation, targets as well as the nanoparticle physicochemical 
changes during the experiment.

16.7  Evaluating Phytotoxicity and Cytogenetic Effects 
of the Ethanol Extracts from Spores of Athyrium filix- 
femina (L.) Roth

A considerable number of species, including bacteria (Kumar et  al. 2011; Wang 
et al. 2011), algae (Manzo et al. 2013), plants (Makarov et al. 2014; Allafchian et al. 
2016; Jeevanandam et al. 2017), invertebrates (Croteau et al. 2014) and vertebrates 
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as well as fish (Ma et al. 2013) and rats (Magaye et al. 2014) have been the subject 
of many nanotoxicological studies.

Despite the fact that numerous fern species have been largely used as natural 
remedies for hundreds of years, at the moment there are relatively few data regard-
ing the phytotoxicity and cytogenotoxicity of fern extracts. Using the cytokinesis- 
block micronucleus cytome assay, Glamočlija et  al. (2014) remarked that the 
cytotoxic and genotoxic potential of the Asplenium scolopendrium extracts on 
in vitro human lymphocytes was very low and null, respectively.

The extracts from spores of Anemia phyllitidis, Dicksonia antarctica, Pteridium 
aquilinum, Pteris vittata and Sadleria pallida induced in vitro DNA damage (Simán 
et al. 2000). Chai et al. (2015) evaluated the cytotoxicity of aqueous extracts from 
Christella arida, C. dentata, Cyclosorus interruptus, Microsorum punctatum, 
Nephrolepis acutifolia and Pleocnemia irregularis on leukaemia cell line (K562), 
emphasizing their therapeutic effects. Lok et al. (2007) concluded that AgNPs do 
not have a direct effect on DNA or proteins.

In our research aimed to determine the cytogenetic effects of extracts obtained 
from spores of Athyrium filix-femina (L.) Roth, we used the test organism Allium 
cepa L. (2n = 16). The Allium test provides data that may be correlated with the 
results obtained for the prokaryotic systems (Fiskesjö 1985). The spores were col-
lected from plants found in the Vâlsan Valley, Argeș, Romania, at the following 
location: N45°20′18″, E0.24°44′04.7″, at an altitude of 730 m. The ethanol extracts 
were prepared through spore mass suspension in ethanol (1:100 w/v). The mixture 
was kept for 48 h at room temperature. The extracts obtained (EEA) were filtered 
using filter paper (Whatman no. 1) and the filtrates were used for nanoparticle phy-
tosynthesis and for evaluation of the cytogenotoxic potential using the Allium test.

The synthesis of AgNPs was induced by treating 100 ml of ethanol extract from 
spores of A. filix-femina with 100 ml of aqueous solution of AgNO3 1 mM and by 
incubating the mixture in the dark, at room temperature for 3 h.

A HITACHI SU8230 cold-field emission scanning electron microscope was used 
for scanning electron microscope analysis (SEM). Before subjected to analysis, 
plant extract solution was dropped and dried on scanning transmission electron 
microscopy (STEM) copper (Cu) grids. A secondary electrons detector (SE) was 
used for sample morphology and particle size measurements. For the energy disper-
sive X-ray spectroscopy analysis (EDS), several point scans were performed on 
relevant sample spots on each sample. Because of sample charging at higher volt-
age, quantitative EDS analysis could not be properly conducted. Still, qualitative 
EDS analysis revealed the presence of Ag. Additionally, for spore extract supple-
mented with AgNPs in a concentration of 25%, an EDS-mapping analysis was per-
formed in order to observe Ag distribution on the analysed sample surface.

The cytogenetic effects of the extracts, before and after Ag nanoparticle phyto-
synthesis, were evaluated considering the modifications in mitotic index and the 
stages of mitotic division (prophase, metaphase, anaphase and telophase), as well as 
the frequency of chromosomal aberrations and nuclear anomalies induced in the 
meristematic root cells of Allium cepa L. (Șuțan et al. 2016). The evaluation of the 
cytogenetic effects consisted in a 96 h exposure of the bulbs, initially to the action 
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of distilled water (for 48 h) and of some varied concentrations of ethanol extracts 
from spores, without (EEA 5%, 15% and 25%) and with AgNPs (EEA + AgNPs 
5%, 15% and 25%).

The microscopic preparations were analysed with an Olympus CX-31 micro-
scope, using a ×400 objective. The microscopic analysis consisted in determining 
the number of cells found in different phases of mitosis and the frequency of chro-
mosomal and nuclear aberrations reported for a number of 3000 cells for each 
experimental sample. The mitotic index was calculated as the percentage ratio of the 
number of cells in the mitosis process to the total number of analysed cells (Tedesco 
and Laughinghouse 2012). The percentage ratio of cells in prophase, metaphase, 
anaphase or telophase was determined based on the total number of cells in mitosis. 
The frequency of chromosomal aberrations and nuclear anomalies was determined 
by relating them to the adequate phase of the cell and mitotic cycle.

The experiments were performed in triplicate, and 3000 cells were analysed for 
each experimental sample. Statistical analysis of results was conducted using the 
IBM SPSS Statistics 20 program (2011). Statistical significance and significant dif-
ferences between variables were determined using variance analysis (one way 
ANOVA) and Duncan’s test for multiple comparison, respectively. The values 
P ≤ 0.05 were considered statistically significant. Graphs and tables were compiled 
based on the mean values ± standard error resulted from several independent 
experiments.

The formation of Ag nanoparticles in extracts from spores of A. filix-femina was 
established by visual observation of colour change from light yellowish (EEA) to 
light brown (EEA  +  AgNPs), as shown in Fig.  16.1. SEM analysis confirmed 
nanoparticle phytosynthesis (Fig. 16.2). The presence of silicon, according to EDS 
results (Fig. 16.3), is not surprising, considering the fact that silicon was mentioned 
in the atomic composition of Selaginella spores (Tryon and Lugardon 1978) and 
that of the leaves of some fern species (Höhne and Richter 1981). Aluminium (Al) 
presence on EDS spectra is due to the sample holder interference, while the copper 
(Cu) signal is due to the STEM grid on which the plant extract solution was dropped 
and dried. Thus, the presence of Cu and Al on sample EDS spectra is not relevant 

Fig. 16.1 Colour change in the extract from spores of Athyrium filix-femina (L.) Roth after adding 
AgNO3 (left, before the addition of AgNO3; right, after the formation of nanoparticles)

16 Current Trends in Pteridophyte Extracts: From Plant to Nanoparticles



344

for the chemical elemental composition of the sample and should be excluded from 
EDS analysis.

Root length was the macroscopic parameter taken into account in the evaluation 
of extract toxicity. For all experimental samples, root length was measured after 
72 h, and the results were compared to the negative control sample. Analysis of 
results indicated growth inhibition in the roots of A. cepa exposed to different con-
centrations of extracts from spores of A. filix-femina, with and without AgNPs 
(Fig. 16.4).

The roots of A. cepa had an average length of 21.46 mm in the experimental 
control sample, while the roots exposed to treatments with extracts from spores 
reached an average of 16 mm, which was the length of the experimental sample 
(EEAs 5%). Statistical analysis of results showed a statistically significant correla-
tion between root length and extract concentration. However, the results confirmed 
the stimulating effect of the extracts, compared to the samples defined by the 
corresponding ethanol concentrations for root growth. Improved root tolerance to 

Fig. 16.2 SEM analysis of AgNPs phytosynthesized in extracts from spores of Athyrium 
filix- femina (L.) Roth

Fig. 16.3 EDS analysis of extracts from spores of Athyrium filix-femina (L.) Roth supplemented 
with AgNPs
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low water concentration can be attributed to the presence of silicon (Eneji et al. 2005; 
Hattori et al. 2005) identified in the spore extracts through EDS analysis.

According to Fiskesjö (1993), the growth of the roots is inhibited when they are 
exposed to the action of toxic substances, to an inappropriate pH value or to undis-
solved substances that limit their intake of nutrients. In our study, compared to the 
negative control sample and to the spore extracts, the incubation of the roots in 
extracts supplemented with AgNPs induced a significant growth delay, up to the 
maximum mean value of 8 mm (EEAs + AgNPs 5%), and minimum mean value of 
5 mm (EEAs + AgNPs 25%), values that can be attributed to the action of AgNPs.

Cytogenetic Effects of Spore Extracts Analyses of mitotic index variation, distribu-
tion of the phases of mitotic division, types of chromosomal aberrations and their 
frequency were conducted to evaluate the cytogenotoxic effects of extracts from 
spores of A. filix-femina, before and after phytosynthesis of AgNPs.

The variation of the mitotic index was one of the dependent factors considered 
when analyzing variance and determining the significant differences between 
experiments. The results are presented in Fig. 16.5. Statistical interpretation of the 
microscopic results underlined a significant reduction in the frequency of cells in 
mitosis in the meristematic root tips incubated in extracts from spores of A. filix- 
femina compared to the negative control sample, for a confidence interval of 95%. 
The MI value determined for the negative control sample was 10.65%, significantly 
higher than the values presented by all the other experimental samples. Campos 
et al. (2008) explained the mitodepressive effects of the extracts of Dicranopteris 
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flexuosa and Gleicheniella pectinata through their allelopathic action on meriste-
matic cells of Lactuca sativa and Zea mays.

The mitodepressive effects of spore extracts were independent of the extract con-
centration. In this context, we must highlight the stimulating effects of spore extracts 
compared to the corresponding concentrations of ethanol. At the same time, statisti-
cal analysis of results revealed that the mitoinhibitory effects of spore extracts sup-
plemented with AgNPs were more powerful than those of extracts without 
nanoparticles, which were comparable with the mitodepressive effect of ethanol.

The Mitotic Phase Distribution The analysis of the results regarding the distribu-
tion of mitotic phases is presented in Fig.  16.6. Statistical interpretation of data 
emphasized a substantial prophase accumulation (98.83%) in the meristematic root 
tips incubated in EEAs 5%. The increase in the concentration of spore extracts to 
15% and 25%, respectively, did not generate major changes when compared to the 
negative control sample. Ethanol treatments, as well as those with spore extracts 
enriched with AgNPs, induced an important accumulation of metaphases and telo-
phases in the onion root tips.

The mitotic index is a solid parameter in cytogenotoxicity evaluation (Fiskesjö 
1985; Fernandez et al. 2007). The reduction in the mitotic index can be explained by 
mitotic cell cycle arrest, either in one of the stages of the interphase, through inhibi-
tion of nuclear proteins or DNA synthesis, or in one of the stages of mitosis, espe-
cially during the metaphase. In our study, the important increase in the frequency of 
prophases after incubation of roots in spore extracts for 24 h suggested that a higher 
number had passed the G2 phase. On the other hand, root treatment with spore 
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extracts supplemented with AgNPs through biosynthesis induced the accumulation 
of metaphases, probably as a consequence of a blockage in the formation/function-
ing of the mitotic spindle. This explanation is supported by the presence of C-mitoses 
and polyploid cells, which were observed in the experimental samples 
EEAs + AgNPs. It is estimated that some disrupting agents could prevent the attach-
ment of micronuclei to kinetochores, so that, following the signals generated by 
control points, the transition from the metaphase to the anaphase is blocked. 
However, prolonged treatments with disrupting agents help the mitotic checkpoint 
to adapt, allowing the cell to complete the mitotic cycle by forming tetraploid cells 
and cytokinesis (Jordan et al. 1991, cited by Blajeski et al. 2002). Genotoxic stress 
activates intracellular signaling molecules, which leads to cell growth arrest, DNA 
repair and/or apoptosis.

Chromosomal and Nuclear Aberrations Microscopic analysis of temporary squash 
preparations displayed different types of chromosomal and nuclear aberrations, 
such as laggards and vagrant chromosomes, sticky chromosomes, C-mitoses, binu-
cleate cells, variation of chromosomes number or budding nuclei, which character-
ized the various experimental samples (Fig.  16.7). Thus, laggards and vagrant 
chromosomes were the most frequent chromosomal aberrations. Vagrant chromo-
somes were identified in all experimental samples, without major variations, while 
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the laggards had the highest frequency in the meristematic root cells incubated in 
ethanol 25% and a significantly lower frequency in the experimental samples 
EEAs + AgNPs, independent of their concentrations. Spore extracts from A. filix- 
femina induced a lower frequency formation of binuclear cells, while root incuba-
tion in spore extracts supplemented with AgNPs generated the formation of 
C-mitoses and their accumulation with a frequency ranging from 8.33% up to 
19.44% (Table 16.1). These observations revealed the different influence of spore 
extracts on the mitotic apparatus, based on the presence or the absence of AgNPs.

With no correspondence between the aberration frequency and the extract con-
centration, the influence of bioactive compounds on cells in the division process is 
obvious. McFee and Tice (1990) appreciated that a series of factors, such as com-
pound solubility, transport rate and biodistribution and the concentration at the tar-
get site, can modulate the time interval in which aberrations can be induced.

According to Rank (2003), the presence of vagrant chromosomes was an indica-
tor of the toxic effect on the mitotic spindle. Furthermore, the formation of abnor-
mal anaphases and the presence of C-mitoses were evidence of the side effects of 
AgNPs on the spindle. The detection of binucleate cells in meristematic cells of 

Fig. 16.7 Chromosomal aberrations and nuclear anomalies identified in meristematic root cells of 
Allium cepa L. that underwent treatment with spore extracts of Athyrium filix-femina (L.) Roth. ex 
Mert. (a) vagrant chromosomes, EEAs 5%; (b) stickiness, ethanol 15%; (c) anaphase bridges, 
EEAs + AgNPs 15%; (d) C-mitosis, EEAs + AgNPs 5%; (e) binucleate cell, EEAs 25%; (f) telo-
phase bridge, EEAs + AgNPs 15%; (g) variation of chromosome number, EEAs + AgNPs 25%; 
(h) micronucleus, EEAs + AgNPs 25%; (i) nucleoplasmic bridges, EEAs + AgNPs 25%; (a–i): at 
a magnification 400×
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A. cepa suggested that spore extracts inhibited cytokinesis (Kalcheva et al. 2009). 
Formation of binucleate cells was taken into account in genotoxicity analysis, due 
to the fact that the disruption of microtubules affects the consolidation of phragmo-
plasts in the telophase (Soliman 2001). Sticky metaphases appeared as a result of 
the toxic effect on chromatin and usually led to the death of the cell (Campos et al. 
2008). In our study, the frequency of sticky chromosomes was specific to spore 
extracts without AgNPs. The variation in the number of chromosomes or chromo-
some sets is a tolerated and relatively common phenomenon in plants, due, at least 
partially, to the absence of p53 (Korthout et al. 2002).

The identification of C-mitoses and cells with a chromosome number higher than 
2n = 16 in the onion meristematic tips treated with spore extracts containing AgNPs 
may have resulted from the interference of some of their compounds with the 
assembly and disassembly process of tubulin molecules in the networks of microtu-
bules (Cassimeris et al. 1988). The presence of C-mitoses, along with the variation 
in the chromosome number in the experimental samples EEAs + AgNPs, indicates 
the antitumour potential of AgNPs.

However, even though higher plants are fundamental test organisms for monitor-
ing and testing genotoxins and the Allium test is marked by sensitivity and repro-
ducibility (Fiskesjö 1985), it is still necessary to evaluate the genotoxic potential of 
each compound or bioactive chemical complex, as well as their capacity to damage 
the genetic material organized in the form of chromosomes. The evaluation has to 
be done through multiple tests that must certify the fidelity of the results (Repetto 
et al. 2001).

16.8  Conclusions

Phytosynthesis of Ag nanoparticles in ethanol extracts from spores of Athyrium 
filix-femina was demonstrated through SEMChai and EDS analyses. The sizes of 
AgNPs varied between 10 and 94 nm. In the meristematic tips of Allium cepa, mito-
sis was inhibited by ethanol extracts from spores. The more pronounced mitode-
pressive effect associated with the presence of C-mitoses was induced by spore 
extracts supplemented with AgNPs, which demonstrate potential antitumour effects. 
Depending on the absence or the presence of AgNPs, the experimental samples 
were defined by distinct chromosomal aberrations, as follows: sticky chromosomes 
and binucleate cells and C-mitoses and the variation in the chromosome number, 
respectively.
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Chapter 17
Novel Genes of Hyperaccumulator Ferns 
in Arsenic Tolerance, Uptake, 
and Metabolism: Implications for Crop 
Improvement

Yanshan Chen, Yue Cao, Bala Rathinasabapathi, and Lena Ma

17.1  Arsenic-Hyperaccumulator Pteris vittata  
(Chinese Brake Fern)

17.1.1  Arsenic Toxicity

Arsenic (As) is a toxic and carcinogenic metalloid, which is ubiquitous in the envi-
ronment. It ranks the 20th in abundance in the earth crust, with an average concen-
tration of ~6 mg kg−1 in the upper earth crust (Matschullat 2000). Arsenic can be 
released into environment through both natural and anthropogenic sources, which 
elevates As levels in soil and water (Oremland and Stolz 2003; Jomova et al. 2011). 
Geochemical processes including rock weathering and volcanic eruption, as well as 
human activities like mining, metal smelting, coal combustion, the use of arsenical 
pesticides, and wood preservatives, all contribute to As release and cause As pollu-
tion in the environment (Jarup 2003; Zhu et al. 2014).

Arsenic in soils is mainly present in inorganic form including arsenate (AsV) and 
arsenite (AsIII). In aerobic soils, As is present predominantly as oxidized AsV, 
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while in anaerobic environments like flooded paddy soil, it exists mainly as reduced 
AsIII (Huang et al. 2011). Due to As methylation processes, small amount of organic 
As species may also exist in soil, including dimethylarsinic acid (DMA) and mono-
methylarsonic acid (MMA) (Huang et al. 2011). Arsenic toxicity in organisms var-
ies with As species. Generally, AsV and AsIII are more toxic than methylated As 
species. For example, AsIII is ~100-fold more toxic than DMA to animal cells 
(Hirano 2004). As a phosphate analogue, AsV substitutes for phosphate at binding 
sites to incorporate into ATP and participate in phosphorylation reactions, thereby 
interfering with energy and phosphate metabolism (Meharg and Hartley-Whitaker 
2002; Finnegan and Chen 2012). Different from AsV, AsIII has high affinity for 
sulfhydryl groups of the cysteine residues of proteins, thus affecting protein struc-
ture and enzyme function (Shen et al. 2013).

For humans, general population is exposed to As mainly via food intake and 
water consumption. Rice (Oryza sativa L.) is the staple food for half of the world’s 
population and wildly cultivated in Asian countries. However, rice is an efficient 
accumulator of As, and some Asian countries are polluted by As, making rice con-
sumption a major source of As exposure to local people (Sohn 2014; Chen et al. 
2017a). Besides, in some areas like Bangladesh, As in drinking water is a significant 
source of As exposure (Argos et al. 2010). Arsenic exposure adversely impacts mil-
lions of people, increasing the risk of skin lesions and various cancers, greatly 
threatening human health (Stone 2008; Argos et al. 2010; Yang 2011).

17.1.2  Arsenic-Hyperaccumulator Pteris vittata

Similar to animals and humans, As is a nonessential element and toxic to plants. 
Arsenic exposure usually hampers plant growth and impairs plant reproductive 
capacity (Garg and Singla 2011; Finnegan and Chen 2012). At relatively high As 
concentrations, As interferes with critical metabolic processes, leading to plant 
death. In addition, it also impacts plant physiology, leading to generation of reactive 
oxygen species, increased lipid oxidation, and impaired membrane veracity and 
nutrient acquisition (Garg and Singla 2011). To survive under As stress, most plants 
possess mechanisms to restrict As uptake and retain much of the As in the roots, 
thereby protecting photosynthetic tissues (Ali et al. 2012; Finnegan and Chen 2012).

The first-known As-hyperaccumulating plant, Pteris vittata (Chinese brake fern), 
was reported by Ma et al. (2001). Different from other plants, P. vittata is extremely 
efficient in extracting As from soils and translocating it into the fronds, showing its 
extraordinary As detoxification ability (Ma et al. 2001). Though other plants can 
also take up and tolerate As from soils (Dekoe 1994; Meharg et al. 1994; Bech et al. 
1997), they do not hyperaccumulate the metalloid. In contrast, As in P. vittata is 
found in much higher concentrations in the fronds than in the roots as well as in 
soils (Ma et al. 2001).

P. vittata possesses extremely high As tolerance and can live in soils containing 
as high as 1500  ppm As. Moreover, it can take up large amounts of As into its 
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fronds, even up to >2.3% by dry weight, exhibiting a great potential to remediate 
As-contaminated soils (Ma et al. 2001). Following the discovery of P. vittata, sev-
eral ferns belonging to the Pteris genus were found to hyperaccumulate As, includ-
ing Pteris cretica, Pteris longifolia, Pteris umbrosa, Pteris multifida, Pteris biaurita, 
Pteris quadriaurita, Pteris ryukyuensis, Pteris aspericaulis, Pteris fauriei, Pteris 
multifida, and Pteris oshimensis (Zhao et  al. 2002; Srivastava et  al. 2006; Wang 
et al. 2006). Interestingly, not all species within the Pteris genus are As hyperaccu-
mulators. For example, Pteris straminea, Pteris tremula, and Pteris semipinnata do 
not hyperaccumulate As (Meharg 2003; Wang et al. 2006). In addition, Pityrogramma 
calomelanos, a fern in the order of Pteridales, exhibits As-hyperaccumulating prop-
erty (Visoottiviseth et al. 2002). Other ferns like Actiniopteris radiata, Cheilanthes 
sinuata, and Polystichum acrostichoides can also accumulate As and were identified 
as potential As accumulators, suggesting that As accumulation likely is an evolu-
tionary advantage in ferns (Srivastava et al. 2010).

The discovery of As-hyperaccumulator P. vittata opens the door to an inexpen-
sive and environmentally friendly technology to remediate As-contaminated soils 
(Kramer 2005). Besides its application in phytoremediation, P. vittata is also used 
as a model plant to investigate As metabolism in plants and As hyperaccumulation 
mechanisms (Gumaelius et al. 2004; Han et al. 2017a). Much research based on 
plant physiology, biochemistry, and molecular biology have been carried out to 
investigate its As uptake, translocation, speciation, distribution, and detoxification.

17.2  Arsenic Uptake, Translocation, and Detoxification  
in P. vittata

17.2.1  Arsenate Uptake Via Phosphate Transporters (Pht)

In non-hyperaccumulating plants, AsV uptake is inhibited by phosphate (P) supple-
ment, and P starvation enhances AsV uptake in plants (Muchhal et al. 1996; Abedin 
et al. 2002). In addition, AsV treatment decreases P uptake by plants (Clark et al. 
2000). The results showed that AsV and P compete in plant uptake, indicating AsV 
is taken up by phosphate transport system. Molecular biological studies confirmed 
that AsV is taken up by plants via P transporters (Pht) (Jia et al. 2011; Puckett et al. 
2012; Wang et al. 2016).

P. vittata is highly efficient in taking up AsV (Wang et al. 2002). In P. vittata, 
AsV uptake is also inhibited by P, with increasing P supply decreasing As uptake, 
while P deficiency increases its As accumulation, indicating that AsV uptake may 
also occur via P transporters (Lessl and Ma 2013; Fu et al. 2017). Compared to non- 
hyperaccumulator, P. vittata exhibits enhanced AsV uptake, indicating that it may 
possess unique Pht. Recently, DiTusa et al. (2016) identified three P. vittata P trans-
porter 1 (Pht1) genes, including PvPht1;1, PvPht1;2, and PvPht1;3. Since PvPht1;1 
and PvPht1;2 share 98.5% identical amino acid residues and vary only by 8 amino 
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acid residues, they represent probably the same P transporter, which shares 72% 
identity to PvPht1;3. Transcripts of both PvPht1;1/2 and PvPht1;3 are induced by P 
deficiency. However, in response to AsV, PvPht1;1/2 transcript abundance decreases 
by 2-fold, whereas PvPht1;3 transcript increases 1.5-fold. The results indicated 
similar P responses for PvPht1;1/2 and PvPht1;3 but with differential regulation by 
AsV (DiTusa et al. 2016).

Functional studies showed that PvPht1;1, PvPht1;2, and PvPht1;3 proteins all 
function as P transporters but with different transport properties. In yeast experi-
ments, PvPht1;3 is more effective in complementing yeast mutant PAM2 
(Δpho84Δpho89) defective in P uptake. Further studies showed that yeast cells 
expressing PvPht1;3 are sensitive to AsV by accumulating more AsV than empty 
vector control. Moreover, P uptake of PvPht1;3 is strongly inhibited by AsV, with 
the Km for P uptake by PvPht1;3 being 22.1 μM, and the inhibition constant (Ki) of 
AsV being 14.8 μM. The results indicated that PvPht1;3 has similar affinities for P 
and AsV, which are different from other Pht transporters that prefer P over AsV 
(DiTusa et al. 2016). Previous study showed that P. vittata had lower Km value for 
AsV as compared with a non-hyperaccumulating fern, suggesting a higher AsV 
affinity in P. vittata (Poynton et  al. 2004). As a high-affinity AsV transporter, 
PvPht1;3 may be responsible for enhanced AsV uptake exhibited by P. vittata and 
play a critical role in efficient AsV uptake by P. vittata (DiTusa et al. 2016). However, 
to further understand AsV uptake in P. vittata, more Pht transporters should be iden-
tified and characterized.

17.2.2  Arsenite Uptake Via Aquaporin Channels

AsIII is not the predominant As species in aerobic soils where P. vittata grows (Xu 
et al. 2014; Han et al. 2016). However, small amount of AsIII may exist in the rhi-
zosphere due to biochemical transformation by plant roots and AsV reduction by 
microbes (Moreno-Jiménez et al. 2012, 2013; Han et al. 2017b). AsIII is taken up 
by plant roots via aquaporin water channels (Major intrinsic proteins; MIPs), mainly 
a subfamily of the MIP called nodulin 26-like intrinsic proteins (NIPs) (Ma et al. 
2008; Mitani-Ueno et al. 2011). In Arabidopsis, NIP1;1 and NIP3;1 play important 
roles in AsIII uptake and translocation (Kamiya et al. 2009; Xu et al. 2015). In rice, 
Lsi1 (OsNIP2;1) plays a critical role in mediating AsIII uptake and accumulation 
(Ma et al. 2008). Besides, NIP1;2, NIP5;1, and NIP7;1 in Arabidopsis and NIP1;1, 
NIP2;2, NIP3;1, and NIP3;2 in rice also show permeability to AsIII (Bienert et al. 
2008; Isayenkov and Maathuis 2008; Kamiya et al. 2009).

MIP superfamily in higher plants can be classified into different subfamilies. 
Besides NIPs, plasma membrane intrinsic proteins (PIPs) and tonoplast intrinsic 
proteins (TIPs) are also important subfamilies (Quigley et al. 2002; Danielson and 
Johanson 2008). Some PIPs in rice, OsPIP2;4, OsPIP2;6, and OsPIP2;7, are also 
involved in AsIII transport (Mosa et al. 2012).
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In P. vittata, aquaporin inhibitor AgNO3 at 0.01 mM reduces AsIII uptake, indi-
cating that AsIII uptake may be mediated by aquaporin transporters (Mathews et al. 
2011). More recently, to select genes that mediate AsIII uptake in P. vittata, yeast 
mutant Δfps1 was transformed with a cDNA library from P. vittata and an AsIII- 
sensitive yeast transformant expressing a new TIP gene was obtained (He et  al. 
2016). As a subfamily of MIP, TIPs are classified into six groups, including TIP1, 
TIP2, TIP3, TIP4, and TIP5 based on sequence homology (Chaumont et al. 2001; 
Quigley et al. 2002) and TIP6, which is specifically expressed in Physcomitrella 
patens (Danielson and Johanson 2008). The new TIP gene encoding a TIP4-like 
aquaporin (named PvTIP4;1) mediates AsIII uptake in yeast (He et al. 2016).

In plant experiments, Arabidopsis transgenic lines expressing PvTIP4;1 accumu-
late more As in  vivo, so they are more sensitive to AsIII stress, indicating that 
PvTIP4;1 is capable of transporting AsIII in transgenic Arabidopsis (He et al. 2016). 
Moreover, PvTIP4;1 is mainly expressed in P. vittata roots, with AsIII showing little 
effect on its transcriptional expression. In subcellular level, PvTIP4;1 localizes to 
the plasma membrane of P. vittata. The results strongly indicate that PvTIP4;1 may 
mediate AsIII uptake in P. vittata (He et al. 2016).

17.2.3  Arsenate Reduction Via ACR2

After being taken up by plant roots, AsV can be rapidly reduced to AsIII in root cells 
(Zhao et  al. 2009). In eukaryote Saccharomyces cerevisiae, ACR2 (Arsenic 
Compounds Resistance 2) mediates the reduction of AsV to AsIII, which is the ini-
tial step of As detoxification (Bobrowicz et  al. 1997; Mukhopadhyay and Rosen 
1998). In plants, ACR2 arsenate reductases, which are similar to yeast ACR2, have 
also been identified. For example, reports showed that AtACR2, OsACR2.1, and 
OsACR2.2 are involved in AsV reduction in Arabidopsis and rice, respectively 
(Dhankher et al. 2006; Duan et al. 2007). In Arabidopsis, knockdown of AtACR2 
using RNA interference leads to its sensitivity to high AsV concentrations than wild 
type, but not AsIII (Dhankher et al. 2006). However, other study also showed that 
knocking out ACR2 by T-DNA insertion does not affect As redox (Liu et al. 2012).

More recently, researchers found that a novel arsenate reductase, termed ARQ1 
(Arsenate Reductase QTL1) or HAC1 (High Arsenic Content 1), which is different 
from canonical ACR2, plays critical roles in AsV reduction and AsV tolerance in 
Arabidopsis (Chao et al. 2014; Sánchez-Bermejo et al. 2014). In rice, OsHAC1;1/2 
and OsHAC4 are also responsible for AsV reduction, reducing AsV to AsIII in 
the root cells to facilitate AsIII efflux into the external environment, thus decreasing 
As accumulation in plants (Shi et al. 2016; Xu et al. 2017).

In P. vittata, As species analysis showed that, after AsV exposure, As is mainly 
present as inorganic forms, with considerable amounts of AsIII in the roots but more 
AsIII than AsV in the fronds, showing AsV reduction occurs in P. vittata (Ma et al. 
2001; Chen et al. 2016). Duan et al. (2005) showed that root extracts from P. vittata 
can reduce AsV to AsIII, but frond extracts cannot, indicating AsIII in the fronds 
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may mainly come from AsV reduction in the roots including rhizomes. However, 
Bondada et al. (2004) showed that when AsV was foliar-applied to P. vittata frond 
surface, it occurred mainly as AsIII after being absorbed, indicating that efficient 
AsV reduction occurs in the fronds also (Tu et al. 2002).

Ellis et al. (2006) reported the isolation of PvACR2 gene from P. vittata gameto-
phytes, which can suppress AsV sensitivity and As hyperaccumulation phenotypes 
of yeast lacking ScACR2. ACR2 belongs to the tyrosine phosphatases, which 
involves in cell division and cycle (CDC) (Bhattacharjee and Rosen 2007). Actually, 
ACR2 in Arabidopsis is initially identified as a dual-specificity CDC25 phosphatase 
(Landrieu et al. 2004). However, the phosphatase activity was found in AtACR2 and 
OsACR2, but not in PvACR2, making PvACR2 the first plant ACR2  that lacks 
phosphatase activity (Ellis et al. 2006; Duan et al. 2007). Besides, PvACR2 is also 
unique due to its unusual active site at a conserved motif that is essential for phos-
phatase and reductase activity. These unique properties of PvACR2, together with 
its constitutive expression, may play an important role in As hyperaccumulation by 
P. vittata (Ellis et al. 2006).

Besides ACR2, P. vittata triosephosphate isomerase (TPI) expression is capable 
of increasing AsV resistance in E. coli by directly or indirectly functioning as an 
arsenate reductase, suggesting that PvTPI may play a role related to AsV reduction 
in P. vittata (Rathinasabapathi et al. 2006). In addition, P. vittata may also express 
an AsV reductase named Pv2.5–8, which corresponds to a “predicted protein 
sequence of a putative AsV reductase” (Cesaro et  al. 2015). Though functional 
ATQ/HAC arsenate reductases have been identified in Arabidopsis and rice (Chao 
et al. 2014; Sánchez-Bermejo et al. 2014; Shi et al. 2016; Xu et al. 2017), whether 
its homologue exists in P. vittata is still unclear.

17.2.4  Arsenic Translocation

Compared with non-hyperaccumulating ferns, P. vittata has a higher rate of AsV 
uptake and, more importantly, a much enhanced translocation of As from the roots 
to fronds (Huang et al. 2004; Poynton et al. 2004; Caille et al. 2005; Su et al. 2008; 
Fu et  al. 2017). Following entry into the root cells, AsV can be reduced to 
AsIII. Analysis of As speciation in P. vittata showed that AsV is the dominant spe-
cies in the roots, with AsIII accounting for 10–40%. In contrast, AsIII is the main As 
species in the fronds, accounting for 60–90% (Ma et al. 2001; Zhang et al. 2002; 
Poynton et al. 2004; Pickering et al. 2006; Chen et al. 2016). One explanation for 
much higher AsIII in the fronds than the roots is that some AsV reduction occurs in 
the fronds (Zhang et al. 2002; Kertulis et al. 2005; Mathews et al. 2011). However, 
it may also be due to the preferential translocation of AsIII from the roots to fronds, 
leaving more AsV in the roots (Su et al. 2008).

In fact, Duan et al. (2005) found that the activity of arsenate reductase was in the 
root extract of P. vittata, but not the frond extract, suggesting that As reduction 
occurs in the roots. Moreover, Su et al. (2008) showed that the As concentrations in 
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xylem sap was 18–73 times higher than that in the growth solution, with AsIII being 
the predominant species, supporting preferential translocation of AsIII over 
AsV. However, both Tu et al. (2002) and Mathews et al. (2011) showed AsV reduc-
tion occurs in the fronds, therefore, more research is needed in this aspect.

17.2.5  Arsenic Efflux

 Root Arsenic Efflux

Arsenite efflux into external environment is an important mechanism used by 
microbes to detoxify As. In both prokaryote E. coli and eukaryote S. cerevisiae, As 
detoxification involves AsIII extrusion from cytosol to the external medium (Ghosh 
et al. 1999; Rosen 1999). Arsenite efflux also occurs in plants, though it is unclear 
whether this is an As detoxification strategy. Xu et al. (2007) found that after taken 
up by plant roots, AsV can be rapidly reduced to AsIII, which was effluxed to the 
external medium. Actually, plants are capable of effluxing large amounts of AsIII 
(normally >50% of AsV uptake) to external environment in a short time after low 
AsV exposure (Xu et al. 2007; Shi et al. 2015; Chen et al. 2016). However, in P. 
vittata, there was little AsIII complexation and little AsIII efflux from the roots to 
external medium, which may partially explain As hyperaccumulation by P. vittata 
(Su et  al. 2008). However, at high AsV exposure, substantial AsIII efflux was 
detected (Chen et al. 2016). Whether AsIII efflux is an As detoxification mechanism 
is unclear. But, AsIII efflux appears to be critical for plants to release As burden at 
high exposure.

 Frond Arsenic Efflux

Besides the roots, the aerial organs such as the leaves can also absorb soluble heavy 
metals, including essential elements like Cu and Zn and toxic metals such as Cd and 
As (Lepp 1975; Handson 1984; Pandey et al. 2013). Similarly, P. vittata can also 
absorb foliar-applied As, with most of the As concentrations being in the fronds 
(Bondada et al. 2004).

P. vittata can not only absorb foliar-applied As but also extrude As from the 
fronds. This is consistent with that most of the As in the pinnae is distributed in the 
epidermal cells and multicellular trichomes (Lombi et al. 2002; Li et al. 2005). It 
has been also reported that the P. vittata is able to leach As from the fronds, espe-
cially when they are dry (Tu et al. 2003; Yan et al. 2009). Recently, Cantamessa 
et al. (2016) showed that P. vittata fronds can extrude crystals containing As after 
extremely high As exposure (334 mM AsV for 60 d). More recently, Ronzan et al. 
(2017) also showed that, after exposing to As at toxicity level, both saline secretions 
and discrete crystals containing As occurred on P. vittata fronds. These results are 
in agreement with reports that plants can extrude As, Cd, and Zn as crystals from the 
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leaves through trichomes (Kupper et  al. 2000; Gupta and Bhatnagar 2015). 
Furthermore, despite intracellular compartmentalization in P. vittata, Datta et  al. 
(2017) showed evidence for a preponderance of exocellular As in P. vittata fronds, 
which is a potential mechanism of As detoxification. Further research is needed to 
understand the nature of As transport into the exocellular location.

17.2.6  Arsenic Detoxification and Hyperaccumulation

For non-hyperaccumulating plants, As tolerance can be achieved by suppressing 
high-affinity phosphate uptake system to decrease AsV uptake (Meharg and Macnair 
1992; Meharg and Hartley-Whitaker 2002). Besides, AsV can be reduced to AsIII, 
which has high affinity to sulfhydryl (–SH) groups and can be complexed with pep-
tide thiols glutathione (GSH) and phytochelatins (PCs) (Pal and Rai 2010). In many 
plants, As exposure induces enhanced synthesis and accumulation of PCs (Schmoger 
et al. 2000; Sneller et al. 2000). Either inhibition of PC synthesis by L-buthionine- 
sulfoximine, an inhibitor of γ-glutamylcysteine synthetase, or lacking functional PC 
synthase (PCS) leads to As sensitivity in plants, indicating the critical role of PCs in 
plant As tolerance (Schat et al. 2002). In contrast, overexpression of PCS signifi-
cantly enhances As tolerance in transgenic plants (Liu et al. 2010; Pal and Rai 2010; 
Guo et al. 2008).

Though PCs play a crucial role in many plant species, they may play little role in 
As tolerance and detoxification in P. vittata. PC synthesis was induced upon AsV 
exposure in P. vittata, but the molar ratio of PC-SH to As was only 0.03–0.09 for the 
shoots and roots, suggesting only 1–3% of the As in P. vittata is chelated by PCs 
(Zhao et al. 2003). Moreover, the PCs in P. vittata contributed to little AsIII com-
plexation with thiols in the roots, which is critical for its efficient AsIII transloca-
tion. In the xylem sap, AsIII is the predominant species, accounting for 93–98% of 
the total As, regardless AsV or AsIII being supplied (Su et al. 2008).

P. vittata is tolerant to As and can hyperaccumulate >1% As, showing little 
symptom of toxicity (Ma et al. 2001; Tu et al. 2002; Wang et al. 2002). Analyses of 
As distribution using energy dispersive X-ray microanalyses revealed that As is 
compartmentalized mainly in the upper and lower epidermal cells, probably in the 
vacuoles (Lombi et al. 2002). In gametophytes, X-ray absorption spectroscopy anal-
yses showed that AsIII is compartmentalized within the cell vacuole, with As being 
excluded from cell walls, rhizoids, and reproductive areas (Pickering et al. 2006). 
Moreover, Yang et al. (2009) isolated cell wall, protoplast, and vacuoles from P. vit-
tata callus and found that ~91% of total As is present in the vacuoles.

In 2010, two P. vittata genes, PvACR3 and PvACR3;1, which encode proteins 
similar to yeast AsIII efflux transporter ACR3 (Arsenic Compounds Resistance 3), 
were isolated and characterized (Indriolo et al. 2010). PvACR3 is a functional AsIII 
antiporter when expressed in yeast, which mediates AsIII efflux from yeast cyto-
plasm to external environment. In P. vittata gametophyte, knocking down the 
expression of PvACR3 resulted in an As-sensitive phenotype, indicating that 
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PvACR3 plays a critical role in As detoxification (Indriolo et al. 2010). Moreover, 
protein analyses show that PvACR3 localizes to the vacuolar membrane in P. vit-
tata, indicating that it may mediate AsIII transport into the vacuole for sequestration 
(Indriolo et  al. 2010). However, when heterologously expressed in Arabidopsis, 
PvACR3 localizes to the plasma membrane (Chen et al. 2013; Wang et al. 2017) 
while PvACR3;1 localizes to the vacuolar membrane (Chen et al. 2017b).

Unlike ferns, ACR3 gene is lost in flowering plants. Even in plants like moss, 
lycophytes, ferns, and gymnosperms, only single-copy ACR3 gene was found, 
whereas in P. vittata, two ACR3 genes exist (Indriolo et al. 2010; Chen et al. 2017b). 
The duplication of ACR3 in P. vittata and the loss of ACR3 in angiosperms may 
explain P. vittata’s As tolerance and hyperaccumulation.

17.3  Novel Genes for Phytoremediation and Crop 
Improvement

Ferns resulting from a more recent diversification that is independent of angiosperm 
evolution represent an important, hitherto-unexplored gene diversity that can be 
utilized for improving plants (Rathinasabapathi 2006). For P. vittata, the crucial 
genes involved in As metabolism and other physiological process can benefit phy-
toremediation and crop production.

17.3.1  PvPCS1 Gene

Phytochelatins (PCs), with the general structure of (γ-Glu-Cys)n-Gly (n = 2–11), 
play an important role in metal tolerance and homeostasis in plants (Cobbett 2000). 
In plants, PCs synthesis can be induced upon exposure to metals (Pal and Rai 2010; 
Ronzan et al. 2017). PCs are synthesized enzymatically from glutathione by phyto-
chelatin synthase (PCS), which can be activated by metals. The in vitro activity of 
partially purified PCS is active only in the presence of metals, with the most effi-
cient activator being Cd (Grill et al., 1989). When P. vittata is exposed to As and Cd, 
the presence of Cd increases As uptake but reduces As translocation to the fronds. 
This is probably because the co-exposure induced the synthesis As-PC complexes, 
indicating PCs may be a factor affecting As translocation (Ronzan et al. 2017).

Genes encoding PCS have been isolated from Arabidopsis (Vatamaniuk et al. 
1999), wheat (Clemens et  al. 1999), and Brassica juncea (Heiss et  al. 2003). 
However, the PCS gene of P. vittata, PvPCS1, shows low identity in nucleotide 
sequence with most known plant PCS genes, which is intriguing. The predicted 
PvPCS1 protein contains 2 Cys-Cys motifs and 12 single Cys residues, with only 4 
being conserved in known PCS (Dong et al. 2005). When expressed in S. cerevisiae, 
PvPCS1 increases Cd tolerance, showing that it is a functional PCS (Dong et al. 2005). 
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However, whether PvPCS1 increases As tolerance is unknown. Though little PCs 
are detected in P. vittata, PvPCS gene may provide important information to under-
stand its genetic basis of As tolerance. Moreover, considering overexpression of 
PCS may enhance As tolerance in transgenic plants and affect their As accumulation 
(Liu et al. 2010; Pal and Rai 2010; Shri et al. 2014; Hayashi et al. 2017), thereby 
PvPCS may also help to regulate As accumulation in crops.

17.3.2  PvGrx5 Gene

In 2008, a glutaredoxin (Grx) gene PvGrx5 was isolated from a cDNA library of P. 
vittata fronds based on the ability of the cDNA to increase As tolerance in E. coli 
(Sundaram et al. 2008). Further investigation showed that expressing PvGrx5 low-
ers the intracellular AsIII levels in E. coli after AsV exposure, probably by modulat-
ing the aquaporin, making PvGrx5 the first plant Grx involving in As metabolism 
(Sundaram et al. 2008).

To further understand its function, PvGrx5 was constitutively expressed in trans-
genic Arabidopsis. The transgenic Arabidopsis is more tolerant to As than control 
lines based on germination, root elongation, and plant growth under As stress 
(Sundaram et al. 2009). Besides, PvGRX5 transgenic lines accumulate lower As 
than control lines after AsV exposure, partially due to more efficient AsV reduction 
(Sundaram et al. 2009). Due to its role in decreasing As levels in transgenic plants, 
PvGRX5 may be used in a novel biotechnological solution to decrease As accumu-
lation in crops. Moreover, PvGrx5 also increases plant tolerance to high- temperature 
stress and reduces oxidative damage to proteins (Sundaram and Rathinasabapathi 
2010), which may also benefit engineering oxidative stress tolerance in plants and 
improving crop growth.

17.3.3  Phytase Genes

Phosphorus (P) is one of the most limiting macronutrients, affecting crop growth 
and food production around the world (Cordell et al. 2009; Gilbert 2009). Plants 
take up inorganic phosphate to meet their P demand, but P often exists as insoluble 
form in soils due to soil sorption (Richardson et  al. 2009). In addition, soil also 
contains large amount of organic P, which accounts for 30–80% of total soil P, pre-
dominantly as phytic acid or phytate (myo-inositol 1,2,3,4,5,6-hexakisphosphate). 
However, phytate is a stable compound resistant to biochemical degradation, ren-
dering it unavailable for plant to utilize as a P source (Turner et al. 2002). Thus, 
identification of plants that are capable of utilizing phytate in soils can be of 
significance.

Lessl et al. (2013) tested six plants, including three angiosperms with known phy-
tase activity (Lactuca sativa, Trifolium subterraneum, and Allium  schoenoprasum) 
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and three pteridophytes (Pteris ensiformis, Thelypteris kunthii, and P. vittata). They 
found that P. vittata is the only plant that can effectively utilize phytate. The novel 
phytase, which is resistant to AsV and heat shock, likely plays a critical role in phy-
tate utilization in P. vittata (Lessl et al. 2013).

Phytase is the enzyme that can specifically cleave P from phytate (Brinch- 
Pedersen et al. 2002). Compared to phytase-specific activity in P. vittata roots, those 
in the root exudates are even higher, indicating that phytase in the root exudates may 
account for the P acquisition from the rhizosphere (Lessl et al. 2013). Moreover, the 
phytase of other plants may lose their activity due to sorption and precipitation reac-
tions in soil, while P. vittata phytase is not deactivated by soils (Lessl et al. 2013). 
These results suggest P. vittata has a unique stable phytase that help it to directly 
obtain P from phytate in soils. Though the critical genes that encode P. vittata phy-
tase are unclear, these genes may have potential use as a transgenic tool to reduce 
the need for P fertilizers and to increase crop yield in P-limiting soils.

17.4  ACR3 Genes

Both AsV and AsIII can be effluxed into external environment (Xu et  al. 2007). 
Following AsV uptake, a small amount of AsV was released from the cells via efflux 
to external environment, which occurs when the plant is transferred into As-free 
solution. Compared to AsV efflux, AsIII efflux is more intriguing and play a more 
important role in plant As metabolism. This is probably because AsV can be rapidly 
reduced into AsIII, with AsIII efflux in plant roots being obvious and significant (Xu 
et al. 2007; Chen et al. 2016).

AsIII efflux by plant roots provides a potential strategy to decrease As accumula-
tion in plants. However, the key transporters responsible for AsIII efflux in plant 
roots are largely unknown. AsIII enters plant roots via aquaporins (Ali et al. 2009). 
However, many aquaporins transport AsIII bidirectionally across membranes in 
yeast (Bienert et al. 2008; Ali et al. 2009; Xu et al. 2015; He et al. 2016). Thus, it is 
possible that aquaporins are involved in AsIII efflux in plants. This notion is proved 
by a functional study of OsNIP2;1, which mediates AsIII uptake and confers As 
accumulation in rice, but also mediates AsIII efflux, contributing to 15–20% of As 
efflux in rice (Zhao et al. 2010). However, manipulation of aquaporins to enhance 
AsIII efflux may be complicated, mainly because the aquaporin-mediated AsIII 
transport is a passive process, with the direction of flux depending on the concentra-
tion gradient (Zhao et al. 2010).

In yeast, AsIII is extruded into the external environment by the AsIII efflux trans-
porter ACR3, which is a key As detoxification mechanism for yeast (Wysocki et al. 
1997). Considering ACR3 mediates AsIII efflux in microbes, researchers also trans-
formed the yeast ACR3 into plants to increase plant AsIII efflux. Ali et al. (2012) 
transformed ScACR3 into Arabidopsis and found that ScACR3 increased AsIII 
efflux at the cellular level but hardly affected As levels in plants. Duan et al. (2012) 
transformed ScACR3 into rice and found that heterologous expression of ScACR3 
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increases AsIII efflux by plant roots and decreases As concentrations in brown rice 
by 20%, which is of significance for food safety and crop improvement.

Though ACR3 is lost in flowering plants, it exists in P. vittata with duplication 
(Indriolo et  al. 2010). It was reported that little AsIII efflux occurs in P. vittata, 
which partly explains its efficient As uptake and accumulation. However, at high As 
exposure, substantial AsIII efflux was observed in P. vittata (Chen et  al. 2016). 
Whether ACR3s are involved in AsIII efflux in P. vittata remains unclear. However, 
Chen et al. (2013) showed that PvACR3 is capable of increasing AsIII efflux when 
heterologously expressed in Arabidopsis. The most interesting part is that PvACR3 
is localized to the plasma membrane in Arabidopsis (Chen et al. 2013; Wang et al. 
2017), which is different from its subcellular localization of vacuolar membrane in 
P. vittata (Indriolo et al. 2010).

In transgenic Arabidopsis, PvACR3 increases AsIII efflux, decreasing As accu-
mulation by 90% in the roots compared to wild type after exposing to 5 μM AsIII 
(Chen et al. 2013). Due to its strong AsIII efflux, PvACR3 also decreases As accu-
mulation in transgenic plant shoots after short-term As exposure (Chen et al. 2013). 
However, PvACR3 transgenic plants accumulate more As in the shoots after long- 
term As exposure in soils, probably because PvACR3 conferred AsIII transport 
toward or into xylem in the roots and promoted As translocation, indicating PvACR3 
transgenic approach can be used to engineer As hyperaccumulation plants for phy-
toremediation (Chen et al. 2013). More recent study also proved this notion, as they 
also showed that PvACR3 localizes to the plasma membrane and its heterologous 
expression increases root-to-shoot As translocation in Arabidopsis (Wang et  al. 
2017). However, the authors found no significant differences between WT and 
PvACR3 transgenic plants in AsIII efflux, which is different from Chen et al. (2013). 
Moreover, they combined PvACR3 expression with HAC1 mutation, which led to 
even higher As accumulation in the shoots than that expressing PvACR3, indicating 
more efficient As hyperaccumulation can be engineered in plants by knocking out 
the HAC1 gene and expressing PvACR3 (Wang et al. 2017).

More recently, Chen et al. (2017b) cloned the PvACR3;1 gene from P. vittata and 
tested its function in yeast and transgenic plants. In yeast, PvACR3;1 mediates AsIII 
efflux across yeast plasma membrane to decrease As accumulation in the cells, thus 
effectively suppressing As-sensitive phenotype of Δacr3 yeast mutant. However, 
PvACR3;1 did not confer as strong AsIII efflux and As tolerance as PvACR3  in 
Δacr3, indicating that PvACR3;1 is less efficient than PvACR3 in mediating AsIII 
transport (Chen et al. 2017b). In Arabidopsis and tobacco, expression of PvACR3;1 
increased As retention in the roots, thereby decreasing As accumulation in the 
shoots. Further analysis showed that PvACR3;1 localizes to vacuolar membrane 
and may mediate As sequestration into vacuoles in the roots, therefore reducing As 
translocation to the shoots (Chen et al. 2017b). This work also provides the basis for 
PvACR3;1 transgenic strategy to decrease As accumulation in the shoots and edible 
parts of food crops, thus reducing As risks to humans.

Research in the last decade using the arsenic-hyperaccumulator P. vittata has 
uncovered multiple genes important in arsenic uptake, translocation, efflux, and 
metabolism. Many of these genes have been shown to function in transgenic plants. 
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Yet, arsenic-hyperaccumulating transgenic plants have not been realized. We can 
expect that in the near future, using existing transgenic technologies, we will be able 
to engineer multiple genes to create arsenic-hyperaccumulating transgenic plants 
targeted for phytoremediation of contaminated soil and water. Similarly some of the 
genes from P. vittata  could be employed to improve abiotic stress tolerance or 
decrease As accumulation in crop plants.
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Chapter 18
Fern Phenology

Pei-Hsuan Lee, Yao-Moan Huang, and Wen-Liang Chiou

18.1  Introduction

Phenology, a relatively recent term (Charles Morren first introduced the word in 
French for phenology in 1853) derived from the Greek word phaino meaning to 
show or to appear, is the study of the timing of bioactivity (Baddour and Kontongomde 
2009; Noormet 2009; Schwartz 2013). Lieth (1974) adopts a more detailed definition 
of phenology “the study of the timing of recurrent biological events, the causes of 
their timing regard to biotic and abiotic forces, and the interrelation among phases 
of the same or different species.” Thus, plant phenology could be briefly described 
as a study of seasonal activity and its relationships with biotic/abiotic factors 
(van Schaik et al. 1993; Mehltreter 2008).

Phenological studies are basic to understanding the ecology, evolution, as well as 
biological processes of plants (van Schaik et al. 1993; Newstrom and Frankie 1994; 
Mehltreter 2008). This science is also applied to the agriculture and other sciences 
with a long history (Hudson and Keatley 2010; Schwartz 2013). The Australian 
aboriginals have developed a deep understanding of the interrelationships between 
the environment and its influence on fauna and flora for at least 50,000  years 
(Baddour and Kontongomde 2009). In China, phenological data have been recorded 
over the past 3000 years and could, to some extent, reflect past climate (Chen 2013). 
Hanami (cherry blooming viewing), a well-known and still ongoing phenological 
observation in Japan, can be traced back to the eighth century (Menzel 2013). The 
dates of grape harvest in Switzerland have been recorded more than 500  years 
(Meier et al. 2007). Recently, it has also been used to study the influence of climate 
change on plants’ phenological characters (Sparks and Carey 1995; Menzel 2000; 
Keatley et al. 2002; Cleland et al. 2007; Doi and Takahashi 2008; Calinger et al. 
2013; Li et al. 2013). However, most phenological studies focus on the flowering 
plants but seldom on ferns.
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Ferns are a lineage of vascular plants. They do not produce flowers and seeds but 
use spores to reproduce offspring. Leaves (may be called fronds) are the dominant 
organ of ferns. Fern leaves transfer energy and produce spores. They also contribute 
to the growth, survival, and regeneration of ferns (Mehltreter and Sharpe 2013). 
Thus, the developmental stages of leaves and spores are the foremost phases 
observed in fern phenology. Phenological studies of ferns have been gradually 
attracting researcher attention. Geldenhuys and van der Merwe (1988) studied the 
phenology to facilitate the leaf harvest of an ornamental fern, Rumohra adiantifor-
mis (G. Forst.) Ching. The phenology of Matteuccia struthiopteris (L.) Tod., widely 
distributed in north temperate regions and used for locally as a vegetable and in the 
horticultural trade as a garden ornamental, was also studied to infer its optimal har-
vest season (von Aderkas and Green 1986). Phenological phases have also been 
used to support the separation of components of a species complex (e.g., the Pteris 
cadieri Christ complex (Chao et al. 2012)).

In this chapter, we collected a phenological dataset of 225 fern species from 
around the world to illustrate the distribution of studies during the past half century 
into leaf and spore production seasonality and the correlation with climate factors. 
Seasonality in leaf development, production rates, and lifespans of both fertile and 
sterile leaves are compared where such data are available. Future research priorities 
are also suggested.

18.2  Phenological Studies of Ferns in the World

Previous studies have documented fern phenology of at least 225 species, which is 
about 2% of the currently estimated 10,578 fern species (PPG I 2016), belonging to 
73 genera and 26 families (Farrar 1976; Sato 1982; Page 1997; Liu et  al. 2002; 
Mehltreter 2008; Lee et al. 2009b, 2016; Sharpe and Mehltreter 2010; and refer-
ences therein). Most of those studies were conducted in northern hemisphere, espe-
cially in temperate regions, but relatively few in southern hemisphere or tropical 
regions, i.e., south of the Tropic of Cancer (Fig. 18.1).

Monomorphic ferns that have fertile and sterile leaves with similar morphologies 
are more often addressed in these studies than dimorphic ferns where the sterile and 
fertile leaves are distinctly different in shape. The phenology of terrestrial fern spe-
cies has also been studied more often than other life forms. These biases may reflect 
the fact that monomorphic and terrestrial species are dominant among ferns (Watkins 
et al. 2016). Seasonal patterns in tree ferns have also received more attention, prob-
ably because their height raises them above the largely neglected herbaceous layer 
of the tropical forest (Table 18.1). Most of those phenological studies present some form 
of a “phenological calendar” (e.g., Sato 1982; Page 1997; Liu et al. 2002), showing 
time periods of phenological events and providing useful biological information. 
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Fig. 18.1 The geographical distribution of published fern phenological research

Table 18.1 Summary of 
categories of ferns 
documented by previous 
phenological studies

Category Number

Family 26
Genus 73
Speciesa 225
Fertile-sterile leaf dimorphyb

Monomorphism 187 (83%)
Dimorphism 38 (17%)

Life form
Terrestrialc 203 (90%)
Epiphytic 14 (6%)
Aquaticd 7 (3%)
Climbing 1 (1%)

aIncluding infraspecies
bFollowing Wagner and Wagner (1977); 
dimorphism includes hemidimorphism
cIncluding rupestral (21 species, 9%) and 
tree ferns (32 species, 14%)
dIncluding rheophytic and mangrove ferns

However, those reports did not include environmental parameters and were in general 
descriptive rather than quantitative. Without records of the numbers of plants/leaves 
observed, it is difficult to compare the results statistically with phenological data on 
ferns of different periods, regions, or species.
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18.3  Seasonality of Phenological Phases (Phenophases, 
Phenological Events/Traits)

Seasonality in growth phases of leaves and spores are the most frequently studied 
elements of fern phenology, including leaf emergence/senescence and spore matu-
ration/release. Although phenophases are affected by intrinsic and external factors 
(Mehltreter 2008), the former is less known, and therefore the latter, mostly climate 
factors, are mainly addressed in this chapter.

18.3.1  Seasonality of Leaf Emergence

Emergence of the fern leaf is signaled by the appearance of a coiled leaf (crosier), 
which is like a fiddlehead. It takes 1–2 months to uncoil and fully expand the leaf. 
During the expansion process, the leaf turns light green to dark green when it is 
fully uncoiled, and its area ceases to increase (full expansion). The leaf area is often 
estimated by its length and width (e.g., Lee et al. 2009a, b, 2016; Landi et al. 2014) 
or length only (de Paiva Farias et al. 2015).

Most fern species exhibit leaf-emergence seasonality, especially in temperate 
regions and in tropical regions with alternation of dry and wet seasons. In temperate 
regions, leaf emergence is inhibited by cold temperature, snow cover, or frozen soil 
(Odland 1995; Strandberg 2003; Ellwood 2012), as shown for as Botrychium galli-
comontanum Farrar & Johnson-Groh, B. mormo W. H. Wagner (Johnson-Groh and 
Lee 2002), Dryopteris affinis (Lowe) Fras.-Jenk. ssp. affinis, Polystichum aculea-
tum (L.) Roth (Landi et al. 2014), Osmunda claytoniana L. (Lee et al. 2008), and 
Osmundastrum cinnamomeum (L.) C. Presl (Chiu et al. 2013). The leaves of those 
temperate fern species emerge mostly in spring. Sato (1982) recorded the phenol-
ogy of 67 fern species in Hokkaido, a temperate region in Japan, and found that for 
most of them the leaves emerged in the spring, grew through summer, and senesced 
before the coming of winter. Many British and Ireland ferns also exhibit similar 
phenograms (Page 1997).

In tropical and subtropical regions with obvious dry and wet seasons, water is an 
important trigger for leaf growth. The leaves of the neotropical rheophyte Thelypteris 
angustifolia (Willd.) Proctor, for example, emerge mainly during the periods of 
higher rainfall and are lost during months with lower rainfall in a Puerto Rican rain-
forest that is not strongly seasonal with respect to precipitation (Sharpe 1997). 
Oleandra pistillaris (Sw) C.Chr., growing in western Java, decreases its leaf pro-
duction when precipitation lessens, while production rates rise when precipitation 
increases although there is no obvious dry season (Takahashi and Mikami 2006). In 
a tropical monsoon forest of southern Taiwan, leaf emergence of 13 fern species 
occurs mainly during the wet season when the temperature is also higher (Lee et al. 
2016). On the other hand, in many humid tropical and subtropical regions, tempera-
ture is more correlated with leaf emergence because water is sufficient throughout 
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the year, as the cases in northern and northeastern Taiwan (Lee et  al. 2009a, b). 
However, within a species, fertile and sterile leaves usually emerge during different 
seasons. If the emergent periods of both leaf types are combined in analysis, the 
emergence seasonality may become less obvious (e.g., Lee et al. 2009b, and see 
below sterile vs. fertile section). Because temperature and precipitation vary in dif-
ferent seasons, the correlations between temperature/precipitation and phenological 
events also correspond to the phenophase seasonality to some extent (Table 18.2).

Effects of day length on phenophases have also been reported (Schmitt and 
Windisch 2012; Neumann et al. 2014; Müller et al. 2016). Increase in day length 
often accompanies a rise in temperature. Leaves emerging in the period of longer 
day length and subsequently higher temperature gain benefit for growth and repro-
duction because photosynthesis and carbohydrate production are higher during that 
period (Braun 1984; Bauer et al. 1991; Watkins et al. 2016). However, leaves, espe-
cially fertile ones, emerging during the period of shorter day length and the resulting 
lower temperature, have also been observed (e.g., Cibotium taiwanensis Kuo (Chiou 
et al. 2001), Plagiogyria dunnii Copel., P. adnata (Blume) Bedd., Pteris wallichi-
ana J.Agardh (Lee et  al. 2009b), and Osmundastrum cinnamomeum (Chiu et  al. 
2013)). Fertile leaf production of Osmundastrum cinnamomeum (= Osmunda cin-
namomeum) was found to be stimulated by short light exposure in a controlled 
experiment (Harvey and Caponetti 1972).

18.3.2  Seasonality of Leaf Senescence

Leaf senescence is the end process of leaf growth. This process results in nutri-
ent relocation in plants and the mobilization of organic matter between plants 
and soil and affects the life cycle of plants (Gan and Amasino 1997; Zalamea 
and Gonzalez 2008). It is different from mortality which is counted in a specific 
time point. However, leaf senescence is often used to represent mortality in many 
reports and is adopted in this chapter. Several leaf appearances are used to indi-
cate leaf senescence, e.g., leaf turning brown (Lee et al. 2009a, b, 2016; Landi 
et al. 2014), leaf turning dry, or remaining stipe only (Schmitt and Windisch 2012; 
Neumann et al. 2014).

Water is frequently closely related to leaf emergence as described above but 
seems not so obviously related to fern leaf senescence except for those deciduous 
ferns in the extremely dry season of tropical regions (Hietz 2010). In many cases, 
leaf senescence of most ferns is not significantly correlated with precipitation but 
with temperature. For example, in temperate or high elevation regions, leaves of 
summergreen ferns are deciduous, senescing, and dying in late fall or winter, while 
new leaves emerge in the next spring, e.g., Osmunda claytoniana (Lee et al. 2008), 
Osmundastrum cinnamomeum (Chiu et al. 2013), and Botrychium spp. (Johnson- 
Groh and Lee 2002), and for more examples, see Sato 1982. Most ferns in a sub-
tropical forest of northeastern Taiwan, where abundant water is available all year, 
exhibit leaf senescence in warm summer demonstrating a significant correlation 
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Table 18.2 Correlations between leaf phenological events and temperature/precipitation

Species Temperature Precipitation Location References
Emergence Senescence Emergence senescence

Acrostichum 
danaeifolium

0.66* – – – Mexico Mehltreter 
and Palacios- 
Rios (2003)

Alsophila firma 0.56** 
(0.69**)b

0.80** 
(0.75**)b

0.65** 
(0.51*)b

0.69** 
(0.57*)b

Mexico Mehltreter 
and Garcia- 
Franco (2008)

Cibotium 
taiwanense

0.06 – 0.15 – N 
Taiwan

Chiou et al. 
(2001)

Cyathea 
atrovirens

0.69*
0.64* [f]

−0.15 −0.29
−0.39 [f]

0.32 Brazil Schmitt and 
Windisch 
(2012)

Cyathea 
corcovadensis

0.63** 0.79** 0.37 0.11 Brazil Neumann 
et al. (2014)

Cyathea 
hancockii

−0.51** [f]
0.39* [s]

0.29
0.13

−0.20 [f]
0.02 [s]

−0.18
−0.10

N 
Taiwan

Lee et al. 
(2009a)

Cyathea 
metteniana

−0.33[f]
−0.12[s]

−0.24
0.00

−0.26[f]
−0.20[s]

−0.08
−0.03

N 
Taiwan

Lee et al. 
(2009a)

Cyathea 
podophylla

−0.58**[f]
0.63**[s]

0.23
−0.07

−0.15[f]
−0.03[s]

−0.01
−0.20

N 
Taiwan

Lee et al. 
(2009a)

Didymochlaena 
truncatula

0.08[f]
−0.37[s]

0.43 0.11[f]
0.39[s]

−0.55* NE 
Brazil

de Paiva 
Farias et al. 
(2015)

Dryopteris 
affinis ssp. 
affinisa

−3.87* 
(Tm)
3.71* (Td10)

−9.87* 
(Tm)
9.01* (Td10)

−0.67*  
(Pmm)

0.48* 
(Pmm)
−2.46* 
(Pd)

C Italy Landi et al. 
(2014)

Lygodium 
venustum

0.37* 
(0.46**)b

–
(0.56**)b

0.45*
−

–
(0.64**)b

Mexico Mehltreter 
(2006)

Osmundastrum 
cinnamomeum

0.58* – −0.15 – NE 
Taiwan

Chiu et al. 
(2013)

Polystichum 
aculeatum a

−1.07* 
(Tm)

−3.35* 
(Tm)
4.72* (Td10)

−0.65* 
(Pmm)
0.26* (Pd)

−1.02* 
(Pmm)
1.98* (Pd)

C Italy Landi et al. 
(2014)

16 speciesc,e −0.29* [f]
0.74** [s]

0.78**
–

−0.36* [f]
0.09  [s]

0.08
–

NE 
Taiwan

Lee et al. 
(2009b)

13 speciesd,e 0.33**[f]
0.47*[s]

0.09
−0.10

0. 35**[f]
0.58*[s]

0.08
−0.15

S 
Taiwan

Lee et al. 
(2016)

Numbers without indication of fertility are averages of fertile (f) and sterile (s) leaves
*0.01 < p < 0.05; **p < 0.01; –, data not available
aValues calculated by GAMLSS and ranged >0 (positive correlation) or <0 (negative correlation). Tm 
mean monthly temperature, Td10 days > 10 °C per month, Pmm monthly precipitation, Pd days of 
rainfall per month
bValues show the correlation between leaf phenological event and climatic data at 1 month before
cSixteen species in NE Taiwan including Acrorumohra hasseltii, Blechnum orientale, Cyathea 
podophylla, C. spinulosa, Dictyocline griffithii, D. griffithii var. wilfordii, Diplazium dilatatum, 

(continued)
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with temperature but not with precipitation (Lee et al. 2009b). However, in southern 
Taiwan where there are obvious dry and wet seasons, the correlation of leaf senes-
cence with temperature or precipitation is not significant (Lee et al. 2016). Similar 
to the leaf emergence phase, the correlation of leaf senescence with temperature/
precipitation somewhat reflects their seasonality as summarized in Table 18.2.

The timing of leaf senescence can also be affected by factors other than appar-
ently favorable climate extremes. Leaves of Alsophila firma (Baker) D. S. Conant 
wither during the season of higher precipitation and temperature (Mehltreter and 
Garcia-Franco 2008). Insects also thrive in this season, and the leaf falling of A. 
firma is suggested as a mechanism to reduce herbivore damage (Lieberman and 
Lieberman 1984; Karban 2007; Mehltreter and Sharpe 2013). Leaf senescence of 
Lygodium venustum also occurred during the season of higher precipitation and 
temperature, but disturbance from mechanical damage or herbivores is inferred to 
be the main cause of senescence (Mehltreter 2006). Leaf senescence of some 
ferns, e.g., Polystichum aculeatum (L.) Roth ex Mert., varied from year to year, a 
pattern that was inferred to result from innate physiology (Landi et  al. 2014). 
Declining plant vitality also may play an important role in leaf senescence 
(Thomas 2013).

18.3.3  Seasonality of Spore Maturation/Release

Spore maturation/release is an essential entry of subsequent spore germination and 
successful reproduction of ferns. Although a test of spore vigor in the laboratory is 
more reliable to determine the maturation of spores (Arosa et al. 2009; Huang et al. 
2014), this indoor work is not very practical for observing the maturation status in 
the field. Instead, sporangium color is often used for the signal of spore maturation: 
light green indicates the inside spores are young, and dark (yellow, brown, or black) 
color indicates maturity. Degree of sporangium openness is recommended to rep-
resent spore release, i.e., ca. 5% of sori having open sporangia indicates the start of 
spore release; ca. 95% of sori having open sporangia indicate the end of spore 
release.

Table 18.2 (continued)
Diplazium doederleinii, Diplazium petri, Diplazium pullingeri, Histiopteris incisa, Plagiogyria 
adnata, Plagiogyria dunnii, Pleocnemia rufinervis, Pteris wallichiana, and Sphaerostephanos tai-
wanensis
dThirteen species in S Taiwan including Arthropteris palisotii, Asplenium excisum, Colysis pothi-
folia, Colysis wrightii, Ctenitis subglandulosa, Ctenitopsis dissecta, Cyclosorus truncatus, 
Diplazium chinense, Diplazium dilatatum, Microlepia strigosa, Microsorum punctatum, Tectaria 
devexa, and Tectaria subtriphylla var. subtriphylla
eMeans of all species used in this Table. Some individual exceptions illustrated in the text of this 
chapter. See citation for detail
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Spore maturation and release of most ferns mainly occur in a specific season. For 
many ferns, including those in tropical/subtropical/temperate regions, spores exhibit 
maturity in late spring to early autumn, and spores release 1–2 months later (e.g., Lee 
et al. 2008, 2009b, 2016; Landi et al. 2014). These two phenological events in those 
regions occurred in the relatively higher temperature season and are positively cor-
related with temperature (Table 18.3). Spores of many other ferns are also found to be 
mature in summer to early autumn in temperate regions, such as northeastern China 
(Liu et al. 2002), northern Japan (Sato 1982), and Britain and Ireland (Page 1997).

Precipitation is not significantly correlated with spore maturation for most ferns 
except those in southern Taiwan (Table 18.3). The wet season in southern Taiwan is 
also the warm season, and the higher temperature is inferred to be the crucial factor 
resulting in spore maturation there (Lee et al. 2016).

Spore liberation is affected by temperature/humidity. A temperature decrease 
and/or a humidity increase postponed the spore release of Culcita macrocarpa 
C.Presl and Woodwardia radicans (L.) Sm. (Arosa et al. 2009). The longer interval 
between spore maturation and release in subtropical than in tropical forests of 
Taiwan (1.6 vs. 1.0  month; p  <  0.01, t-test) may also be attributed to lower 
 temperature (average monthly temperature 18.2 vs. 25.4 °C) and higher humidity 

Table 18.3 The correlations of spore maturation and release dates with temperature and 
precipitation

Species Temperature Precipitation Location References
Spore 
maturation

Spore 
release

Spore 
maturation

Spore 
release

Cyathea 
atrovirens

0.82** 0.35 −0.41 −0.46 S Brazil Schmitt and 
Windisch 
(2012)

C. hancockii 0.52** −0.50** 0.03 −0.03 N 
Taiwan

Lee et al. 
(2009a)

C. metteniana 0.55** 0.06 0.11 0.24 N 
Taiwan

Lee et al. 
(2009a)

C. podophylla 0.39* 0.59** −0.13 −0.02 N 
Taiwan

Lee et al. 
(2009a)

Dryopteris 
affinis ssp. 
affinisa

1.87** −1.66** 0.17
(Pd)

0.67**
(Pd)

C Italy Landi et al. 
(2014)

Polystichum 
aculeatuma

1.49** 0.62* – −0.98**
(Pd)

C Italy Landi et al. 
(2014)

16 speciesb,c 0.70** 0.82** 0.15 0.12 NE 
Taiwan

Lee et al. 
(2009b)

13 speciesb,c 0.48** 0.46** 0.59** 0.60** S Taiwan Lee et al. 
(2016)

*0.01 < p < 0.05; **p < 0.01; −, data not available
aFor these species values are calculated by GAMLSS. Pd days of rainfall per month
bSpecies are listed in Table 18.2
cMean of all species used in this table. Some exceptions are discussed in the text of this chapter. 
See citation for detail
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(annual precipitation 5000 vs. 2500 mm) (Lee et al. 2009b, 2016). However, the 
time intervals between maturation and release may vary from <1 month to >4 month, 
depending on species even in the same habitat in northeastern Taiwan (Lee et al. 
2009b). Two other exceptions are Dryopteris affinis ssp. affinis and Polystichum 
aculeatum. The end of spore release of the former was positively significantly cor-
related with rainy days (more than 10 days/month), whereas it was negatively sig-
nificantly correlated for the latter species (Landi et al. 2014).

Green spores occur in a wide variety of lineages of ferns, and such spores are 
capable of immediate germination and have a relatively short period of vitality in 
nature (Cousens 1988; Raghavan 1989; Ballesteros et al. 2011). Some green spores 
of ferns in temperate regions may mature and be released in late spring and germi-
nate quickly, such as Osmundaceae (Osmunda, Osmundastrum) and most Equisetum 
species, while others mature in late autumn and remain in sporangia on contracted 
pinnae until release and germinate in the following spring, such as Equisetum 
hymale and Onocleaceae (Matteuccia, Onoclea) species (Hill and Wagner 1974; 
Sato 1982; Lee et al. 2008; Chiu et al. 2013 (but see exceptions for Equisetum in Liu 
et al. 2002). The green spores that are released and germinate in the spring have a 
whole growing season (i.e., the warm summer) during which gametophytes and 
sporophytes can develop (Sato 1982). However, little is known about the phenology 
of the fern species with green spores in the Hymenophyllaceae family or the gram-
mitid ferns that are abundant in tropical and subtropical regions.

18.4  Sterile Vs. Fertile Leaves

Leaves produced by a fern plant may or may not bear sori and are termed fertile or 
sterile, respectively. The morphology of these two types of leaves may be very dif-
ferent or the leaves may look very similar. For dimorphic species, the leaves differ, 
and for monomorphic species they do not. Some species may develop fertile portion 
on a part of the leaf, and these species can be called hemidimorphic (Wagner and 
Wagner 1977). When the differences between the fertile and sterile leaves are 
extreme, a species may be called holodimorphic (e.g., Watkins et al. 2016). The 
phenological attributes of the production rates and lifespans of fertile and sterile 
leaves may also differ; however, in most phenological studies, these important dif-
ferences may be ignored or only noted for obviously dimorphic species of ferns.

18.4.1  Seasonality

The phenology of fertile and sterile leaves could be similar or very different for both 
monomorphic and dimorphic fern species (Table 18.2). In forests of northern and 
northeastern Taiwan, fertile leaves of the emergence of most ferns occurs in early 
spring and is negatively significantly correlated with temperature, whereas the 
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sterile leaf emergence mainly occurs later during the warmer season and is  positively 
significantly correlated with temperature (Table 18.2, Lee et al. 2009a, b). In con-
trast, for about half of monomorphic ferns in a tropical monsoon forest of southern 
Taiwan, the emergence periods of fertile and sterile leaves did not show significant 
differences and positively correlated with temperature and precipitation (Table 18.2). 
The fertile leaves of Acrostichum danaeifolium Langsd. & Fisch. mostly emerged 
from April to August in Mexico, but the sterile leaves could emerge throughout the 
year (Mehltreter and Palacios- Rios 2003). Both fertile and sterile leaves of Cyathea 
atrovirens (Langsd. & Fisch.) Domin (Cyatheaceae) in secondary forests of south-
ern Brazil synchronously emerged in spring and did not correlate with either tem-
perature or day length (Schmitt and Windisch 2012).

Relatively few studies report the seasonal difference in leaf emergence between 
fertile and sterile leaves of temperate ferns. Osmundastrum cinnamomeum produce 
its fertile leaves 1 month before its sterile leaves in Taiwan (Chiu et al. 2013). Both 
of fertile and sterile leaves of Osmunda claytoniana start to emerge in May, but the 
former have all emerged within 1 month, while the latter continuously emerge till 
July (Lee et  al. 2008). Sato (1982) has also reported that the fertile leaves of 
Osmunda cinnamomeum (=Osmundastrum cinnamomeum) and O. japonica in 
Japan emerge earlier than its sterile leaves.

18.4.2  Leaf Numbers for Fertile and Sterile Leaves

The ratio of the number of fertile leaves to sterile leaves produced by a fern during 
a specific time period (leaf cohort), together with their respective lifespans (see next 
section), may relate to the strategy of the growth and reproduction of a fern species. 
Studies reveal that numbers of fertile leaves produced were on average lower than 
sterile leaves for dimorphic ferns (Sharpe and Jernstedt 1990; Lee et  al. 2008, 
2009b; Chiu et al. 2013; Watkins et al. 2016). The ratios of fertile/sterile leaf num-
bers for dimorphic fern species in these studies averaged less than one, ranging from 
0.16 to 0.73. Watkins et al. (2016) demonstrated an overall pattern of a reduction in 
fertile leaf number with an increase in the degree of dimorphism by six fern species: 
three temperate species (Dryopteris marginalis (L.) A.  Gray (monomorphic), 
Polystichum acrostichoides (Michx.) Schott (hemidimorphic), and Onoclea sensibi-
lis L. (dimorphic)) and three tropical species (Adiantum latifolium Lam. (monomor-
phic), Thelypteris curta (Christ) C.F.  Reed (hemidimorphic), and Lomariopsis 
vestita E. Fourn. (dimorphic)). However, Table 18.4 shows that fertile/sterile leaf 
ratios for monomorphic ferns are variable, ranging from 0.08 to 12.67 and indicat-
ing that numbers of fertile leaves can be lower, close to, or higher than the numbers 
of sterile leaves of the same species. For two hemidimorphic fern species, 
Acrostichum danaeifolium and Osmunda claytoniana, it has been demonstrated that 
the production rate for fertile leaves is lower than for the sterile leaves (Mehltreter 
and Palacios-Rios 2003; Lee et al. 2008), but the ratio is not necessarily intermedi-
ate between monomorphic and dimorphic ferns. However, the fertile leaf lifespan 
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Table 18.4 Leaf numbers, lifespans, and ratios of fertile/sterile leaves

Species Plants Fn Sn
Fn/
Sn FL SL

FL/
SL Types Locations

Bolbitis appendiculata7 25 155 213 0.73 7.5 19.3 0.39 D SE Taiwan
Danaea wendlandii9 17 0.1a 1.6a 0.06 4 39.6 0.10 D Costa Rica
Osmundastrum 
cinnamomeum2

80 123 755 0.16 1 6.3 0.16 D NE Taiwan

Plagiogyria adnata5 5 58 101 0.57 4.7 30.3 0.16 D NE Taiwan
Plagiogyria adnata7 25 37 190 0.19 8.2 25.4 0.32 D SE Taiwan
Plagiogyria dunnii5 5 31 173 0.18 4.4 22.1 0.20 D NE Taiwan
Thelypteris anustifolia10 >30 0.4a 4.2a 0.10 9.6c 11c 0.87 D Puerto 

Rico
Acrostichum 
danaeifolium8

30 0.5 a 14.6 
a

0.03 4.1 
a,b

7.7 
a,b

0.53 HD Mexico

Osmunda claytoniana3 25 30 120 0.25 4.7 4.8 0.98 HD C Taiwan
Acrorumohra hasseltii5 5 42 7 6.00 23.7 22.4 1.06 M NE Taiwan
Asplenium excisum6 5 43 11 3.91 14.8 15.5 0.95 M S Taiwan
Blechnum orientale5 5 67 19 3.53 25.9 27.5 0.94 M NE Taiwan
Blechnum orientale7 25 195 88 2.22 23.3 22.1 1.05 M SE Taiwan
Cibotium taiwanense1 19 24 39 0.62 26 15 1.73 M N Taiwan
Colysis pothifolia6 5 14 42 0.33 11.8 15.5 0.76 M S Taiwan
Colysis wrightii6 5 34 125 0.27 15.9 19.5 0.82 M S Taiwan
Ctenitis subglandulosa6 5 31 43 0.72 17.5 9.6 1.82 M S Taiwan
Ctenitopsis dissecta6 5 27 7 3.86 9.6 10.9 0.88 M S Taiwan
Cyathea hancockii4 10 30 23 1.30 15.9 15 1.06 M N Taiwan
Cyathea metteniana4 5 18 15 1.20 19.5 21.2 0.92 M N Taiwan
Cyathea podophylla4 10 68 58 1.17 26.6 28.3 0.94 M N Taiwan
Cyathea podophylla5 5 97 26 3.73 26.1 25.8 1.01 M NE Taiwan
Cyathea podophylla7 25 157 32 4.91 27.9 26.5 1.05 M SE Taiwan
Cyathea spinulosa5 5 111 211 0.53 6.6 8 0.83 M NE Taiwan
Cyclosorus taiwanensis5 5 125 66 1.89 13.1 12.9 1.02 M NE Taiwan
Cyclosorus taiwanensis7 25 376 179 2.10 12.7 13.8 0.92 M SE Taiwan
Cyclosorus truncatus6 5 11 64 0.17 10.7 10.1 1.06 M S Taiwan
Dictyocline griffithii 
wilfordii5

5 68 61 1.11 15.1 15 1.01 M NE Taiwan

Didymochlaena 
truncatula11

23 3.27a 2.86a 1.14 10.2b 14.9 
b

0.68 M NE Brazil

Diplazium dilatatum5 5 93 13 7.15 18.3 19.8 0.92 M NE Taiwan
Diplazium dilatatum6 5 59 65 0.91 15.6 15.4 1.01 M S Taiwan
Diplazium dilatatum7 25 52 48 1.08 26.2 25.2 1.04 M SE Taiwan
Diplazium doederleinii5 5 37 7 5.29 14.2 15.8 0.90 M NE Taiwan
Diplazium petri5 5 43 14 3.07 17.5 20.1 0.87 M NE Taiwan
Diplazium pullingeri5 5 76 6 12.67 16.8 16.7 1.01 M NE Taiwan
Histiopteris incisa5 5 33 30 1.10 7.7 6.9 1.12 M NE Taiwan
Microlepia strigosa6 5 9 115 0.08 17.1 11.9 1.44 M S Taiwan

(continued)
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for A. danaeifolium is ca. half that of the sterile leaf lifespan whereas they are almost 
the same for O. claytoniana (Table 18.4, and see below) although fertile pinnae of 
both species wither soon after their spore release.

18.4.3  Leaf Lifespan (LLS)

Fern LLS of different species vary from 2.8 months (Botrychium gallicomontanum; 
Johnson-Groh and Lee 2002) to 37  months (Asplenium wrightii D.C.  Eaton ex 
Hook.; Yoshida and Takasu 1993) and 4.9  years (Terpsichore asplenifolia (L.) 
A.R. Sm.; Monge González (2010) referred from Mehltreter and Sharpe 2013). In 
temperate regions, fern LLS are correlated to their growth habits, which can be clas-
sified into four categories, i.e., evergreen (14–26  months), summergreen 
(3–5 months), semievergreen (10 months), and wintergreen (11 months) in the tem-
perate region (Sato 1982). Mehltreter and Sharpe (2013), based on the terminology 
of Lellinger (2002), combined the latter two types into wintergreen type and esti-
mated the mean LLS of British and Ireland ferns (Page 1997) with approximately 
16, 5, and 11 months for evergreen, summergreen, and wintergreen ferns, respec-
tively. The fern LLS in both geographical regions are the longest for evergreen 
ferns, followed by those of wintergreen ferns and summergreen ferns.

Comparing the LLS of tropical ferns, Mehltreter and Sharpe (2013) report that 
sterile leaves of ferns of Puerto Rico has a mean LLS (26.5 months) longer than 
other four tropical regions, i.e., Hawaii, Mexico, Jamaica, and Taiwan with LLS of 
15.0, 16.4, 17.3, and 17.5 months, respectively. However, this summary included 
temperate and tropical ferns and did not account for differences between LLS of 
sterile and fertile leaves or monomorphic and dimorphic species and therefore does 
not adequately address the potential differences LLS of these geographic datasets. 
For example, the LLS of fertile and sterile leaves of Osmundastrum  cinnamomeum 

Table 18.4 (continued)

Species Plants Fn Sn
Fn/
Sn FL SL

FL/
SL Types Locations

Pleocnemia rufinervis5 5 16 28 0.57 17.2 18.1 0.95 M NE Taiwan
Pteris wallichiana5 5 41 102 0.40 6.1 5.1 1.20 M NE Taiwan
Pteris wallichiana7 25 85 246 0.35 5.2 4.2 1.24 M SE Taiwan
Tectaria devexa6 5 39 37 1.05 10.1 11.7 0.86 M S Taiwan

Sources: 1Chiou et al. (2001), 2Chiu et al. (2013), 3Lee et al. (2008), 4Lee et al. (2009a), 5Lee et al. 
(2009b), 6Lee et  al. (2016), 7Lee et  al. (unpublished), 8Mehltreter and Palacios-Rios (2003), 
9Sharpe and Jernstedt (1990), 10Sharpe (1997), 11de Paiva Farias et al. (2015)
Leaf lifespan counted from leaf emergence to senescence unless otherwise indicated
Fn number of fertile leaves, Sn number of sterile leaves, FL lifespan of fertile leaves (month), SL 
lifespan of sterile leaf (month), D dimorphic, HD hemidimorphic, M monomorphic
aLeaf number/plant
bEstimated by mean leaf number/leaf production rate
cMeasured from leaf expansion to senescence
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(a dimorphic temperate summergreen fern) in Taiwan is 1 and 6.3  months, 
 respectively (Chiu et al. 2013), which averages into 3.7 months, an LLS estimate 
that is very misleading and also does not take into account the relative numbers of 
fertile and sterile leaves annually produced by the plant.

Dimorphic species produce a smaller number of fertile leaves, and those leaves 
have shorter LLS compared with sterile leaves of that species. The fertile/sterile 
LLS ratios of dimorphic ferns are generally lower than monomorphic ferns (0.10–
0.39 (−0.87) vs. 0.76–1.82; Table 18.4). These lower ratios have been inferred to be 
resulted from the lower C/N ratios of fertile leaves (Chiu et al. 2013). Fertile leaves 
of dimorphic ferns have narrow blades and thus have less photosynthetic products 
and lower C/N ratios, which result in the shorter LLS (Karst and Lechowicz 2007). 
Compared with their sterile leaves, fertile leaves in dimorphic ferns have signifi-
cantly higher respiration rates and energy investment for producing spores and 
results in their lower numbers and shorter lifespans (Watkins et al. 2016). The short 
LLS (4.1 and 7.7 months for fertile and sterile leaves, respectively) of Acrostichum 
danaeifolium, a mangrove hemidimorphic fern, may be attributed to the function of 
eliminating the accumulated salt (Sharpe 2010; Mehltreter and Sharpe 2013).

In monomorphic ferns, on the other hand, the trend of leaf number ratios is not con-
sistent with lifespan ratios of fertile and sterile leaves. Table 18.4 shows that about 1/3 
of monomorphic ferns exhibit shorter fertile LLS than their sterile LLS; however, only 
Colysis pothfolia (Buch.-Ham. ex D. Don) C. Presl and Cyathea spinulosa Wall. ex 
Hook. exhibit significant difference. Other monomorphic ferns show similar or longer 
fertile LLS compared to their sterile leaves, but only Pteris wallichiana J.  Agardh 
exhibits significantly longer fertile LLS. Shorter fertile LLS with smaller fertile leaf 
number characterize dimorphic ferns, a correlation that is variable in monomorphic 
ferns. In dimorphic ferns, fertile leaves die soon after investing energy in reproduction 
by producing spores (Watkins et al. 2016), whereas in monomorphic ferns the fertile 
leaves continue to conduct photosynthesis after releasing spores. Therefore, fertile 
leaves in monomorphic ferns serve as a source of nourishment as well as reproduction.

18.4.4  Discrimination of LLS and Leaf Numbers for Species 
across Locations

Fertile and sterile LLS for the same species growing in different locations have been 
studied in a few cases. In Taiwan, LLS of six species, i.e., Plagiogyria adnata 
Blume Bedd., Blechnum orientale L., Cyathea podophylla (Hook.) Copel., 
Cyclosorus taiwanensis (C.Chr.) H.Ito, Diplazium dilatatum Blume, and Pteris wal-
lichiana J.Agardh, were investigated at two sites: one in NE Taiwan and the other in 
SE Taiwan with C. podophylla monitored at a third site (N Taiwan) and D. dilatatum 
also at a third site (S Taiwan) as well (Table 18.4). The fertile and sterile LLS and 
their ratios of monomorphic species are very similar in the different locations, 
though there is a lower fertile LLS and higher FL/SL ratio in SE Taiwan for the 
dimorphic species (P. adnata).
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For leaf numbers, there are fairly large differences in the ratio of fertile leaves to 
sterile leaves of the same species in different locations (Table 18.4), probably due to 
various nutrient, soil, and/or microhabitats. As for LLS of the same species in dif-
ferent locations, the fertile leaf numbers of the dimorphic species are lower than the 
sterile leaf number, but that is reversed for the monomorphic species with one 
exception: P. wallichiana has lower fertile leaf counts than sterile leaf counts. Ratios 
of the number of fertile and sterile leaves of Cyathea podophylla and Diplazium 
dilatatum are similar in two locations but very different in the third. The habitat 
conditions of the different locations and the habitat preference of different species 
might affect these results. Further studies of plant size in these two species are 
needed and may show size to be an explanation for this disparity. For example, the 
fertile leaf number has been found to be directly proportional to different measures 
of plant size in other studies: (1) the larger caudex diameter (Cibotium barmetz (L.) 
J.Sm., Lee et al. 2010), (2) the larger rosette diameter (Asplenium nidus L., Huang 
et al. 2008; Osmundastrum cinnamomeum, Kao et al. 2010), and (3) the longer leaf 
length (Athyrium distentifolium Tausch ex Opiz and Thelypteris limbosperm (All.) 
H.P. Fuchs, Odland 1995) within a population, the more fertile leaves.

18.5  Future Studies of Fern Phenology

Although the number of phenological studies of ferns has increased during the past 
half century, this field is still at a very young stage in terms of understanding the 
basic science and its applied usage for ferns. Long-term research, broad-scale 
research, multi-disciplinary approach, and quantitative method are recommended 
for future studies by Mehltreter (2008) and are goals to be taken seriously today and 
in the future. The distinction between fertile and sterile leaves is also an essential 
issue to be addressed when fern phenology is studied.

Most phenological investigations to date have been conducted in the field. 
Experiments in the laboratory and greenhouse or nursery are required to better 
understand the mechanism controlling phenological patterns that have been 
observed in the field.

Furthermore, fern gametophytes, as vital genetic transfer vectors, have been 
largely neglected, and since very few phenology studies of fern gametophytes have 
been done, they deserve more attention. One of the few exceptions was a study 
conducted by Galka and Szmeja (2013), who investigated the phenology of both 
sporophytes (including spore germination) and the development of gametophytes in 
Salvinia natans (L.) All. Working on gametophyte phenology is a big challenge 
because of the minute bodies and few characters of gametophytes making identifi-
cation in the field difficult. A DNA barcode approach could facilitate solving this 
difficulty, e.g., Chen et al. (2013) and Ebihara et al. (2013).
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To accurately determine the phenological patterns, the monitoring interval needs 
to be carefully considered. Most phenological investigations take monthly observa-
tion (e.g., Lee et al. 2009a, b, 2016; de Paiva Farias et al. 2015). Monthly phenologi-
cal data are relatively convenient to compare with metrological data and calculate 
correlations between phenological traits and climate factors. However, for short 
LLS fern species, e.g., Pteris wallichina, 4–5  months; Histiopteris incisa, ca. 
7 months; and Osmundastrum cinnamomeum, 1 month of fertile leaves (Table 18.4), 
weekly to bi-weekly investigation is recommended, at least at the beginning of leaf 
growth or/and spore maturation/release period.

For the long-term and broad scale studies, in addition to involving more research-
ers in field studies in additional regions of the world, accessing herbarium data can 
also be worthwhile sources of phenological data. There are more than 380 million 
specimens deposited in nearly 3000 herbaria of 176 countries (Thiers continuously 
updated). Those specimens can document character shifts across long time scales 
and broad geographical ranges. These historical records can also provide valuable 
information that can reveal phenological variation through time (Cousens 1988), 
especially compared with meteorological data to predict the trend of future pheno-
logical variation (e.g., Calinger et al. 2013; Li et al. 2013). Data extracted from the 
plant morphology on specimen sheets may not exactly correspond to data collected 
in the field (e.g., spore maturity dates) and will need careful examination to provide 
the proper adjustments (Sato 1982; Huang et al. 2014).

A network of observers is another efficient approach to accumulate worldwide 
phenological data, such as the International Phenological Gardens in Europe (IPG) 
and the Global Phenological Monitoring Programme (GPM) (Chmielewski et al. 
2013) or the USA National Phenology Network (NPN) (2017) (https://www.usanpn.
org/). However, projects in those networks have not included fern species although 
NPN is just beginning to assess fern protocols for observation (Joanne Sharpe, pers. 
comm.). Joining those networks or organizing a fern-phenology network would be 
very worthwhile. Some worldwide species, e.g., Osmundastrum cinnamomeum 
(dimorphic, temperate species), Acrostichum danaeifolium or/and A. aureum L. 
(hemidimorphic, tropical species), Blechnum orientale, Pteris vitata L. (both mono-
morphic, tropical, sunny species), Pteridum aquilinum (L.) Kuhn (monomorphic, 
sunny species, with various varieties from temperate to tropical regions), and 
Diplazium dilatatum (monomorphic, tropical, shady species), can be candidates of 
fern phenological studies of the network. Phenology of some invasive species and 
agriculture/horticulture species are also recommended for future studies. 
Phenological observation of a large diversity of life forms, including ferns, is abso-
lutely important in assessing the potential impacts of climate change.
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Chapter 19
Desiccation Tolerance in Ferns: 
From the Unicellular Spore  
to the Multi- tissular Sporophyte

Marina López-Pozo, Beatriz Fernández-Marín, Jose Ignacio García-Plazaola, 
and Daniel Ballesteros

19.1  Introduction

19.1.1  General Background About Plant Desiccation 
Tolerance

Plants are able to cope with environments in which the availability of liquid water 
within their tissues is severely restricted. Three main strategies are employed by 
plants to cope with this stress: escape, avoidance, and tolerance. In the first strategy, 
plants rapidly complete their life cycle, so that reproductive structures are developed 
before the plant dehydrates. The second one implies that the plant delays water loss 
and prioritizes the maintenance of cell turgor by imposing structural barriers to dehy-
dration (cuticles, stomatal closure, enhanced boundary layer, etc.). For the third strat-
egy, tolerance, the plant equilibrates its water content with that of the air by an 
organized restructuration of cell that prevents irreparable damage and allows resump-
tion of normal metabolic activity after rewatering (Fernández-Marín et al. 2016).

Desiccation-tolerant (DT) plants can lose more than 90% of their relative water 
content and then resume normal functions after rehydration (Rascio and La Rocca 
2005). Desiccation tolerance (DT) can be defined as the ability of some organisms 
to survive drying to below the absolute water content of around 0.08–0.10  g of 
water per g of dry mass (H2O g−1 DW) or lower, without suffering irreparable dam-
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age (Vertucci and Farrant 1995; Hong and Ellis 1996; Fernández-Marín et al. 2016). 
Nevertheless, one should be aware that any benchmark is relatively flexible after 
several factors have been considered. For example, these water content benchmarks 
can encompass drying at a wide range of relative humidity (RH) depending on the 
internal cell composition of the organisms (Ballesteros et al. 2017). All this consid-
ered, survival to the water contents achieved after equilibration with air at 50% RH 
at 20 °C is also used as reference for definition of a DT organism. This extent of 
drying can correspond to a drop in the water potential down to −100 MPa or even 
lower (Alpert 2006), although again these values are dependent on different cell 
composition. Finally, another proposed benchmark for DT is in the vicinity of the 
glass transition (Walters 2015). Among plants, DT is widespread in organs and 
structures related with dispersion and reproduction (Franchi et al. 2011; Gaff and 
Oliver 2013; Hoekstra 2005). Almost all photosynthetic species possess the capa-
bility to survive dehydration in their pollen, spores, or special organs such as rhi-
zomes, seeds, etc. Indeed, desiccation sensitivity (DS) is the exception more than 
the rule in the seeds of angiosperm species. It is estimated that around 92% of seeds 
are tolerant to desiccation after complete maturation (orthodox seeds) (Wyse and 
Dickie 2017).

The presence of DT in photosynthetic tissues has a much more restricted distri-
bution, being more common among species of algae, lichens, and bryophytes. It has 
been proposed that the initial development of DT in photosynthetic tissues was 
probably a crucial step in the colonization of land by early plants (Oliver et  al. 
2000). Within pteridophytes and angiosperms, this ability is rare (no gymnosperms 
are known to date) (Gaff 1980; Alpert 2000; Oliver et al. 2000). Two main groups 
of DT photosynthetic organisms can be distinguished according to the rate of water 
loss they can endure: “fully DT organisms” withstand very fast drying and base 
their tolerance mostly on constitutive mechanisms (i.e., most DT algae, lichen, and 
bryophytes) and “modified DT organisms” or “resurrection plants” refer to DT tra-
cheophytes which rely mostly on inducible mechanisms and are thought to not be 
directly derived from primitive DT plants but from DS plants that had already lost 
DT in their photosynthetic tissues (i.e., the genetic information for DT was pre-
served in their genome although only expressed in reproductive organs, such as 
seeds) (Oliver and Bewley 1997).

19.1.2  General Mechanisms of Plant Desiccation Tolerance

During desiccation, but also in the dry state and throughout rehydration, DT cells 
must deal with two major threats: (1) mechanical stress due to changes in cell turgor 
and (2) chemical stress, which regards, on the one hand, the loss of native conforma-
tion of macromolecules and, on the other hand, an increase in oxidative stress that 
is particularly exacerbated in photosynthetic tissues (i.e., tissues containing chloro-
phyll) (Fernández-Marín et al. 2016). Coping with mechanical stress during dehy-
dration implies three not mutually exclusive options (Rascio and La Rocca 2005): 
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(1) to keep cell volume (i.e., in some species water is replaced by low-molecular- 
weight osmoprotectants that allow preservation of cell volume), (2) to divide the 
vacuole into smaller vacuoles (or synthesize new small vacuoles – Georgieva et al. 
2017) that increase mechanical stability of the cell, or (3) to produce flexible cell 
walls than can then follow bending of plasma membrane during desiccation without 
disruption of membrane wall interactions. The accumulation of specific types of 
proteins and small sugars and polyols seems to play indispensable roles in the main-
tenance of cellular and macromolecular structures upon desiccation.

 Proteins and Amino Acids

The accumulation of high levels of late embryogenesis abundant (LEA) proteins is 
a common mechanism among DT plants also found in orthodox seeds. LEA pro-
teins are highly hydrophilic and unstructured in aqueous solution but structured 
upon desiccation. Although their biochemical functions are still not completely 
understood, these proteins are thought to have important roles in the protection of 
nucleic acids, preservation of macromolecular structure (Close 1997), and glass 
formation (Farrant et  al. 2015). LEA proteins are localized in the cytosol, the 
nucleoplasm, and the chloroplast and are synthesized in response to desiccation and 
abscisic acid (ABA) in vegetative tissues of DT plants (Bartels and Sunkar 2005). 
Although genes encoding LEA proteins are present also in DS plants, DT plants 
seem to accumulate higher amounts of LEA transcripts during dehydration (Juszczak 
and Bartels 2017).

The second important group of proteins are the early light-inducible proteins 
(ELIP) and ELIP-like proteins. These are thylakoidal pigment-binding proteins that 
have been found in DT angiosperms and bryophytes and that seem to play a key role 
in the protection and/or repair of the photosynthetic apparatus (Neale et al. 2000; 
Alamillo and Bartels 2001; Zeng et al. 2002).

The function of some amino acids as compatible solutes or as mobile nitrogen 
reserves for rehydrating tissues has also been suggested (revised in Dinakar and 
Bartels 2013).

 Sugars

Nonreducing sugars have a very important role as stabilizers of membranes and 
proteins in the dry state (Crowe et al. 1992). Due to their propensity to form a 
glass through hydrogen-bonding interactions, they are thought to play a funda-
mental role in cytoplasm vitrification (see Sect. 19.1.2.3) (Hoekstra et al. 2001). 
Currently, it is acknowledged that besides sugars, other molecules such as pro-
teins (including LEA proteins) play a pivotal role in intracellular glass formation 
(Buitink and Leprince 2008; Walters et al. 2010). Nonreducing sugars allow the 
removal of the closely associated water from proteins by satisfying the hydrogen-
bonding requirement of polar groups preserving their functionally correct folding 
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(Hoekstra et al. 2001). Thus, sugars act as water substitutes on the surface of dried 
proteins. Soluble sugars seem to play important additional roles as a rapid source 
of energy during rehydration (Georgieva et al. 2017). The major sugar involved in 
these protective mechanisms is species-specific although sucrose is the most fre-
quently found among DT plants (Farrant et al. 2007). Sucrose and raffinose accu-
mulate during desiccation mainly in angiosperms (Scott 2000; Peters et al. 2007; 
Georgieva et al. 2017), whereas trehalose occurs predominantly in nonflowering 
plants (Liu et  al. 2008; Pampurova and Van Dijck 2014). Constitutively high 
amounts of trehalose, sucrose, and glucose have been found in DT species of 
spike mosses (Yobi et al. 2013).

 Slowing Down of Metabolism Under Desiccation: The Vitrification 
of Tissues and the Glassy State

Upon dehydration, the viscosity of the internal cellular compartments increases, 
and solutes are concentrated within the tissues. At RH ranges between 30 and 
60%, the aqueous mixtures, such as cells, become more viscous and molecules 
become densely packed, reducing drastically molecular mobility up to a point 
that the cytoplasm resembles a solid (Buitink and Leprince 2008; Fernández-
Marín et al. 2013; Leprince and Buitink 2015; Walters 2015; Ballesteros et al. 
2017). Such types of solids are known as amorphous solids and have different 
thermodynamic properties than crystalline solids (Walters et  al. 2010). The 
change from fluid to amorphous solid is known as vitrification (glass transition 
when the change is from solid to fluid), and the resulting amorphous solid is 
often called a glass. Glasses are known to decrease detrimental reactions, to 
increase the stability of enzymes, and to prevent conformational changes of pro-
teins (Buitink and Leprince 2008). The formation of intracellular glasses is indis-
pensable to survive the dry state, but glass formation itself is not a mechanism 
that initially confers the tolerance to desiccation during drying (Buitink and 
Leprince 2008; Walters et al. 2010).

Plant cellular glasses have been studied through different calorimetric and 
spectroscopic techniques (e.g., differential scanning calorimetry (DSC)) or elec-
tron paramagnetic resonance (EPR) and mainly in seeds because of its importance 
in longevity during storage (Walters et al. 2010). Recently, a different approach 
using dynamic mechanical thermal analysis (DMTA) has been used for the char-
acterization of the mechanical properties and molecular mobility within dry seed 
glasses (Walters et al. 2010; Ballesteros and Walters 2011) and has provided first 
evidence for the absence of enzymatic reactions in dry photosynthetic tissues of 
bryophytes (Fernández-Marín et  al. 2013). Still, many questions remain open 
about intracellular glasses and how (and for how long) they confer cell stability 
and longevity in dry plant tissues. This represents a gap of knowledge to be filled 
that could be of noticeable relevance to understanding DT and longevity in the dry 
state of plant germplasm.
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 Coping with Oxidative Stress

The chloroplast is the main source of reactive oxygen species (ROS) upon desic-
cation. ROS production can be exacerbated when desiccation occurs under strong 
irradiance. Consequently, the first barrier to prevent oxidative stress is the reduc-
tion of light energy reaching the photosynthetic apparatus. The presence of chlo-
rophyll during desiccation represents a difference against DS plants in which 
damage upon desiccation includes the irreparable loss of photosynthetic pigments 
and thylakoid structure (Juszczak and Bartels 2017). During the loss of turgor, 
many DT species curl or fold their leaves exposing the abaxial surface which is 
frequently covered with hairs, scales, or increased content of anthocyanins that, in 
sum, efficiently reduce the interception of light by chlorophyll (Lebkuecher and 
Eickmeier 1991; Alpert 2000). The next step in photoprotection relies on the 
switching off of the photosynthetic apparatus and the efficient dissipation of light 
energy still absorbed by chlorophylls (revised in García-Plazaola et  al. 2012, 
Fernández-Marín et al. 2016). Desiccation-induced deactivation of PSII seems to 
be an intrinsic protective mechanism of DT species since DS plants maintain 
activity even at very low water content, after photosynthetic electron transport has 
already been stopped (Nabe et al. 2007).

Antioxidant mechanisms play such a fundamental role in DT plants, that the 
survival after long storage in the desiccated state and after subsequent rehydra-
tion depends on their efficiency to counteract ROS production (Kranner et al. 
2002). Despite the general increase in the antioxidant response upon desiccation 
(Yahubian et al. 2009), two molecules play outstanding roles in the DT strategy: 
the hydrophilic and ubiquitous glutathione (GSHtot) and the lipophilic and chlo-
roplast-located zeaxanthin (Z). The relevance of these two molecules is evi-
denced by their conserved response: their synthesis and accumulation are 
triggered by desiccation among species of phylogenetically diverse taxa, e.g., 
lichens, bryophytes, and angiosperms. The proportion of reduced glutathione to 
GSHtot is related to the survival of DT organs, including seeds (Kranner et al. 
2002; Nagel et al. 2015). Besides its role as an antioxidant, reduced glutathione 
is thought to interact with proteins and protect them from irreversible formation 
of disulfide bonds upon water loss (Kranner et al. 2008). Synthesis of Z is acti-
vated in DT plants by desiccation, even in the absence of incident irradiance 
(Fernández-Marín et al. 2009, 2010, 2011, 2013). Z can play up to three differ-
ent protective roles in DT photosynthetic tissues: (1) it is involved in the ther-
mal dissipation of energy, (2) it efficiently quenches triplet chlorophyll and 
singlet oxygen, and (3) it is thought to stabilize thylakoid membranes during 
desiccation and enhance the recovery of photochemical efficiency during rehy-
dration (Alamillo and Bartels 2001; Deltoro et al. 1998; Gill and Tuteja 2010; 
Havaux et  al. 2007; Kranner et  al. 2002, 2008; Fernández-Marín et  al. 2009, 
2010, 2011, 2013).
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19.1.3  Why Study Tolerance to Desiccation in Pteridophytes?

Ferns represent a highly valuable model group for the study of plant desiccation 
tolerance, as they have unique characteristics to study plant adaptations for the 
conquest of land and the mechanisms that allowed this colonization. Ferns have a 
strategic evolutionary position in the evolution to land, between bryophytes and 
seed plants, and their mechanisms of DT seem to be intermediate between those of 
“fully DT plants” (i.e., bryophytes) and those of flowering plants (Oliver et  al. 
2000). This intermediate position is, for example, expressed in terms of the vascu-
lar system and stomatal regulation, which present two different ways in the inde-
pendence of plants from water (McElwain 2011; Cai et al. 2017). In this context, 
ferns have recently been used to demonstrate that ABA regulation of stomata 
evolved much earlier than the divergence of ferns and seed plants, as different fern 
species have shown ABA- induced closure of stomata, pointing to alterative and 
complex pathways for ABA- induced stomatal closure in plants (Cai et al. 2017; 
Hõrak et al. 2017). This characteristic makes ferns valuable models for the study 
of plant regulation of DT responses.

Another interesting characteristic of ferns is that they present three different life 
forms in their life cycle that can be used as diverse models: the unicellular spore 
(chlorophyllous or non-chlorophyllous), the simple multicellular gametophyte, 
and the complex multicellular and multi-tissular sporophyte. These life forms not 
only have different cellular and tissue complexity but also present different DT 
responses and mechanisms (described in the following sections). Sporophyte and 
gametophyte could resemble the behavior of both vascular and nonvascular plants, 
respectively. The lack of complexity, cuticle, and stomata in gametophyte tissues 
could allow an adaptation to water loss, due to the inability to control the exit and 
entry of water that is totally dependent on the ambient humidity. In turn, the sporo-
phyte has full control over water loss because of the development of complex tis-
sues, cuticle, and stomata.

In addition, spores offer a simple model to understand the mechanisms respon-
sible of seed DT and longevity in the dry state and, in turn, what changes are neces-
sary at the cellular level to lose this property. Both propagules, seeds and fern 
spores, differ in their structure and ontogeny, but they carry out the same function: 
they are survival units, suitable for dispersion, acting as population backup in soil 
banks, and often exposed to extreme environmental conditions but being able to 
survive them (Page 2002). Moreover, they are related in many physiological aspects, 
such as the induction or inhibition of germination by red or far-red light, the loss of 
water during maturation, or the role of gibberellins in germination (e.g., Hoekstra 
et al. 2001). Given the unicellular character of spores, the study of these is simpler 
than that of seeds (that contain a hypocotyl, cotyledon(s), embryo with plumule and 
radicle) where each part will act or have some mechanism of DT.  Additionally, 
chlorophyllous spores can be understood as a miniature photosynthetic tissue whose 
compression would aid in the comprehension of more complex tissues.

M. López-Pozo et al.
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19.2  Desiccation Tolerance in Fern Spores

The ability to survive extreme desiccation in vascular plants is generally expressed 
in reproductive cells, such as fern spores, pollen, and seeds (see Sect. 19.1.1). 
However, the extent of DT in fern spores, the stage when this tolerance is acquired, 
and the physical and biochemical mechanisms that confer tolerance to desiccation 
have been understudied in comparison to other plant propagules (e.g., seeds and 
pollen). This section will review the current knowledge in DT of fern spores and 
will discuss possible directions for future research.

19.2.1  Sporogenesis, Spore Dispersal, and Fern Spore Water 
Content

Ferns produce spores by meiosis in the sporangia in a process known as sporogen-
esis. During sporogenesis, after meiosis is completed, the fern spore goes through a 
maturation stage where plastids and storage reserves accumulate, including the pre-
cursors of proteins analogous to seed LEA proteins (Raghavan and Kamalay 1992; 
see Sects. 19.1.2 and 19.2.4). The characteristics of this phase suggest that the matu-
ration stage of the fern spores could be similar to that occurring in DT seeds 
(Angelovici et  al. 2010). However, most research published on fern spores has 
focused in describing the ultrastructural changes during the early stages of sporo-
genesis (e.g., Marengo 1979; Brown and Lemmon 2001a, 2001b), and little is 
known about the maturation phase of the spore and the changes in water content that 
may occur in the spores and if this is actually the stage where fern spores acquire 
any tolerance to desiccation. After sporogenesis, when the sporangia is mature and 
the environment is dry enough, evaporation of water from the annular cells of the 
sporangia induces sufficient stress to cause an abrupt dehiscence, which ends up in 
the release and dispersal of the spores (Noblin et al. 2012).

Fern spores are classified as green (chlorophyllous) or nongreen (non- 
chlorophyllous) depending on their color at maturity (Lloyd and Klekowski 1970). 
However, this traditional naming is not accurate since some chlorophyll-containing 
spores can visually appear as nongreen when the cover of the spore is not transpar-
ent (Sundue et al. 2011). Green spores usually have higher water contents than non-
green spores (Lloyd and Klekowski 1970). For example, according to water sorption 
isotherms calculated for several species at 25 °C, water contents of spores equili-
brated at 50% RH vary from ca. 0.09 to ca. 0.04 g water/g dry mass for green spores 
and nongreen spores, respectively (Ballesteros and Walters 2007a; Ballesteros et al. 
2017). The causes for the difference of water content between green and nongreen 
spores are not completely known, but it is likely that it is related to their chemical 
composition. For example, it is known in seeds that the moisture content at a par-
ticular RH varies according to the lipid composition (Vertucci and Roos 1990), and 
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nongreen spores have 10–40 times larger lipid contents than green spores (Ballesteros 
and Walters 2007b; Ballesteros et al. unpublished).

Measurements of water content for “freshly harvested” spores have usually been 
made in green spores collected 1 or 2 days after sporangia dehiscence or in non-
green spores collected about 1–5 days after sporangia dehiscence (e.g., Farrant et al. 
2009, Li et al. 2010; Li and Shi 2014, 2015; Mikula et al. 2015; Lopez-Pozo et al. 
unpublished). Freshly harvested spores are viable, and water contents range from 
0.11 to 0.14 g water/g fresh mass in green spores of Osmunda sp. and from 0.04 to 
0.07  g water/g fresh mass in diverse nongreen spores or in the green spores of 
Matteuccia struthiopteris. These water contents correspond to those of spores equil-
ibrated at 30–80% RH and 25 °C (Ballesteros and Walters 2007a; Ballesteros et al. 
2017, Fig. 19.1). The exception is the spores of Equisetum sp. for which water con-
tents above 0.50 g water/g dry mass (which correspond to the water contents of 
Equisetum sp. spores equilibrated at >96% RH at 25 °C, Fig. 19.1) have been mea-
sured in diverse species (Gabriel y Galan and Prada 2010; Lopez-Pozo et  al. 
unpublished).

After sporangia dehiscence and spore dispersal, both green and nongreen spores 
can remain in the sporangia for several days or months, fall around the mother 
plant, or travel by air in very large distances (Farrar 1976; Parris 2001; Wolf et al. 
2001; Page 2002; Geiger et al. 2007). In these scenarios, they may be exposed to 
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(and tolerate) highly stressful conditions, including low and high RH (Fig. 19.1), 
freezing temperatures, fast winds at high altitudes, and UV exposure (Page 1979, 
2002). After dispersal, it is likely that spores equilibrate their internal water content 
rapidly, in a few hours, depending on the ambient RH (Ballesteros and Walters 
2007a). This capacity of fern spores to quickly modulate their internal water con-
tent to low levels and their tolerance to these low water contents seems to be key in 
their ability to disperse and tolerate the environmental stressful conditions that they 
may experience (Page 2002).

19.2.2  Variation of Desiccation Tolerance and Longevity 
Among Fern Spores

DT of nongreen spores has typically been described as similar to that of orthodox 
seeds and other DT organisms (Dyer 1979; Ballesteros 2010; Walters et al. 2005; 
Ballesteros et al. 2012). In contrast, there was a widely held belief that green spores 
had limited DT (Lloyd and Klekowski 1970; Pérez-Garcia et al. 1994; Gabriel y 
Galan and Prada 2010; Ibars and Estrelles 2012). This belief was based on conclu-
sions of pioneer studies that suggested that the short longevity of green spores was 
related to their high water content, respiration rate, and catalase levels (Okada 1929; 
Hauke 1978) as well as to the lack of a spore wall protecting against drying 
(Wollersheim 1957). However, conflicting evidence suggests that green spores can 
tolerate substantial water loss, as they tolerate drying at low RHs (1–20%) to mois-
ture contents <0.08 water/g fresh weight (Lebkuecher 1997; Pence 2000; Hoekstra 
2005; Li and Shi 2014, 2015; Mikula et al. 2015). Recently, in agreement with these 
late reports, it has been shown that both green and nongreen fern spores possess a 
similar and remarkable level of DT (Ballesteros et  al. 2017). Fern spores from 
diverse unrelated species (three green spore and two nongreen spore species) sur-
vived the immediate effects of extreme desiccation (i.e., initial drying to 1% RH). 
However, survival in the desiccated state was temporary, especially under the most 
severe desiccation treatments (RH <5%). Longest survival times were observed in 
spores placed at about 10–25% RH, independently of the water contents that the 
spores had at such conditions. This response is similar to what has been observed 
for other fern spores, orthodox seeds, DT pollen, and various DT organisms (e.g., 
Vertucci and Roos 1990; Buitink et al. 1998; Walters et al. 2005).

Though response to RH during storage is similar among fern species (Ballesteros 
et al. 2017), the kinetics of deterioration in the dry state vary considerably among 
species. Generally, green spores present shorter life-spans than nongreen spores, 
ranging from a few days to 1 year for green spores and from a few months to several 
decades in nongreen spores (Lloyd and Klekowski 1970). It is likely that the short 
longevity of green spores is related to their particular chemical and cellular compo-
sition (e.g., thin and transparent walls and the presence of chloroplasts in the dry 
cytoplasm). Analogously, the chlorophyllous seeds of Salix nigra deteriorate fast in 
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the dry state due to photooxidative damage of the thylakoid membranes mediated 
by free radicals and ROS (Roqueiro et al. 2010). However, we may find nongreen 
spores of particular species with shorter longevity than the green spores of some 
species. For example, the non-green spores of Culcita macrocarpa show shorter 
longevity at the optimal RH for storage than the green spores of Matteuccia struthi-
opteris (Ballesteros et al. 2017), indicating that diverse physical and biochemical 
aspects of the fern spore may also be playing an important role in the differences in 
longevity among spores.

19.2.3  Structural and Biophysical Aspects of Desiccation 
Tolerance and Longevity in Fern Spores

Diverse definitions can be found to describe the extent of the desiccation stress that 
defines “desiccation-tolerant” organisms (see Sect. 19.1.1; Ballesteros et al. 2017). 
However, what seems to be common to all of the definitions is that DT organisms 
survive the compressive forces and cell volume reduction before glasses (see Sect. 
19.1.2.3) are formed (Leprince and Buitink 2015; Walters 2015; Ballesteros et al. 
2017). If green spores had limited DT as initially thought (see Sect. 19.2.2), one 
would expect that the most sensitive green spores, which are released at high water 
contents (e.g., Equisetum sp., see Sect. 19.2.1), would die before glasses are formed 
(A in Fig. 19.1). However, the cytoplasm of nongreen and green fern spores enter 
into a glassy state between 30 and 60% RH (Hoekstra 2005; Ballesteros et al. 2017), 
and all the species tested (including Equisetum sp.) survived this transition (Hoekstra 
2005; Ballesteros et al. 2017).

Longest survival times for fern spores are observed when they are placed at about 
10–25% RH, hence when they are in the glassy state (Walters et al. 2005; Ballesteros 
et al. 2017). At moisture contents above the RH that provides longest longevity, a 
timed response damage is expressed in fern spores, which is faster as the RH 
increases (Ballesteros et al. 2017; Fig. 19.1). This type of deterioration is classically 
referred to as aging (C in Fig. 19.1) and accelerated aging (B in Fig. 19.1) in the 
literature on seed longevity, and deterioration kinetics in fern spores are consistent 
with modeled behavior in seeds (Ellis and Roberts 1980; Ballesteros et al. 2017). 
Below the RH that provides longest longevity, desiccation damage occurs in DT 
cells, and this is also expressed as a time-dependent response (D in Fig.  19.1). 
Although in this case deterioration is faster as spores are moved to lower RH, it has 
been suggested that this deterioration could also be considered as aging (Ballesteros 
et al. 2017). However, as the aging kinetics at water contents above and below the 
RH that provides longest longevity have opposite responses to water content, it is 
suggested that the mechanisms of damage and protection involved in these condi-
tions may be different (Ballesteros et al. 2017).

One of the explanations for the damage that occurs in fern spores at <10–25% 
RH is that they are dried below the BET monolayer (Ballesteros and Walters 2007a; 
Ballesteros et  al. 2017). The BET monolayer is a parameter calculated from the 
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Brunauer–Emmett–Teller (BET) model which is used to explain the physical 
adsorption of water on the solid surface of biomolecules of the cell cytoplasm of 
diverse organisms, including fern spores (Ballesteros and Walters 2007a). The BET 
monolayer describes the water content at which all sites at the adsorbent surface are 
filled and generally has been indicated as a good marker of maximum stability dur-
ing dry storage (Passot et  al. 2012; Rahman 2009; Roos and Drusch 2015; 
Roussenova et  al. 2010). It could be possible that the removal of the water that 
forms the BET monolayer destabilizes the physical structure of the cytoplasm, 
allowing also a greater attack of free radicals and ROS. These hypothetical situa-
tions could lead to death over the time as suggested for orthodox seeds (Mira et al. 
2010; Walters et al. 2010). However, the mechanisms of fern spore deterioration in 
the dry state are still conjectural, and the complexity in structure and motion within 
the glass of fern spores conferring different responses to desiccation and longevity 
still need to be ascertained (Ballesteros et al. 2017).

19.2.4  Accumulation of Proteins

 LEA Proteins

Studies carried out in Onoclea sensibilis determined that there is an accumulation 
of mRNAs related to survival, growth maturation, and germination during the spo-
rogenesis (Raghavan and Kamalay 1992). These mRNAs detected in fern spores by 
Raghavan and Kamalay (1992) were related to members of group-3 LEA sequences 
described by Dure et al. (1989) from angiosperm embryos during seed maturation 
and desiccation. A similar process has also been shown during pollen development 
in angiosperms (Stinson et al. 1987). The sequences in O. sensibilis were spore- 
specific, and the accumulation was initiated only after meiosis and as long as the 
spores were mature (desiccated) but were absent in the gametophyte. For the case of 
seeds during the maturation phase, there is a decrease in cell water potential and a 
synthesis of LEA proteins that protect embryonic organs from this desiccation 
(Curry et al. 1991; Angelovici et al. 2010). Thus, it could be expected that spore 
maturation could suffer similar process and LEA proteins would play the same or 
an analogous role.

During spore germination, many other proteins are degraded in the cytoplasm 
and in thylakoid membranes, some of which are related to their maintenance. This 
is the case of 22  kDa protein of thylakoid membranes isolated from spores of 
Osmunda japonica. Before germination, high levels of this protein are found, but 
when germination starts the amount of protein decreases. Something similar was 
observed in spores of Adiantum capillus-veneris (non-chlorophyllous spores) 
(Minamikawa et  al. 1984) whose spore proteins may be a homolog of ABA- 
inducible, desiccation-related, or LEA proteins. Several studies have reported deg-
radation of proteins that could be related to DT in fern spores (Raghavan 1991; 
DeMaggio and Stetler 1980; Paless et al. 1984). Currently, the specific role of the 
22 kDa protein in chloroplasts remains unknown (Inoue et al. 2000).

19 Desiccation Tolerance in Ferns: From the Unicellular Spore…



412

 Other Proteins

Within gymnosperms and angiosperms seeds, vicilins and legumins are the two 
major classes of storage proteins, which have the function of nutrition once the 
seed germinates (Shutov et al. 2003). Shutov et al. (1998) concluded that these 
seed- storage proteins presented by phanerogamic species were involved in cellu-
lar processes of desiccation and rehydration and Physarum polycephalum pres-
ents similar proteins that allowed the acquisition of cellular desiccation tolerance 
(Lane et al. 1991). Thus, it may be possible that they are involved in desiccation 
tolerance in tissues. Matteuccia struthiopteris presents an intermediate vicilin-
like protein (Kakhovskaya et al. 2003; Shutov et al. 1998), with features of both 
vicilins and legumins. These structural features resemble those of a non-sper-
matophyte (cryptogamic) “primitive” storage protein; thus, this protein probably 
represents an ancestor of the spermatophyte storage globulins (Shutov et al. 1998). 
The question exists whether this protein is related with storage or with desiccation 
tolerance in fern spores. On the one hand, it has been proposed that fern spores 
may also function as a storage tissue (for more details, see Schallau et al. 2008), 
but the idea that this type of protein descended from germin- and spherulin-like 
ancestors involved in various cellular desiccation processes (Shutov and Bäumlein 
1999; Shutov et al. 1998; Wohlfarth et al. 1998) supports that it is related with DT 
and not with storage functions.

It seems that the role of these proteins is similar to LEA proteins (Baker et al. 
1988). A similar role has been proposed for a variety of other glycine-rich proteins 
in mature seed embryos (Galau et al. 1987; Mundy and Chua 1988).

 Osmotic Adjustment: Proline Accumulation in Cells Exposed to Stress 
Conditions

As occurs in tissues of higher plants exposed to osmotic stress, dry chlorophyllous 
spores of Equisetum arvense show high levels of arginine and proline. Also, spores of 
O. japonica present high contents of these amino acids, but they disappear in the 
gametophyte. Besides, it has been described that non-chlorophyllous spores of 
Adiantum capillus-veneris contain proline in the dry state (Minamikawa et al. 1984).

 Protection of Fern Spores Against Oxidative Processes During Desiccation 
and Life in the Dry State

During the maturation phase of fern spores and their desiccation after dispersal the 
production and accumulation of ROS is likely. In the dry state, the repair of the 
oxidative damage caused by ROS may be limited by the formation of the glass and 
the reduced molecular mobility allowed in such state (see Sects. 19.1.2.3 and 
19.2.3). Decreased or suppression of mitochondrial and chloroplastic activities 
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during desiccation is the best way to reduce ROS generation, even at low water 
contents (Leprince et al. 2000). Antioxidative defenses play a major role once free 
radicals have already been formed. Two main antioxidant enzymes have been found 
in the desiccated green spores of Equisetum arvense: ascorbate peroxidase (APX) 
and dehydroascorbate reductase (DHAR). Both enzymes can be localized in the 
cytoplasm and chloroplast (Zhao et al. 2015) and take part in the glutathione-ascor-
bate cycle. Furthermore, a chloroplast drought-induced stress protein (CDSP32) has 
been found in these spores. This protein has two thioredoxin (TRX) modules, which 
are involved in the protection of the photosynthetic apparatus against oxidative 
damage. Hence, it could be suggested that these antioxidants play the main role in 
the ROS homeostasis of the chlorophyllous spores of E. arvense (Zhao et al. 2015). 
Other spores also exhibit enzymes of the glutathione-ascorbate cycle. In the dry 
green spores of Osmunda cinnamomea, all the enzymes of this cycle were found 
(Suo et al. 2015).

 Photoprotection of Green Spores During Desiccation

When a chlorophyllous tissue starts to lose water, photosynthesis declines, but the 
total irradiance intercepted by the chlorophyll is essentially the same. In this con-
text, the major threat is the formation of ROS by excited chlorophyll molecules 
and the consequent oxidative deterioration (Heber and Shuvalov 2005; Farrant 
et  al. 2007). Thus, the simplest way to protect the photosynthetic tissue is to 
reduce the amount of light absorbed by chlorophyll molecules through several 
mechanisms as have been commented in Sect. 19.1. In green spores, M. struthiop-
teris has a brown coat that filters light and could act as the first barrier to reduce 
light absorbance; however, other spores have a transparent coat. In addition to a 
dark coat, quenching of chlorophyll could be another photoprotection mechanism 
in green spores. In this sense, Lebkuecher (1997) showed that the spores of 
Equisetum hyemale reduced the photochemical efficiency of PSII (Fv/Fm) during 
the first week of storage at 2% RH without major changes in spore viability and 
recovered their Fv/Fm after rehydration. This could be considered a type of pho-
toprotection as observed in the DT algae Trebouxia asymmetrica (Wieners et al. 
2012). The decrease in photochemical activity of PSII can be due to various mech-
anisms: (1) desiccation-induced detachment of the light-harvesting complex from 
PS II (LHCII) (Schreiber and Armond 1978), (2) transference excess of excitation 
energy from PS II to PS I associated with phosphorylation of LHC II (Williams 
and Allen 1987), and (3) thermal energy dissipation mediated by the VAZ cycle 
(Demmig et al. 1987; Gilmore et al. 1995). All of these mechanisms are reversible 
(deactivate) after, at least, 24 h of rehydration.
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19.3  Desiccation Tolerance in Gametophytes

19.3.1  Presence and Extent of Desiccation Tolerance 
in Gametophytes

Most fern gametophytes are photosynthetic from the initial steps of develop-
ment. Lacking a vascular structure, gametophytes are forced to be poikilohydric. 
However, their structure is not the fragile prothallus as described in the literature, 
and gametophytes of many species can establish in xeric places. Furthermore, 
gametophytes are frequently perennial and persist for years (Johnson et al. 2000), 
encountering successive periods of desiccation and rehydration during their long 
life-span. As a consequence of such poikilohydric commitment, it is considered 
that DT has to be much more frequent among gametophytes than in sporophytes 
(Pittermann et al. 2013; Watkins et al. 2007). In fact, the first experimental stud-
ies on DT in gametophytes date back to more than 100 years ago, when Pickett 
(1913) demonstrated that prothalli of the limestone-colonizing North American 
fern Camptosorus rhizophyllus were able to completely recover after desiccation. 
Since then, reports on DT in gametophytes have been scarce, describing its presence 
in several other species (Kappen 1965; Ong and Ng 1998; Kappen and Valladares 
2007). Only recently more extensive surveys on tropical species (Pittermann et al. 
2013; Watkins et al. 2007) have confirmed the intuitive belief that DT is probably 
widespread among fern gametophytes. These studies concluded that the degree 
to which gametophytes can withstand desiccation seems to be strongly linked 
to habitat preferences with species inhabiting the most xeric places also being 
the most DT. However, this general rule does not imply that gametophytes are 
necessarily DT, as indicated by  the extreme sensitivity to desiccation of game-
tophytes from species growing in moist ecosystems such as the Mexican cloud 
forest (Riaño and Briones 2015) or European temperate environments (Kappen 
1965). Examples of genera for which DT has been described in gametophytes 
can be found across a wide taxonomic diversity that includes most of the phylo-
genetic fern clades. Being a polyphyletic character, gametophyte habitat becomes 
the main factor determining DT. Specifically DT has been tested and confirmed in 
the following families and genera (Diamond et al. 2012; Kappen 1965; Ong and 
Ng 1998; Pickett 1913; Pittermann et al. 2013; Watkins et al. 2007): Aspleniaceae 
(Asplenium, Ceterach), Athyriaceae (Diplazium), Cibotiaceae (Cibotium), 
Davalliaceae (Davallia), Dennstaedtiaceae (Dennstaedtia), Hymenophyllaceae 
(Trichomanes), Lomariopsidaceae (Nephrolepis, Cyclopeltis), Polypodiaceae 
(Campyloneurum, Drynaria, Pyrrosia, Phlebodium, Microgramma, Polypodium), 
Pteridaceae (Adiantum, Cheilanthes, Pteris, Pellaea, Pityrogramma, Vittaria), 
and Thelypteridaceae (Thelypteris).
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19.3.2  Mechanisms That Confer Tolerance to Desiccation 
in Gametophytes

DT is common in gametophytes of mosses and liverworts, and presumably the same 
mechanisms employed by bryophytes (see Sect. 19.1) can be used by ferns to with-
stand desiccation. However, there is an almost complete absence of physiological 
studies on DT in fern gametophytes. Among the few studied mechanisms, morphol-
ogy seems to play a prominent role on slowing the rate of water loss, with the more 
complex structures retaining water for longer (Watkins et al. 2007). Regulation by 
ABA is also involved in some species, as demonstrated by the increase on survival 
rate after desiccation when gametophytes were cultured on medium containing 
ABA (Pence 2000). Interestingly, once desiccated, gametophytes can survive liquid 
nitrogen, allowing the development of protocols for cryopreservation (Pence 2000, 
Chap. 11). Furthermore, in the field, overwintering gametophytes can survive much 
lower temperatures than the respective sporophyte (Sato 1982).

19.3.3  Photoprotection of Gametophytes During Desiccation

From the initial steps of development, most fern gametophytes are photosynthetic 
but very little is known about their photosynthetic responses (Hagar and Freeberg 
1980; Johnson et al. 2000; Watkins et al. 2007). Gametophytes, in comparison with 
their sporophytic counterparts, can be considered as shade plants, with a limited 
capacity for light acclimation and a pigment composition typical of low light grown 
plants (Fernández-Marín et al. 2012). For those species in which Fv/Fm has been 
measured (Johnson et al. 2000; Watkins et al. 2007, Fig. 19.2), control values are in 

Fig. 19.2 Deactivation/activation of photochemical efficiency (measured as Fv/Fm) during a 
cycle of desiccation and rehydration in gametophytes of Davallia canariensis. Upper panels show 
images taken with the optical microscope and bottom panels the equivalent images of Fv/Fm cap-
tured with the imaging PAM microscopy fluorometer
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the range 0.6–0.75, similar to gametophytes of mosses and liverworts, indicating 
that no major photoinhibition occurs under nonstress conditions. In addition, our lab 
has recently measured that some species, such as Davallia canariensis, are able to 
recover Fv/Fm after a dehydration-hydration cycle (Fig. 19.2, based in Lopez-Pozo 
et al. unpublished).

19.4  Desiccation Tolerance in Sporophytes

19.4.1  Presence and Extent of Desiccation Tolerance 
in the Leaves or Whole Plants in Some Species

In hydric terms, most fern sporophytes, with well-defined vascular tissue, cuti-
cle, and stomata, can be considered as homoiohydric. Some of them are DT, but 
function as typical vascular plants when water is available. Others, such as 
Mohria caffrorum, produce two types of fronds: DT in the dry and DS in the 
rainy season (Farrant et  al. 2009). The exception are the filmy ferns (family 
Hymenophyllaceae), whose leaves are formed by one layer of cells, lacking epi-
dermis and stomata. This family, which comprises more than 600 species 
(Dubuisson et al. 2009), in some way has returned to the poikilohydric strategy 
exemplified by bryophytes (Proctor and Tuba 2002). In the absence of a specific 
evaluation for each species, it seems likely that most, if not all, members of this 
family are to some extent DT (Proctor 2003, 2012). Based on this assumption, 
Porembski (2011) estimated that the number of DT fern species should be 
between 200 and 1200, with the latter being more likely. Given that c.a. 12,000 
fern and lycopod species have been described and accepted (Christenhusz and 
Byng 2016), the presence of vegetative DT in fern sporophytes could be as fre-
quent as 10%, a proportion at least tenfold higher than in angiosperms and much 
higher than previous estimations of DT frequency around 1% for fern sporo-
phytes (Oliver et al. 2000; Proctor and Pence 2002). Apart from Hymenophyllaceae 
(genera Hymenophyllum, Hymenoglossum, and Trichomanes), DT has been 
described mostly in epiphytic and rock-colonizing species including the follow-
ing families and genera (Gaff 1977, 1987; Hietz 2010; Porembski 2011; Tuba 
and Lichtenthaler 2011): Aspleniaceae (Asplenium, Ceterach, Pleurosorus), 
Dryopteridaceae (Dryopteris, Elaphoglossum), Polypodiaceae (Ctenopteris, 
Drynaria, Loxogramme, Melpomene, Pecluma, Polypodium, Phymatosorus, 
Platycerium, Pleopeltis, Pyrrosia), Pteridaceae (Actiniopteris, Adiantum, 
Cheilanthes, Doryopteris, Hemionitis, Notholaena, Pellaea, Paraceterach, 
Vittaria), Schizaeaceae (Anemia, Mohria, Schizaea), Selaginellaceae 
(Selaginella), Tectariaceae (Arthropteris), and Woodsiaceae (Woodsia).
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19.4.2  Mechanisms of Desiccation Tolerance in Fern 
Sporophytes

Mechanisms of DT in ferns are sometimes constitutively expressed, while others 
require a certain time for their activation, differentiating between constitutive DT 
(CDT) and inducible DT (IDT) (Stark et al. 2013). Most fern sporophytes behave as 
IDT, in the sense that, in general, a rapid desiccation causes more extensive damage 
than a slower one. Exceptions are filmy ferns that while lacking epidermis display a 
DT strategy (see Sect. 19.4.1), upon being exposed to rapid and continuous cycles 
of desiccation and rehydration. The importance of CDT mechanisms is evidenced in 
this group by the existence of a little variation (3–4%) on proteome upon desicca-
tion (Garces et al. 2014). In species with IDT, ABA plays a fundamental role in the 
regulation of the expression of desiccation responsive genes (Wang et al. 2010), and 
the external application of this hormone increases DT as has been shown in 
Polypodium virginianum (Reynolds and Bewley 1993). To allow enough time for 
the activation of IDT, ferns employ mechanisms that slow down water loss; this is, 
for example, the role of the epidermal scales in Pleopeltis polypodioides that pre-
vent rapid water loss from desiccating fronds (John and Hasenstein 2017).

An unavoidable consequence of water loss is cell and tissue shrinkage. To pre-
vent mechanical damage, DT sporophytes have to be able to fold and unfold fronds 
in a plastic and organized way. The presence of arabinose-rich pectins and proteins 
makes cell walls more plastic (Moore et al. 2013). Besides, it has been described in 
Polypodium polypodioides that the rapid synthesis and degradation of dehydrins in 
response to desiccation are probably involved in the mechanical properties of cell 
walls (Layton et al. 2010).

Fern sporophytes also respond to dehydration by osmotic adjustment that in 
Pleopeltis pleopeltifolia is achieved by an increase in solute content (sugars) 
(Voytena et al. 2014), while in Selaginella tamariscina, sugars and proline con-
tribute to the osmotic adjustment (Wang et al. 2010). A more detailed character-
ization of carbohydrate accumulation in Mohria caffrorum reported the presence 
of high amounts of sucrose, raffinose family oligosaccharides, and cyclitols 
(Farrant et al. 2009).

19.4.3  Role of Photoprotection Mechanisms in Desiccation 
Tolerance in Fern Sporophytes

Most fern species show a certain chlorophyll loss (Voytena et al. 2014; Wang et al. 
2010; Tausz et al. 2001; Kavitha and Murugan 2016) that can be as high as 75% in 
the case of Pleopeltis pleopeltifolia (Voytena et al. 2014). Even in this kind of spe-
cies that downregulate chlorophyll content, one of the main sources of stress in the 
desiccated state is the generation of oxidative damage by photoactivated chloro-
phyll. Thus, DT ferns need to activate a set of photoprotective responses to prevent 
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damage to photosynthetic tissues during desiccation. The simplest and most effec-
tive way to prevent such photooxidative stress is to reduce photosynthetic surface 
exposed to illumination. In most DT fern sporophytes, this is simply achieved by the 
frond curling or shrinkage, as has been characterized in a wide representation of 
species such as Selaginella lepidophylla (Brighigna et  al. 2002; Lebkuecher and 
Eickmeier 1991), Hymenophyllum dentatum and Hymenoglossum cruentum (Flores- 
Bavestrello et  al. 2016), Ceterach officinarum (Fernández-Marín et  al. 2009), 
Pleopeltis pleopeltifolia (Voytena et  al. 2014), or Polypodium polypodioides 
(Helseth and Fischer 2005; Muslin and Homann 1992). In some of these species, 
such as M. caffrorum and C. officinarum, this strategy is reinforced with chlorophyll 
masking by highly reflective abaxial scales (Farrant et al. 2009).

As a second line of defense, in the desiccated state, fern photosynthetic apparatus 
enter into a highly dissipative condition with a maximum quenching capacity 
(Flores-Bavestrello et al. 2016), which prevents the formation of ROS by excited 
chlorophyll molecules. In fact, the desiccation-induced production of H2O2 has been 
demonstrated in Adiantum latifolium (Lubaina et  al. 2016). The quenching of 
excited chlorophyll and ROS formation can be compensated by the enhanced syn-
thesis of Z, a xanthophyll with important antioxidant activity that regulates the level 
of energy dissipation in the antenna (Demmig-Adams and Adams III 1996; 
Fernández-Marín et  al. 2013). Interestingly it has been described in the DT fern 
Ceterach officinarum that the sole process of desiccation is able to trigger the syn-
thesis of Z even in complete darkness (see Sect. 19.1.2.4) (Fernández-Marín et al. 
2009). The synthesis or activities of other antioxidants are also upregulated during 
desiccation, as is the case of tocopherol in epiphytic ferns (Tausz et al. 2001) and 
superoxide dismutase, peroxidase, catalase, and glutathione reductase in Selaginella 
tamariscina (Wang et al. 2010).

19.5  Conclusions

DT is a trait that is relatively extended among ferns in all their life forms, being 
more common in the spores (all spores appear to be DT), followed by gametophytes 
(widespread but habitat dependent), and then sporophytes (10% of species may 
show vegetative DT). Gametophytes and sporophytes have mechanisms to cope 
with DT analogous to those present in poikilohydric and homoiohydric plants, 
respectively (except for Hymenophyllaceae sporophytes that show poikilohydric 
strategies). Fern spores appear to show comparable mechanism to seeds, which are 
likely developed during the maturation phase of the spore and rely in the formation 
of a glassy cytoplasm for long-term survival in the dry state. For all three life forms, 
protection against oxidative stress seems to be a common and important feature, and 
diverse strategies with some commonalities (e.g., accumulation of antioxidants, 
protection against photooxidation from the chloroplasts during desiccation and 
while in the dry state) are found depending on the life form. The intermediate posi-
tion of ferns between bryophytes and spermatophytes in an evolutionary context, 
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and the variation of responses to desiccation of the different life forms of ferns, can 
allow us to use them as diverse models to study plant adaptations to terrestrial envi-
ronment, as well as the evolution of the mechanisms of DT in land plants.
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Chapter 20
New Insights on Atmospheric Fern Spore 
Dynamics

David Rodríguez de la Cruz, Estefanía Sánchez-Reyes, José Sánchez-Sánchez, 
and José Ángel Sánchez-Agudo

20.1  Introduction

Fern and fern allies, also known as pteridophytes, are a group of vascular plants 
with nearly 11,300 species (Ranker and Sundue 2015; Corlett 2016) which make 
them the second most abundant group among metaphytes (Prance 2001). From a 
phylogenetic perspective (Pryer et al. 2004), this group is paraphyletic, including 
lycophytes (clubmosses, spikemosses and quillworts) and monilophytes (ferns and 
horsetails). Both are considered to be an older group than flowering plants being the 
dominant plant elements in the landscape during the Carboniferous and Permian 
(Niklas et  al. 1983), reaching its greatest diversification in the Cretaceous and 
Cenozoic (Testo and Sundue 2016). At present, the greatest diversity of these organ-
isms is found in tropical areas (Kreft et al. 2010).

With respect to the rest of vascular plants, seed or flowering plants, there are 
some important differences to understand their biology (Vicent et al. 2014). Ferns 
and lycopods have a digenetic heteromorphous life cycle with a diploid dominant 
sporophyte producing haploid spores after meiosis. Some groups produce two types 
of spores, macro- and microspores (heterosporous, i.e. Salviniales or Isoetales), 
although most of them cause only one type of spore (homosporous). These spores, 
when germinated, will result in a free-living gametophyte that will produce sexual 
organs and after subsequent fertilization and embryonary development will result in 
a new sporophyte.

The number of spores produced by a sporophyte is variable and depends on sev-
eral factors, mainly the species (Cousens 1988). Some studies estimate production 
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of around half a million spores per year and individual in Cyathea arborea (L.) Sm. 
(Conant 1978), 50 million spores in Dryopteris intermedia (Muhl. ex Willd.) 
A. Gray, 90 million in Osmunda claytoniana L. (Mickel 1982) or up to 100 million 
spores in Dryopteris filix-mas (L.) Schott (Schneller 1975). The dispersion of these 
spores is mainly through wind, except in aquatic species (Sharpe et  al. 2010), 
although there are some cases of spore dispersal by animals (Boch et  al. 2016). 
However, the dispersal capacity of the spores is controversial, with some authors 
claiming that their potential capacity is high (Schneller and Liebst 2007) and others 
claiming that they are a few metres away from the sporophyte producer (Penrod and 
McCormick 1996). Recent studies support a limited wind dispersion capacity 
strongly influenced by the lipid and moisture content of the spores (Gómez-Noguez 
et al. 2016). In the case of spores dispersed by animals, there is also scattering at 
short distances, such as slugs passing through the digestive tract (Boch et al. 2013), 
or at long distances through bats (Sugita et al. 2013).

In this chapter we will focus on the airborne spores of ferns and lycopods, updat-
ing the advances and applications discussed by Rodríguez de la Cruz et al. (2010) 
and incorporating notes on spore morphology as well as a simple identification key 
for the different genera identified in the atmosphere.

20.2  Aerobiology: Concept, Methods and Applications

The term aerobiology was coined in 1930 by plant pathologist Fred C.  Meier 
(1893–1938) to define the science that included the study of both living (fungal and 
fern spores, pollen grains, mites, small insects, etc.) and dead particles (dust and 
contaminants) present in the atmosphere (Gregory 1973). In 1975, Pathirane 
included the study of the release, retention, dispersion, deposition and incidence of 
spores, pollen and other airborne particles in the air, as an objective of this 
discipline.

Currently, it is defined as the science that deals with the study of animal or plant 
origin particles that are transported by the wind, as well as knowing the interrela-
tionships that exist between these particles and the processes of production, release, 
transport and deposition (Spieksma 1992), since these will condition the incorpora-
tion of the different biological particles into the atmosphere, their permanence and 
their spatiotemporal variations.

Therefore, in order to know the atmospheric content of spores/pollen present in 
a specific place and time, firstly it is necessary to capture said particles. In this 
sense, there are different mechanisms on which the instruments developed for this 
purpose are based (Mandrioli et al. 1998; Ogden et al. 1974), and two major groups 
can be highlighted.

Gravimetric methods: based on passive or gravitational capture, since the parti-
cles are deposited by the action of gravity on a surface (slide) impregnated with an 
adhesive substance (usually glycero-gelatin) stained with fuchsin. The effectiveness 
of this methodology varies depending on particles size, wind speed and direction 
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thus possible atmospheric turbulence. The main traps were developed by Durham 
(1946) and modified by Pla Dalmau (1958) and Tauber (1967). They are simple and 
economic methods, valid for any type of particles and which allow taking samples 
in places of complex access where there are no sources of electricity. However, they 
have the disadvantages of not being able to specify the hours in which the deposi-
tion was more intense; the inefficiency when capturing small biological particles, 
many of them considered strongly allergenic as some pollen or fungal spores; and 
the impossibility to quantify its content, for not being able to refer the sample to a 
known volume of air (Lacey et al. 1996).

Volumetric methods: by filtration of known volumes of air, can be divided into 
three subgroups.

• Impaction: based on the collision of air against a surface that intercepts and 
retains the particles it transports. The main samplers used are Rotorod (Perkins 
1957) and Rotoslide (Ogden and Raynor 1967). It must be said that the efficiency 
of these devices depends on the wind speed, the morphological characters of the 
particles and the trap size (Mandrioli et al. 1998). Collection efficiency is very 
high, but as a consequence, they are not able to work continuously since the 
samples taken would become saturated with particles, which would make it 
impossible to study them at microscope.

• Suction: we will pay special attention to this group since it is the methodology 
used for all the European aeropalynology networks. In them, volumetric sam-
plers known as spore traps (Hirst 1952) are used, which have an air inlet hole 
through which a volume of 10 l/m is aspirated (thanks to a vacuum pump) pre-
tending to simulate the volume that a person breathes under normal conditions. 
Air particles impact on a tape coated with an adhesive. Furthermore, a wind vane 
is attached to the sampler head, which ensures that the orifice is always oriented 
into the wind in order to guarantee higher collection efficiency. There are two 
brands commercially available at present (Burkard® and Lanzoni®), which have 
the same advantages (simplicity and continuous recording) and disadvantages 
(variable results depending on wind speed and particle size). Although they were 
initially designed for the capture of spores, they are also perfectly valid for 
pollen.

The other suction sampler that is used is the so-called cascade impactor being the 
Andersen type (Davies 1971) the most used. In this case, a known volume of air 
passes through a set of stacked and perforated metal plates, which contain Petri 
dishes with agar. These perforations are progressively smaller as we approach the 
base, so that the smaller particles impact on the lower part, being analogous to the 
different levels and filters existing in the respiratory tract, from the nose to the pul-
monary alveoli. Subsequently, these Petri plates are incubated in order to know the 
fungal spore types and bacteria present in each level.

• Filtration: they rely on the air passing through a porous surface in which the 
particles are retained depending on their size. The best known of these methods 
is the one designed by Cour in 1974, in which the filtering surface consists of five 
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hydrophilic gauzes impregnated with silicone oil, supported by a metal frame 
and coupled to a weather vane and another horizontal motionless device, which 
is the one that collects the particles by gravitational sedimentation. In addition, 
wind speed can be measured by an anemometer attached at the level of the trap 
obtaining a subsequent volumetric transformation of the data. The main draw-
back of this sampler is that it does not allow knowing daily variations. In the 
same way, the analysis of the content of the gauzes is carried out through the 
acetolytic process (Erdtman 1960), which implies a complex and long manipula-
tion, in addition to a loss of information. This is because fungal spores and cer-
tain types of pollen grains (especially those anemophilous) can be destroyed 
within the process, as well as the perispore layer (also denominated perine, Punt 
et al. 2007) of some fern spores (Large and Braggins 1990), not always acetoly-
sis resistant (Devi 1980) which may be important for the identification of some 
Pteridophyta spores since it frequently has ornamentation.

Therefore, it could be said that the use of one or another methodology is condi-
tioned to the specific characteristics that each one of them has, to the particles we 
want to capture and to the study we want to carry out.

20.3  New Observations on Airborne Fern and Lycopod 
Spore Dynamics

Pteridophyte airborne spores registered greater diversity in tropical and subtropical 
areas in line with the largest estimated number of species within this group of cor-
mophytes (Kreft et  al. 2010). Figure  20.1 shows the relationship between the 

Fig. 20.1 The estimated diversity of pteridophytes and the number of aerovagant taxa in the atmo-
sphere of different sampling points (Adapted from Kreft et al. (2010))
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estimated diversity of pteridophytes and the greater number of aerovagant taxa in 
the atmosphere of areas close to the tropics. The largest number of taxa was identi-
fied in Molango (Hidalgo State, México), near the Barranca de Metztitlán Biosphere 
Reserve (Gómez-Noguez et  al. 2017), followed by two urban environments in 
southeast and central-east Asia (Chen and Chien 1986; Chen and Huang 1980; 
Huang et al. 2008; Ong et al. 2012; Yang et al. 2003), Singapore and Taipei, respec-
tively. On the other hand, only a few taxa were cited in several urban and non-urban 
environments (Fig. 20.2) mainly in Europe (Leitão et al. 1996; Newson et al. 2000; 
Nilsson and Praglowski 1974; Rodríguez et al. 2011) but also in some parts of Asia 
or Africa (Berman and Hons 2013; Songnuan et al. 2015). However, it should be 
noted that many of these works did not have as their object the identification of ferns 
and lycopod spores and that they could therefore not reflect the actual atmospheric 
diversity of pteridophyte spores.

The number of scientific papers dealing with the atmospheric content of 
Pteridophyta spores was low either by volumetric or gravimetric methods, espe-
cially if we compare it to articles about atmospheric levels of pollen and fungal 
spores. Twenty-eight scientific articles were collected for this chapter, identifying 
spores of 81 taxa of different pteridophytes, 75 at genus level and 6 at family level 
(Table  20.1). The largest number of taxa was identified in studies conducted in 
Asian localities (51), followed by those registered in various parts of America (43). 
The works carried out in different parts of Africa and Europe revealed a lower diver-
sity of atmospheric taxa (20 and 12, respectively). This diversification was also 
reflected in the number of specific taxa for the different studies grouped by conti-
nent, with Asia registering the highest number (25), followed by America (16). On 
the other hand, the surveys developed in Europe and Africa showed only three 
(Athyrium, Cystopteris and Matteuccia) and two specific taxa (Lonchitis and 
Microgramma) at continental level, respectively. In addition, these studies displayed 
five types of spores present in the different sites analysed at the four continents: 
Adiantum, Asplenium, Lycopodium, Polypodium and Pteridium.

Underlined references correspond to studies carried out by means of gravimetric 
methods.

Fig. 20.2 Number of airborne pteridophyte taxa identified at different sampling points around the 
world. Am: America. E: Europe
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In general, the total annual number of fern and lycopod spores in the atmosphere 
did not exceed 1000 spores, although in some cases it exceeded these values broadly 
(Fig. 20.3), as in Taipei or Molango (Gómez-Noguez et al. 2017; Huang et al. 2008). 
In both cases, the sampling sites were located in areas close to more or less well- 
preserved humid forests or shrubs with a relevant presence of pteridophyte. This 
fact was able to explain these high annual levels, regardless of the sampling method 
used. Proximity to production sources together with probable medium-range trans-
port could also explain certain daily concentrations (Favali et  al. 2003; Rantio- 
Lehtimäki 1994). In urban areas remote from plant formations with remarkable 
populations of ferns, daily levels were low, as in some European cities (Haratym 
et al. 2014; Rodríguez de la Cruz et al. 2009), where concentrations of Athyrium, 
Dryopteris and Pteridium did not exceed 20 spores per cubic metre. On the other 
hand, also by means of volumetric collectors, daily airborne concentrations above 
750 Pteridium spores/m3 were observed in a rural environment between the end of 
August and the end of October, with a maximum value of 1800 spores/m3 (Lacey 
and McCartney 1994). Other works carried out through gravimetric traps, facing 
forested hillsides, also displayed high daily punctual values for Alsophila (523 
spores/cm2), Dicranopteris (148 spores/cm2) and Pteridium (82 spores/cm2), as in 
Taipei during the month of July (Chen 1984).

In relation to the number of taxa identified in the different studies, a greater num-
ber of spore types appeared to be observed in the gravimetric surveys than those 
developed with different volumetric spore traps (Fig. 20.2). The average number of 
taxa identified in different places was 10 for the works developed with gravimetric 
methods and 5 with volumetric methods. This difference was greater in the  sampling 

Fig. 20.3 Annual total records of some fern and lycopod spores obtained by means of gravimetric 
method or volumetric method

D. Rodríguez de la Cruz et al.
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sites analysed throughout America, being practically negligible in the case of the 
surveys carried out in Asia. Therefore, it can be deduced that when conducting aero-
biological studies with the aim to characterize the atmospheric spore content of 
pteridophytes from a qualitative point of view, the use of gravimetric collectors 
might be more suitable, although surveys developed by Levetin et al. (2000) with 
another group of cormophytes producing pollen grains indicated that both volumet-
ric and gravimetric methods were valid for reflecting local anemophilous vegeta-
tion. It should not be overlooked, however, that certain types of spore may experience 
medium- or long-distance wind transport (Rodríguez de la Cruz et al. 2009) and that 
the production and subsequent presence of different spore types, as well as their 
atmospheric levels, depend on several factors (Caulton et al. 2000; Lee et al. 2009).

The influence of some meteorological factors on airborne levels of ferns spores 
has been scarcely analysed (Ong et al. 2012; Rodríguez de la Cruz et al. 2009). The 
results obtained through Spearman’s nonparametric correlation coefficient indi-
cated a positive relationship between spore concentrations with temperature and 
sunshine hours and negative with rainfall, relative humidity and wind speed, mainly 
for diurnal concentrations of Pteridium, Dicranopteris and Stenochlaena. Gómez- 
Nóguez et  al. (2017) found also a negative effect of rainfall on the pteridophyte 
spore rain. However, there was a negative influence of temperature and sunshine 
hours on the atmospheric levels of Asplenium, Dicranopteris and Stenochlaena. 
These results showed that further studies on the influence of meteorological param-
eters on atmospheric spore concentrations are needed in order to better assess the 
relationship between atmospheric dynamics of fern spores and meteorology.

The seasonal distribution of pteridophyte spores varied between different sam-
pling points studied by various papers, probably due to the phenology of each spe-
cies and the environmental conditions of each site (Landi et al. 2014; Mehltreter and 
Palacios-Ríos 2003). Figure 20.4 shows the total monthly variation of pteridophyte 
spores in several localities located on various continents and with different collec-
tion methods. In several parts of the northern hemisphere, higher atmospheric levels 
of spores were observed between June and August (Haratym et al. 2014; Huang 
et  al. 2008) while in other places they were concentrated between February and 
April (Njokuocha 2006) or even between February and June (Abu-Dieyeh and 
Ratrout 2012). As noted by Yasmeen and Devi (1988), in places with tropical for-
ests, airborne levels of spores appeared to be more or less continuous throughout the 
year (Gómez-Noguez et al. 2017; Hossain and Pasha 2012). In other southern hemi-
sphere locations, the largest number of spores was collected between October and 
November (Noetinger et al. 1994).

Some studies were able to differentiate between several types of spores over a 
year and consequently provided information on the variation in the atmospheric 
content of spores at these sites (Gómez-Noguez et  al. 2017; Hossain and Pasha 
2012; Huang et al. 2008; Noetinger et al. 1994). Thus, in Kinmen Island, East Asia, 
in a work carried out using the volumetric method, different spore types were 
observed throughout the year, with Lycopodium present only in the month of April, 
Dicranopteris between June and August, Alsophila between July and September 
and Pteris in two months, April and November (Fig.  20.5). In other studies, 
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 developed using the gravimetric method, monthly distribution patterns were 
observed in the atmosphere for various genera, from a more or less continuous pres-
ence throughout the year in Molango, passing through more defined periods in 
Chittagong depending on the spore type analysed, to a specific monthly pattern as 
in Buenos Aires, with Equisetum only present in October and Nephrolepis in May 
and June (Fig. 20.5). This short presence of Equisetum spores in the atmosphere was 
also observed in Central Europe (Kasprzyk 2004) and coincided with this short 
production period, concentrated during its growing season (Duckett 1985).

Information on intra-daily variation of pteridophyte spore levels is even lower 
than that reported for annual and/or monthly values. A study developed in Singapore 

Fig. 20.4 Seasonal distribution of airborne pteridophyte spores by means of volumetric method 
(a) or gravimetric method (b)

D. Rodríguez de la Cruz et al.
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by volumetric methods displayed the highest concentrations of some airborne 
spores during the central hours of the day, between 10:00 and 18:00 h, except for 
Asplenium nidus, reaching higher levels between 08:00 and 14:00  h (Ong et  al. 
2012). The same paper indicated the highest hourly values for some species spores, 
with a time range between 14:00 and 16:00 (Dicranopteris curranii 15 spores/m3, 
Nephrolepis auriculata 133 spores/m3, Pteridium aquilinum 74 spores/m3 and 
Stenochlaena palustris 30 spores/m3), except for Asplenium nidus and Dicranopteris 
linearis, that registered their maximum values between 08:00 and 10:00 (30 spores/
m3) and between 16:00 and 18:00 (37 spores/m3), respectively.

All this work highlights the need for further studies on the atmospheric content 
of pteridophyte spores, in order to increase the knowledge of these airborne parti-
cles, despite their low number in relation to pollen grains or fungal spores.

20.4  Applications and New Perspectives

Knowledge of the atmospheric dynamics of spores is related to other disciplines 
such as medicine and allergology to a greater extent. It is well known that pollen 
grains and spores (mainly fungal spores) produced by different organisms trigger 
allergic processes (D’Amato and Spieksma 1995; Hyde 1973). In recent years there 
has been an increase in the prevalence of these processes mainly due to pollution 
and climate change (Beggs 2010; Cakmak et  al. 2012). The scientific literature 

Fig. 20.5 Seasonal distribution of some pteridophyte taxa at various sampling points by means of 
volumetric method (a) or gravimetric method (b–d)
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showed little work on the allergenicity of different vegetative and reproductive parts 
of ferns and lycopods (Andersen and Paulsen 2016; Hausen and Schulz 1978; 
Rodríguez de la Cruz et al. 2009). The first references to pteridophyte spores allergy 
appeared in the mid-twentieth century, specifically for Lycopodium (Salén 1951), 
and it was not until the late 1980s that positive skin test reaction to extracts from 
ferns spores in a group of patients suffering from hay fever was reported (Geller- 
Bernstein et al. 1987). In later years, cases of allergy to spores of various taxa were 
displayed, such as Acrostichum aureum (Bunnag et  al. 1989; Yasmeen and Devi 
1988), Asplenium nidus (Chew et  al. 2000), Dicranopteris curranii (Chew et  al. 
2000), Lycopodium (Devi et al. 1989), Nephrolepis (Chew et al. 2000; Kofler et al. 
2000), Pteridium aquilinum (Chew et al. 2000) and Stenochlaena palustris (Chew 
et al. 2000).

Other human health problems, since the late twentieth and early twenty-first cen-
turies, associated with the spores of various fern species were their carcinogenic 
potential (Potter and Baird 2000; Povey et al. 1996; Simán et al. 2000), mainly due 
to ptaquiloside and other genotoxic terpenoids (Tomšík 2014). Spores may be 
inhaled or ingested directly by humans or other livestock animals (Wilson et  al. 
1998) and also indirectly by consumption of products obtained from livestock hold-
ings (Virgilio et al. 2015) or even receiving waters (O’Driscoll et al. 2016). However, 
this risk was reduced as Rasmussen et al. (2013) indicated, displaying the minor 
concentration of ptaquiloside in Pteridium aquilinum spores and the lower probabil-
ity of aerial exposure to these spores. Conversely, several pteridophyte spores 
appeared to have beneficial effects for the treatment of some diseases, such as 
Lycopodium clavatum spores, from which lycopodine is derived causing apoptosis 
and cell cycle arrest in prostate cancer cells (Bishayee et al. 2013). For L. clavatum 
spores, ethnobotanical uses were also reported for the treatment of rheumatism, 
cramps and varices, as well as for the spores of Angiopteris evecta in the treatment 
of leprosy and other skin diseases or Psilotum nudum to stop childhood diarrhoea 
(Kumari et al. 2011). Furthermore, it should be noted that L. clavatum spores were 
also proposed for use by the pharmaceutical industry in the oral administration of 
peptides and proteins (Sudareva et al. 2017) and even for oral vaccination (Atwe 
et al. 2014).

In other disciplines related to aerobiology, forensic palynology and paleopaly-
nology, ferns and lycopod spores could play an important role. Some murder cases 
could be solved thanks to the presence of pteridophyte spores, among other bio-
logical particles. Wiltshire (2009) reported a murder case in which the murderer 
failed to recall the place where he buried the body and could finally be found thanks 
to analysis of the palynomorphs of various objects, including Polypodium spores, 
which were very abundant at the burial site. In other police cases, the presence of 
Lycopodium spores in a sample of cocaine was very useful to guess its origin, con-
sidering the time when sporangia were mature (Stanley 1992). The analysis of 
different types of sediments, including pteridophyte spores, provided information 
for the reconstruction of paleoenvironments (Lindström et al. 2017) and even to 
assess the position of the vegetation belts on the adjacent continents (Hooghiemstra 
et al. 2006).
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Ferns and lycopod airborne spores were occasionally found in studies from other 
disciplines such as entomology (Quamar and Bera 2016) or climatology 
(Adeonipekun and John 2011), causing the development of new specific traps for 
their analysis (Gómez-Noguez et al. 2014) and showing the importance of humidity 
in their dispersion through wind.

20.5  Some Notes on the Morphology of Pteridophyta Spores

This section discusses the most relevant aspects of the morphology of ferns and 
lycopods in order to better understand some important details for the identification 
of different pteridophyte spore types (Punt et al. 2007; Sáenz Laín 2004). The dif-
ferent types of shape and symmetry that spores may present cannot be understood 
without knowing their origin. In the sporangia of the different species, there are 
cells called sporocytes that will produce four haploid cells in tetrad form after meio-
sis. The part of the spore in this tetrad that is oriented toward the centre of the tetrad 
is called the proximal face, and that one which is on the opposite side, i.e. toward 
the outside of the tetrad, is the distal face. This tetrad eventually separates, leaving 
individual spores. At the time of germination, these spores can be opened by aper-
tures or laesurae on the proximal face. In turn, the spores may have radial or bilat-
eral symmetry.

Spores with radial symmetry have a triradiate laesurae formed by three arms 
converging at one point, the proximal pole: these are known as trilete spores 
(Fig. 20.6a). If observed in polar view, they may have a circular or more or less tri-
angular contour, as a result of their general spherical or tetrahedral shape,  respectively 

Fig. 20.6 Different types 
of pteridophyte spores in 
polar view: monolete spore 
(a) and trilete spore (b)
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(Fig. 20.7b, c). Spores with bilateral symmetry have a linear laesura, and they are 
therefore monolete spores (Fig. 20.6b).

The shape of the spore in equatorial view can be elliptical, when elongated and 
with the poles of equal width; ovoid, when one of the two poles is narrower than the 
other (in some cases, also if they are both clearly narrower than in an elliptical 
spore); reniform (or bean-shaped) when in the equatorial zone there is a constric-
tion; or spherical. There is another type of spore in the genus Equisetum that does 
not have laesurae, but it does have special structures, the elaters, with hygroscopic 
properties.

The size of the spores is usually between 25 and 60 micrometres (μm), although 
there are large spores, mainly in the case of some heterosporous taxa megaspores, 
such as Azolla or Selaginella.

The entire wall of a spore is called sporoderm and consists of a series of layers. 
The exospore is the main layer of a spore wall and acetolysis resistant. Perispore is 
the outer layer, is not always acetolysis resistant and lacks clear apertural differen-
tiation. Endospore is the innermost layer of a spore wall, not acetolysis resistant, 
underlying the exospore and bordering the surface of the cytoplasm (Fig. 20.7a). 
Perispore and exospore are responsible for the surface relief, or topography, of the 
spores, variable between different taxa. Therefore, regardless of the layer in which 
the different ornamentations that make up different types of surface are arranged, 
spores can be found with smooth (psilate), perforate, reticulate, granulate and echi-
nate, among other surfaces (Fig. 20.8).

Fig. 20.7 Different 
pteridophyte spore wall 
forming layers (a) Trilete 
spore with triangular (b) 
and subtriangular (c) shape 
in polar (above) and 
equatorial (below) view
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20.6  Some Notes About the Key to Airborne Pteridophyte 
Spores

This last section (see Annex) presents a simple tool to identify airborne fern and 
lycopod spores, although it should be noted that this dichotomous key tends to sim-
plify many aspects related to the morphology of spores and consequently has certain 
limitations to discriminate against certain taxa at the genus level. In this sense, the 
surface of the spore wall is used to avoid differentiating between perispore and exo-
spore, since in many cases, and depending on various factors such as the sampling 
method used, it is difficult to distinguish them. Various works on pteridophyte spore 
morphology were used for its preparation (Contreras-Duarte et al. 2006; Gómez- 
Noguez et al. 2013; Makgomol 2006; Tyron and Lugardon 1991; Vijayakanth and 
Sathish 2016; Zenkteler 2012, among others). In order to better discriminate spores, 
we recommend checking the distribution of the different taxa in Annex 20.1, accord-
ing to the origin of the samples under analysis.

As a conclusion to this chapter, there could be said that an increasing number of 
papers related to ferns and lycopods spores are being registered over the years and 
throughout the world. In that sense, seasonal behaviour is more or less established 
for various spore types/taxa in both hemispheres. However, more studies are 
required, in order to determine daily patterns as well as relations with meteorologi-
cal parameters.

Fig. 20.8 Some types of surface in pteridophyte spores
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 Annex 20.1 Key to Airborne Fern and Lycopod Spores

Spores inaperturate Equisetum

Spores aperturate or scared 1
1a. Green spores (with chlorophyll) 1′
1b. Spores with a different colour 2
1’a. Spores with a single aperture (monolete) as a furrow Onocleopsis

1’b. Spores with a trilete scar present Osmunda

2a. Spores with a single aperture (monolete) as a furrow 3
2b. Spores with a trilete scar present 42
Monolete spores

3a. Kidney-shaped (or bean-shaped) spores in equatorial view 4
3b. Ellipsoidal, ovoid or spherical spores in equatorial view 12
4a. Spore surface mainly verrucate 5
4b. Spore surface with another main ornamentation 10
5a. Spore surface only verrucate 6
5b. Spore surface verrucate or with other ornamentation 7
6a. Spore surface with perispore adhering to the exospore Polypodium

6b. Spore surface with loose perispore wall, generally of a smaller size than 
the previous genus (<55 μm)

Davallia

7a. Spore surface verrucate or granulate 8
7b. Spore surface verrucate, echinate or papillate 9
8a. Spore surface verrucate or granulate Woodwardia

8b. Spore surface verrucate or granulate, some species echinate Cystopteris

9a. Spore surface verrucate and/or echinate Dryopteris

9b. Spore surface verrucate, papillate or rugulate Thelypteris

10a. Spore surface reticulate or cristate Cyclosorus

10b. Spore surface rugulate or with other ornamentation 11
11a. Spore surface rugulate forming folds with a reticular appearance Elaphoglossum.

11b. Spore surface rugulate, granulate or reticulate, rarely wedged Diplazium

12a. Ellipsoidal to spherical spores 13
12b. Ellipsoidal to ovoid spores 26
13a. Spore surface mainly verrucate 14
13b. Spore surface with another main ornamentation 18
14a. Spore usually yellow or translucent 15
14b. Spore not yellow or translucent 16
15a. Translucent or light yellow spores Campyloneurum

15b. Yellow spores Pecluma

16a. Spore surface verrucate, sometimes areolate Phlebodium

16b. Spore surface verrucate, rugulate, echinate or reticulate 17
17a. Spore surface verrucate or rugulate Microsorum

17b. Spore surface verrucate, echinate or reticulate Asplenium

18a. Spore surface mainly papillate 19
18b. Spore surface no papillate 20
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19a. Spore surface finely papillate Tapeinidium

19b. Spore surface papillate or cristate Matteuccia

20a. Spore surface mainly foveolate 21
20b. Spore surface not foveolate 22
21a. Spore surface foveolate Lemmaphyllum

21b. Spore surface foveolate, rugulate or even psilate Lepisorus

22a. Spore surface echinate Ctenitis

22b. Spore surface not echinate 23
23a. Spore surface psilate, cristate, sometimes with convoluted folds Lastreopsis

23b. Spore surface psilate, rugulate or granulate 24
24a. Spore surface psilate with globules scattered Platycerium

24b. Spore surface not always psilate 25
25a. Spore surface psilate or rugulate Phymatosorus

25b. Spore surface psilate or granulate Odontosoria

26a. Spore surface mainly verrucate 27
26b. Spore surface not verrucate 34
27a. Spore surface only verrucate Goniophlebium

27b. Spore surface verrucate or sometimes with other types of ornamentation 28
28a. Spore surface verrucate with tubercles Nephrolepis

28b. Spore surface without tubercles 29
29a. Spore surface verrucate or echinate 30
29b. Spore surface verrucate or other ornamentation not echinate 31
30a. Spore sometimes with a folded foveolate-echinate surface Tectaria

30b. Spore surface without a folded foveolate-echinate surface Colysis

31a. Spore surface verrucate or reticulate Microgramma

31b. Spore surface verrucate or other ornamentation not reticulate 32
32a. Spore surface verrucate or granulate Pleopeltis

32b. Spore surface verrucate, rugulate or cristate 33
33a. Spore surface verrucate or rugulate Stenochlaena

33b. Spore surface verrucate or cristate, sometimes folded Bolbitis

34a. Spore surface mainly papillate 35
34b. Spore surface not papillate 37
35a. Spore surface only papillate Vittaria

35b. Spore surface papillate or reticulate 36
36a. Spore surface papillate or reticulate, sometimes areolate or echinate Polystichum

36b. Spore surface papillate or reticulate, sometimes cristate Athyrium

37a. Spore surface sometimes echinate 38
37b. Spore surface not echinate 40
38a. Spore surface echinate, some species granulate Drynaria

38b. Spore surface echinate, cristate or tuberculate 39
39a. Spore surface echinate or cristate Megalastrum

39b. Spore surface echinate or tuberculate Hypolepis

40a. Spore surface psilate with prominent perforate wing-like folds Cyclodium

40b. Spore surface not psilate 41
41a. Spore surface reticulate or vermiculate Phanerophlebia
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41b. Spore rugulate Blechnum

Trilete spores

42a. Spore surface with long pointed spines or granulate/verrucate sculpture 
(large megaspore >1000 μm)

Selaginella

42b. Spore surface without long pointed spines and/or other ornamentation 43
43a. Spore surface clearly reticulate 44
43b. Spore surface not reticulate 46
44a. Trilete scar with a thick border Ophioglossum

44b. Trilete scar without a thick border 45
45a. Reticulum regular, sometimes with small spines Lycopodium

45b. Reticulum irregular, occasionally near to rugulate Lycopodiella

46a. Spore with tetrahedral/triangular shape 47
46b. Spore with rounded/globose or subtriangular shape 56
47a. Spore surface sometimes reticulate 48
47b. Spore surface not reticulate 50
48a. Spore surface reticulate, sometimes verrucate or echinate Pteris

48b. Spore surface reticulate, granulate or psilate 49
49a. Spore surface reticulate or granulate or even psilate Lindsaea

49b. Spore surface reticulate or granulate, never psilate Cyathea

50a. Spore surface mainly rugulate 51
50b. Spore surface not rugulate 54
51a. Spore surface rugulate, sometimes folded, spongy in appearance Botrychium

51b. Spore surface rugulate or psilate 52
52a. Spore surface low rugulate or psilate Diplopterygium

52b. Spore surface only rugulate 53
53a. Spore surface only low rugulate Dicranopteris

53b. Spore surface rugulate, sometimes cristate Pellaea

54a. Spore surface granulate or verrucate Microlepia

54b. Spore surface not granulate or verrucate 55
55a. Spore surface foveolate Cnemidaria

55b. Spore surface papillate or even psilate Alsophila

56a. Spore with rounded/globose shape 57
56b. Spore with a different shape (from rounded-subtriangular to triangular) 60
57a. Spore surface granulate 58
57b. Spore surface not granulate 59
58a. Spore surface simple granulate Lonchitis

58b. Spore surface granulate (sometimes subtriangular shape) Odontosoria

59a. Spore surface tuberculate Taenitis

59b. Spore surface papillate/reticulate (large megaspore >200 μm with floats 
above and attached massula below containing microspores)

Azolla

60a. Spore with a rounded-subtriangular shape 61
60b. Spore with a subtriangular shape 68
61a. Spore surface with projecting rods by granulate material, more or less 
striate

Ceratopteris

61b. Spore surface without projecting rods 62
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62a. Spore surface papillate Vittaria

62b. Spore surface not papillate 63
63a. Spores surface granulate or reticulate 64
63b. Spore surface sometimes granulate, rarely reticulate 65
64a. Spore surface granulate or reticulate Dicksonia

64b. Spore surface granulate or reticulate, some species cristate Cheilanthes

65a. Spore surface granulate or verrucate, sometimes rugulate 66
65b. Spore surface granulate but never verrucate 67
66a. Spore surface granulate or verrucate Acrostichum

66b. Spore surface finely granulate or verrucate, sometimes rugulate Adiantum

67a. Spore surface granulate or cristate, sometimes reticulate Notholaena

67b. Spore surface granulate, tuberculate, foveolate or even microreticulate Lophosoria

68a. Spore surface granulate or baculate Anemia

68b. Spore surface not granulate or baculate, mainly verrucate 69
69a. Spore surface verrucate or reticulate Dennstaedtia

69b. Spore surface only verrucate 70
70a. Spore surface roughly verrucate Pteridium

70b. Spore surface uniformly verrucate Lygodium
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Chapter 21
Ecological Significance of Brassinosteroids 
in Three Temperate Ferns

Aránzazu Gómez-Garay, Jose Maria Gabriel y Galán, Alberto Cabezuelo, 
Beatriz Pintos, Carmen Prada, and Luisa Martín

21.1  Introduction

Plant growth and development was thought to be regulated only by five groups of 
hormones: auxins, gibberellins, cytokinins, abscisic acid and ethylene. Nevertheless, 
there is another group of substances which is nowadays being considered as the sixth 
group of phytohormones: brassinosteroids (BRs). The structure of BRs is derived 
from the 5-cholestone skeleton, and these polyhydroxy steroid plant molecules have 
strong similarities to the steroid hormone of animals. Although numerous brassino-
steroids have been identified (nearly 70 different compounds have been isolated from 
plants), only brassinolide and its precursor, castasterone, are active (Nomura et al. 
2005; Nomura and Bishop 2006). Brassinolide was firstly isolated from Brassica 
napus L. pollen and castasterone from the insect galls of Castanea sativa Mill. 
Brassinosteroids have been identified from many angiosperm and gymnosperm fami-
lies and also from bryophytes, pteridophytes and chlorophytes (Ross and Reid 2010).

Brassinosteroid function is linked with many plant processes (e.g. cell division 
and elongation, stress response, senescence and reproductive development). 
Brassinosteroids, in junction with auxins and gibberellins, form part of a key subset 
of plant hormones which are major determinants of plant growth and development 
(Ross and Reid 2010). Thus, brassinosteroids influence developmental processes 
like seed germination, rhizogenesis, maturation and senescence. These plant hor-
mones not only promoted seed germination but also reversed the inhibitory effects 
of the abscisic acid (Vardhini and Rao 1997). Nevertheless, the research to discern 
the role of brassinosteroids in plants is focused in model species, and the results 
indicate that there are great differences in hormone physiology across the different 
model species. Most of these model species are angiosperms. Such physiological 
evidence is lacking from other plant groups (Ross and Reid 2010). Information on 
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the occurrence of endogenous brassinosteroids in non-flowering plants provide 
important clues on physiological functions of these plant hormones. The biologi-
cally active castasterone was identified in most of the ferns studied by Yokota et al. 
(2017), but the other biologically active brassinosteroid, brassinolide, was not.

Brassinosteroids are present in plants at very low concentrations, and young 
growing tissues contain higher levels of this type of hormones than mature tissues 
(Yokota and Takahashi 1986; Clouse 2002). In this way, pollen and immature seeds 
are the richest sources (Takatsuto 1994). The levels of castasterone in fern leaves are 
as low as 25 pg g fr. wt−1 (Yokota et al. 2017). Up to now, the applied research on 
brassinosteroids was conducted mainly in agriculture (see Choudhary et al. 2012) 
and forestry (Li et al. 2005; Kunes et al. 2016). Furthermore, research focus mainly 
on seed germination (Steber and McCourt 2001; Leubner-Metzger 2001; Li et al. 
2005; Kartal et al. 2009; Kuneš et al. 2016).

Germination is a crucial biological process for plants, as it directly influences 
population establishment and dynamics, thus setting the limits for plant distribu-
tions, species diversity and community composition (Baskin and Baskin 1998; 
Gabriel y Galán and Prada 2010). This is especially critical in ferns, plants that have 
a biological cycle with two independent generations. For the purposes of this work, 
we just want to note that spore germination is the first step in the establishment of a 
gametophytic population, from which the next sexual, sporophytic population is to 
be built (Shorina 2001). Factors affecting germination, of both exogenous and 
endogenous nature, could pose important consequences on populations and com-
munities in nature (Gabriel y Galán and Prada 2010; Raghavan 1989; Sheffield 
1996). The sporophytic populations can be increased by means of some biological 
capacities, shown by some fern species: a very quick biological cycle with highly 
effective and productive reproductions, a vegetative reproduction through prolifera-
tive organs or by avoiding sexual contacts through apomictic processes (Fernández 
et al. 1999; Mehltreter et al. 2010; Regalado et al. 2010).

Although the vast majority of ferns occur in the tropics, these plants can be also 
found in temperate areas, where they play an ecologically interesting role in some 
ecosystems (Mehltreter et  al. 2010). Despite this importance, there is no previous 
information about the presence or the role of brassinosteroids in fern spore germina-
tion. The aim of this work is to assess the effect of brassinosteroids on spore germina-
tion of three fern species in order to elucidate their physiological behaviour. In addition, 
since the selected species present different ecological preferences, we also purport to 
make a first approach to the ecological meaning of brassinosteroids in temperate ferns.

21.2  Material and Methods

21.2.1  Plant Material

We selected three fern species with more or less extended presence in temperate 
areas of Europe (Fig.  21.1): Pteridium aquilinum (L.) Kuhn (Dennstaedtiaceae), 
Polystichum lonchitis (L.) Roth (Dryopteridaceae) and Pteris vittata L. (Pteridaceae). 
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These three species present different ecological breath and biological capacities 
(Castroviejo et al. 1986; Salvo 1990): First, Pteridium aquilinum has a wide eco-
logical tolerance but mainly occurs in open places, roadsides, pastures, etc. This 
plant hardly produces meiotic spores at least in our latitudes but is known for its 
high facility to extend by rhizome. Second, Polystichum lonchitis inhabits crevices 
of granitic rocks at high altitudes in the mountains and has been selected as a repre-
sentative of a fern with typical cycle and populations limited by environmental con-
ditions. Finally, Pteris vittata tends to occupy rocks and walls at low altitudes, even 
in moderately disturbed areas; this species is known for having a very quick and 
productive sexual cycle that allows the species to form large sexually formed sporo-
phytic populations. However, it has long been known that apogamy can be induced 
in laboratory conditions in P. aquilinum (Witthier 1966) and P. vittata (Huang et al. 
2011); whilst interesting, this reproductive aspect is not an essential part of our cur-
rent investigation, even if we have cited it along the text.

The biological material came from new collections (P. vittata at Portugal, Porto, 
07/2015; P. aquilinum and P. lonchitis at Spain, Cantabria, 10/2016). One voucher 
for each species has been deposited in the herbarium MACB (Faculty of Biology, 
Universidad Complutense, Madrid).

Fig. 21.1 Selected fern species (a) Polystichum lonchitis, Cantabria, Los Urrieles, 10/2016, 
Gabriel y Galán (b) Pteridium aquilinum, Cantabria, Cosgaya, 10/2016, Gabriel y Galán (c) 
Pteris vittata, Porto, 07/2015, Gabriel y Galán & Prada
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For each species, we sampled five different individuals. Fertile fronds were 
placed in sealed envelopes, and sporangia were allowed to dehisce for 24 h under a 
source of moderate heat. The spores from all five individuals were mixed to avoid 
possible individual differences in the response to brassinosteroid.

21.2.2  Brassinosteroid Treatments

Each treatment concentration was prepared separately, without dilution. A stock 
solution (2 10−6 M) was prepared by adding corresponding quantity of epibrassino-
lide (Sigma Aldrich) dissolved in DMSO in sterilized and distilled H2O. From this 
stock solution, the corresponding quantity for each treatment was prepared. All the 
solutions were prepared fresh in a final volume of 10 ml.

For each species two different treatments were chosen: the control and the brassi-
nosteroid treatment. We made a first pilot survey exposing the spores during 60′ to 
a concentration of 10−7 M epibrassinolide, selected as optimum exposure time and 
concentration for germination as reported in previous research (Yokota and 
Takahashi 1986; Clouse 2002), to assess positive effects in fern spore germination. 
Should any positive effect be detected, the range of exposure times and concentra-
tions would be increased to assess 15, 30 and 60′ of exposure and 10−8, 10−7 and 
10−6 M of brassinosteroid.

The brassinosteroid-treated spores were immersed in a 2 ml Eppendorf tube into 
each solution (10−8, 10−7 and 10−6 M of brassinosteroid) for 15, 30 or 60 min. Then 
each tube was centrifuged for 5 min at 5000 rpm. The supernatant was discarded, 
and 2 ml of sterilized and distilled H2O was added to each tube. After suspension by 
vortexing, each tube was centrifuged again at 5000 rpm for 5 min. Supernatant was 
discharged, and 2 ml of sterilized and distilled H2O was added to each tube. After 
suspension by vortexing, 600 μl was sowed in each Petri dish.

21.2.3  In Vitro Germination

Each experiment (i.e. species/concentration/exposure time) was sown in mineral 
agar and cultured in Petri plates in a germination chamber (Dyer 1979). The culture 
conditions were maintained constant, at more or less standardized conditions for 
fern spore culture (Dyer 1979; Gabriel y Galán and Prada 2010; Gomez-Garay et al. 
2016): no-depletion mineral nutrition, culture density of about 20 spores/cm2, tem-
perature of 22 ± 1 °C, saturated humidity within the sealed plate, 16/8 h light pho-
toperiod and constant light regimen from daylight fluorescent tubes at a photon 
irradiance of 30–45 μmol m−2 s−1. Three replicates for each treatment were done.

Every 3 days, germination percentage was recorded from 100 spores randomly 
selected in each plate, until no further increase was detected in two consecutive 
observations. A spore was considered as germinated when a first rhizoid was evi-
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dent, emerging from the spore wall (Gabriel y Galán and Prada 2010). Subsequent 
relevant critical events at different stages of gametophytes development (filament, 
spatulate, pre-cordate meristematic and cordate adult prothalli stages) were observed 
and photographed with a Nikon Labophot-2 compound light microscope and a 
Nikon Coolpix MDC camera. Gametophytic development is yet known for the three 
species here studied: for P. aquilinum, Banks (1999), Conway (1949), Korpelainen 
(1997) and Munroe and Sussex (1969); for P. vittata, Beri and Bir (1993), Martínez 
(2010) and Prada et al. (2008); and for P. lonchitis, Pangua et al. (2003). Therefore, 
these previous works allowed us to have references about the gametophytic devel-
opmental timing and patterns, with which to contrast the gametophytes of our 
experiments.

21.2.4  Statistical Data Treatment

Each concentration point was conducted in triplicate. A total of 300 spores were 
analysed in each treatment (100 in each replicate). Under a compound light micro-
scope, germinated spores were counted from a pool of 100 spores randomly selected 
in each Petri dish, excluding those abortive or irregularly formed. Data were reported 
as mean ± standard error (SE). Data were analysed using a one-way analysis of vari-
ance and the Duncan’s test. The Dunnett’s test was used to calculate the minimum 
difference between the control and the treatment means detected as being statisti-
cally significant. Significant difference was defined as that with a p value < 0.05 in 
all statistical analyses. All the statistical analyses were implemented using the sta-
tistical package Statistica v. 9.

21.3  Results

21.3.1  Effects on Germination

The germination of the three species studied was obtained for both control and 
brassinosteroid treatments, following an expected pattern of species variation. We 
detected a positive effect of brassinosteroids on spore germination only in P. lonchi-
tis, for which a wider range of concentrations and exposures were probed. However, 
other effects were detected on the other species.

The germination percentage of P. aquilinum spores was significantly affected by 
the exposure to epibrassinolide. The effect of brassinosteroid application on P. aqui-
linum spores was rather inhibitory (Fig.  21.2): the highest germination rate was 
detected for the spores germinated under control treatment, which reached almost 
60%, whilst for 10−7 M BR treatment was about 32%.

In the case of the species P. lonchitis, there was a markedly positive effect of 
brassinosteroids on germination (Fig. 21.3). At the end of the experiment, spores 
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treated with the 10−7  M epibrassinolide treatment showed more than five times 
higher germination than the control cultures. For this species, we obtained a 
 dose- response curve by determining the germination response of P. lonchitis spores 
after brassinosteroid application. A clear bell-shaped curve was identified with a 
threshold at 10−7 M, indicating that lower and higher amounts of hormones had an 
inhibitory effect over the germination in this species.

The germination of P. lonchitis showed also a correlation with the time of expo-
sure to the hormone (Fig. 21.4). An exposure of 10−7 M BR 15 min had a statisti-
cally significant inhibitory effect, as the spores exposed germinated much less than 
the control ones (20% versus c. 100%). High exposure times (30′ and 60′) showed 
the contrary effect, resulting in much higher values than the control (c. three and 
five times higher, respectively).

Fig. 21.2 Percentage of germination of Pteridium aquilinum spores for control and epibrassinolide 
treatment (60′ of BR 10−7 M), showing a difference in c. 30% of germination. Thus, brassinolide 
hormones produce a noteworthy inhibitory effect over germination in this species

Fig. 21.3 Dose-response curve for the Polystichum lonchitis spore germination induced by 60′ of 
epibrassinolide exposure. A threshold effect concentration was estimated at 10−7 M
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Finally, the application of brassinosteroids did not affect the germination of  
P. vittata spores. The proportion of germinated spores in the control and brassino-
steroid treatment remained almost equal in all counting dates, so germination rate of 
spores did not differ between the control and epibrassinolide treatment.

21.3.2  Effects on Gametophyte Development

Patterns of morphological development of the three species were less affected by 
the addition of epibrassinolide than germination.

For the species P. vittata, no significant deviation in timing and morphological 
features was detected between control gametophytes and those grown under hor-
mone treatment (Fig. 21.5).

Pteridium aquilinum gametophytes grown from control and exposed spores also 
showed a more or less similar way and velocity of development (Fig. 21.6a–c). A 
rather large, albeit non-significant, number of gametophytes quickly developed 
sexual female organs, at the time that the rest remained sterile.

By far, gametophytes of P. lonchitis showed the higher variation in the timing 
and velocity of development in the different stages (Fig.  21.6d–f) induced by 
 brassinosteroids. Firstly, spores from exposed cultures germinated progressively 
along the whole experimexntal period. As a result, as experiments progressed, 
gametophytes at very different stages of development coexisted, from simple fila-
ments to bigger adult, cordate prothalli (Fig. 21.6e, f). Some exposed gametophytes 
reached a cordate, adult stage at the time that many control gametophytes were at a 
filamentous stage; i.e. brassinosteroids seemed to highly accelerate the gameto-
phyte development. Besides this, brassinosteroid application induced some odd-
branched gametophytes at early stages of the development (Fig. 21.6e).

Fig. 21.4 Effects of brassinosteroids (BR 10−7 M) over germination of P. lonchitis, depending on 
exposure time of the spores to the hormone
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21.4  Discussion

In this work, we contribute with the first essay devoted to relating the effect of 
brassinosteroids on the germination and development of fern spores. Our results 
have shown that this effect is species-dependent and display a set of different effects 
(Table 21.1): regarding germination, the observed effects range from a promotion of 
the germination in P. lonchitis to an inhibitory effect in P. aquilinum and near inde-
pendence in P. vittata; regarding further gametophyte development, the effects 
range from the independence in P. aquilinum and P. vittata to a promotion of the 
development velocity in P. lonchitis.

As far as is known to date, research on effects of brassinosteroids over germination 
has been done only in gymnosperm and angiosperm seeds and pollen. It has been 
stated that brassinosteroids are able to enhance seed germination by controlling the 
inhibitory effects of abscisic acid – ABA (Finkelstein et al. 2008; Zhang et al. 2009). 
Positive effects of brassinosteroids on seed germination have been reported previously: 

Fig. 21.5 Some gametophytes of Pteris vittata grown under different conditions, 30 days after 
sowing (a, b) controls (c, d) 60′ epibrassinolide 10−7 M treatment. Adult gametophytes (a, c) in a 
presexual stage developed as normal, winged cordate prothalli, whilst slight differences in general 
gametophyte size, depth of the apical notch and extension of the meristematic area (b, d) fall 
within the range of variation of the species and thus are not due to hormone application
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Fig. 21.6 Gametophytes of Pteridium aquilinum (a–c) and Polystichum lonchitis (d–f), 30 days 
after sowing. (a, d): gametophytes grown at control cultures; (b, c, e, f) gametophytes grown from 
spores exposed to 10−7 M BR

Table 21.1 Summary of the significant detected effects of brassinosteroids over critical aspects of 
germination and gametophyte development in three ferns from temperate latitudes. Additional 
information on biological and ecological aspects of the species is shown

Species

Bioecological information Effects of brassinosteroids (60′ 10−7 M)

Ecological 
aspects

Biological 
cycle

Antheridiogen 
system Germination

Development
Velocity Other aspects

Pteridium 
aquilinum

Very ample 
distribution, 
mainly open 
places

Sexual 
cycle rare, 
with 
hardly 
spore 
formation. 
Apogamy 
can be 
induced

Present, 
functional

↓* — High % of 
female 
gametophytes 
(unchecked if 
due to 
brassinosteroids)

Pteris 
vittata

Ample 
distribution, 
rocks in 
lowlands

Sexual 
cycle but 
apogamy 
can be 
induced

Present, 
functional

↓ — —

Polystichum 
lonchitis

Comparatively 
limited 
distribution, 
rocks and 
similar in 
highlands

Normal 
sexual 
cycle

Present, but 
degenerate, 
non-functional

↑↑* ↑↑ Some odd 
branching forms 
at early stages

↓ inhibition, ↑ promotion, — independent, no detected effect, * statistical significance
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promoted growth of embryos in Nicotiana tabacum L. (Leubner-Metzger 2001), 
accelerated germination in Hordeum vulgare L. (Kartal et al. 2009), stimulated ger-
mination in Arabidopsis Heinh. (Steber and McCourt 2001), improved germination 
index of aged Oryza sativa L. (Yamaguchi et al. 1987), increased germination rate 
in Phaseolus aureus Rox. (Srivastava et al. 2011) and a favourable effect observed 
in Picea abies (L.) H.Karst. (Kuneš et al. 2016). Nevertheless, a detrimental effect 
over germination has been observed in Pinus sylvestris L. (Kuneš et  al. 2016). 
Brassinosteroids were also reported to enhance pollen germination in numerous 
species (Prunus avium (L.) L., Hewitt et al. 1985; Prunus dulcis (Mill.) D.A. Webb, 
Sotomayor et al. 2012; Solanum lycopersicum L., Singh and Shono 2005). However, 
in tobacco and rice, the growth-promoting effects of brassinosteroids on pollen 
remain contradictory. Hewitt et al. (1985) found a pronounced effect on Nicotiana 
tabacum pollen growth, but Ylstra et  al. (1995) could not detect any influence. 
Brassinosteroid treatment greatly reduced the percentage of pollen viability in rice 
(Thussagunpanit et al. 2012). Our results with fern species point in the same direc-
tion, i.e. there is an effect of brassinosteroids over spore germination that is 
species-dependent.

Steroid hormone actions in plants reveal a regulatory network that integrates 
hormonal and light signalling pathways for plant growth regulation. There is an 
extensive crosstalk between BR and other hormonal and light-signalling pathways 
at multiple levels (Sun et al. 2010). Regarding the physiological connection between 
brassinosteroids and ABA, the endogenous hormone signalling networks mediating 
germination in response to the environment may have evolved independently in 
spores and seeds (Vesty et al. 2016). Thus, and contrary to what usually occurs in 
other plant groups, ABA has little effect on fern spore germination, and they are 
almost unaffected under ABA treatment (Suo et  al. 2015), although it can affect 
posterior elongation of protonema (Chia and Raghavan 1982).

Steroid hormones play important roles in growth and development of various 
organisms. These include the sex hormones glucocorticoids and mineral corticoids 
in animals, the moulting hormones ecdysteroids in insects and crustaceans and, 
what it is important here in relation to brassinosteroids, antheridiogens in plants. 
Brassinosteroid (BR) and gibberellin (GA), and thus the antheridiogen, are two pre-
dominant hormones regulating germination and other developmental processes in 
plants. Genetic and biochemical studies of the antheridiogen response in ferns 
reveal many similarities and interesting differences to GA signalling and biosyn-
thetic pathways in angiosperms.

The antheridiogen gibberellin (GA) A9 methyl ester (GA9-Me) is C3 hydroxyl-
ated and de-methylated to become an active GA (GA4). This antheridiogen is 
 produced via the conserved gibberellin biosynthetic pathway in plants (Tanaka et al. 
2014). Antheridiogens in ferns have been extensively studied (Keklowski and Lloyd 
1968; Raghavan 1989; Schneller 2008). Two main effects have been detected: first, 
for most fern species with antheridiogen system, GA liberated from female gameto-
phytes promotes the germination of their own non-germinated spores but also, 
sometimes, affects spores of other species (Prada et al. 2008); this is related also to 
the quick formation of antheridia at very early stages of development of the newly 
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germinated gametophytes (Prada et  al. 2008; Seral and Gabriel y Galán 2016). 
Second, for some species, GA liberated from light-grown gametophytes can substi-
tute the light requirement in germination of non-germinated spores (Gemmrich 
1986; Prada et al. 2008).

Interestingly, Tong et al. (2014) demonstrated in angiosperms that, when exces-
sive active BR is applied, this hormone mostly induces GA inactivation through 
upregulation of the GA inactivation gene GA2ox-3 and also represses BR biosyn-
thesis, resulting in decreased hormone levels. In this way, our present results might 
be explained. Both studied species which are antheridiogen sensitive (P. aquilinum 
and P. vittata) have shown a detrimental effect of the BR treatment over spore ger-
mination rate (Fig. 21.2). Regarding P. vittata, a slightly negative response to the 
BR treatment was found for the germination of the spores of this species, though 
this was not statistically supported. This may occur just due to a variation in sensi-
tivity to BR. Indeed, spores of different species may react differently to similar BR 
concentrations, and, in this way, increasing BR concentrations could cause a more 
pronounced effect over P. vittata spore germination.

On the other hand, a favourable effect of the BR treatment has been observed in 
P. lonchitis spore germination (Figs. 21.3 and 21.4), a species with a non-functional, 
degenerate antheridiogen system (Pangua et al. 2003). Plant hormones characteristi-
cally exhibit wide activity ranges, often spanning four orders of magnitude in con-
centration (Trewavas 1991). In this way, we have tested three treatments: 10−6, 10−7 
and 10−8 M BR concentrations. A non-monotonic dose-response curve (NMDRC) 
has been demonstrated for brassinosteroid. At the lowest BR concentration (10−8 M), 
there were not statistically significant differences between BR treatment and con-
trol, but with increasing concentrations, more spores are capable of initiating germi-
nation (Fig. 21.3; 10−7 M). Nevertheless, qualitatively different effects between 10−7 
and 10−6 M BR dose exposures may occur for several reasons and might explain 
quantitative differences in spore germination rate. A concentration of 10−6 M did not 
show any effect over P. lonchitis spore germination. According to the previously 
cited hormone-balance hypothesis between BR and GA (or antheridiogen), both 
plant hormones induced germination but with diverse modes of action. Whilst GA 
induces germination by removing the spore from its dormant state, BR increases 
germination by inducing growth. In fact, it is noteworthy the differences in growth 
observed between control and BR treatment for P. lonchitis (Fig.  21.2d, f). 
Furthermore, exposure to the same concentration (10−7 M BR) over 60 min signifi-
cantly enhanced germination (Fig. 21.4).

In conclusion, diverse responses have been observed for the BR treatment to 
spore germination according to the fern species analysed. For P. aquilinum, which 
is antheridiogen sensitive and in which rhizome reproduction predominates, brassi-
nosteroid treatment caused a negative effect over spore germination. For P. vittata, 
also antheridiogen sensitive and which forms large populations with sexual origin, 
BR treatment causes a slight negative effect on spore germination. And finally, for 
P. lonchitis, antheridiogen insensitive, the effect of BR treatment was positive.

P. lonchitis has been found to present a non-functional, degenerate antheridiogen 
system (Pangua et al. 2003), and the loss of the antheridiogen effectivity was attributed 
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to its particular (almost) rupicolous habitat. In our opinion, this fact could not be 
invoked alone to explain GA loss effectiveness over spore germination, since 
there are other rupicolous ferns with such an antheridiogen system, for example, 
P. vittata. Bioclimatic differences due to altitude (P. lonchitis occurs mainly in 
mountains, whilst P. vittata does in lowlands) are perhaps better candidates to an 
ecological explanation of this phenomenon. Anyway, it seems that P. lonchitis can 
substitute a degenerate GA system by a more effective BR system to promote ger-
mination in order to quickly occupy favourable sites. The observed accelerated 
development (from filament to adult prothalli) mediated by BR would aid the spe-
cies in the same sense: have sexual contacts and new sexually formed sporophytes 
before weather conditions are hostile to reproduction. On the other hand, the less 
hard environmental conditions in which P. aquilinum and P. vittata occur, along 
with the potent antheridiogen system exhibited by both and with the additional pos-
sibility of producing apogamous sporophytes, can explain the absence or even the 
inhibitory effect of BR over spore germination and gametophyte development. It 
seems that these species do not need BR, this seen from an ecological point of view.

Further research will be done in order to elucidate in detail the relationship 
between brassinosteroids, sexual organ expression and sporophyte production in 
the three species, considering at the time the use of antheridiogen system and the 
formation of apogamous plants.
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Chapter 22
Ecomorphology of Stomata in Temperate 
Ferns Under Contrasting Environments

Jose Maria Gabriel y Galán, Andrea Seral, Antonio Murciano,  
María do Rosario Anjos, Francisco B. Cuevas-Fernández,  
Pablo Fernández, and Teresa  Pinto

22.1  Introduction

Various traits of the vascular plants can be adduced to explain the role of these 
organisms in their ecosystems. One of the most interesting and fundamental are the 
stomata, because on them rely the ultimate control between photosynthesis and 
water balance (Jones 1998). For this reason, stomatal morphology responds to many 
environmental variables, as light, water availability and gases pressure: plants can 
detect these variables and send signals to the developing new leaves, which in term 
adjust their stomata to the detected conditions (Brownlee 2001; Hetherington and 
Woodward 2003). Thus, understanding morphology and physiology of stomata is 
necessary to know how plants fit in their ecosystems and the role of these organisms 
in the different terrestrial biomes (Ackerly et al. 2000; Haworth et al. 2013; McAdam 
and Brodribb 2012; Reich et al. 1999).

Morphological and functional ecology of stomata has been studied for a long 
time, essentially by observing flowering plants. Thus, a well-developed corpus of 
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knowledge is available on how angiosperm stoma is constructed and responds to the 
environment (Brodribb et al. 2009; Cowan 1977; Evert and Eichhorn 2006; Franks 
and Farquhar 2007; Hetherington and Woodward 2003; Liu et al. 2006; Maherali 
et  al. 2002; Martinez et  al. 2007; Meidner and Mansfield 1968; Öpik and Rolfe 
2005; Prabhakar 2003; Quarrie and Jones 1977; Salisbury 1927; Schulze et al. 1973; 
Spence et al. 1986; Xu and Zhou 2008). Briefly, although different effects of abiotic 
factors on stomatal morphology and density may depend on plant species, the fol-
lowing general rules are largely accepted: the stomatal size is more genetically con-
trolled than density, which can be dynamically modified in new leaves to adjust 
plants to their environment; stomatal size and density are generally correlated; and 
density is expected to increase with light and to decrease with water availability.

Ferns are vascular plants that often act as important biological elements in their 
natural ecosystems. Although their major occurrence is in tropical areas, they can be 
easily found in almost all terrestrial plant communities in temperate regions 
(Mehltreter et al. 2010). Interestingly, some evidence is appearing about certain dif-
ferences in the morphology and physiology of fern stomata compared to those of 
angiosperms and gymnosperms, especially regarding signalling pattern (Doi et al. 
2006; Franks and Farquhar 2007; Kawai et al. 2003; McAdam and Brodribb 2013). 
To date, however, ecological studies of fern stomatal morphology have been much 
less developed (Atala et al. 2012; Gabriel y Galán et al. 2011; Hunt et al. 2002; Kato 
and Imaichi 1992; Kessler et al. 2007; Kluge et al. 2008; Kluge and Kessler 2007; 
Riano and Briones 2013). In general, these few studies on the ecomorphology of 
fern stomata confirm the general rules pointed before. However, most of these works 
dealt with tropical fern species, whereas research on temperate ferns is really scarce. 
There is a need to deepen in the ecology of morphological traits of temperate ferns 
stomata before generating full models for the vascular plants in its whole.

The main aim of this work is to increase the knowledge about morphological 
ecology of stomata in the understudied group of temperate ferns. On one hand, we 
want to characterize the stomatal morphological traits in the selected species and 
carry on a study of biometrical correlations between these traits. On the other hand, 
we also want to investigate if the environmental conditions of light and water avail-
ability are influencing the size and density of stomata in these organisms, following 
the general rules above commented.

22.2  Materials and Methods

The following 15 species were selected: Adiantum capillus-veneris L. (Pteridaceae), 
Asplenium marinum L. (Aspleniaceae), Asplenium scolopendrium L. (Aspleniaceae), 
Asplenium trichomanes L. (Aspleniaceae), Asplenium viride Huds. (Aspleniaceae), 
Athyrium filix-femina (L.) Roth (Athyriaceae), Botrychium lunaria (L.) Sw. 
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(Ophioglossaceae), Cystopteris fragilis (L.) Berhn. (Cystopteridaceae), Dryopteris 
affinis (Lowe) Fraser-Jenk. (Dryopteridaceae), Dryopteris filix-mas (L.) Schott 
(Dryopteridaceae), Osmunda regalis L. (Osmundaceae), Polystichum aculeatum 
(L.) Roth ex Mert. (Dryopteridaceae), Polystichum lonchitis (L.) Roth 
(Dryopteridaceae), Polystichum setiferum (Forssk.) T.  Moore ex Woyn. 
(Dryopteridaceae) and Struthiopteris spicant (L.) Weiss (Blechnaceae). The sam-
ples came either from extraction of herbarium material deposited in MACB (Faculty 
of Biology, Universidad Complutense, Madrid) or from new field collections; in 
these cases, voucher specimens were deposited in MACB. Detailed information on 
the source of samples is shown in Appendix 22.1.

Of each species, 15 to 20 different individuals were sampled. Stomata were 
observed in adult, undamaged medium leaf segments (pinna or pinnule) from three 
different fronds of each individual (one segment per frond). Dry herbarium material 
was treated with 6% sodium hydroxide for tissue softening followed by 50% sodium 
hypochlorite for tissue whitening (Rolleri et al. 2013; Ruzin 1999). Recently col-
lected material was directly whitened without softening. Pinnae were mounted in 
water and observed under a compound light microscope Nikon Labophot-2 with a 
camera Coolpix MDC. One field from the medium area of each pinna was photo-
graphed at 20X.  Each photograph was processed using the software Piximètre 
(Henriot and Cheype 2012), measuring the following data: length (L) of five sto-
mata randomly selected and number of stomata present in the field. Stomata with 
half or more of its surface outside the observation field were excluded. Stomatal 
density (D) is expressed as stomata per mm2 (st/mm2). For each frond, we have cal-
culated one value of potential conductance index (PCI) as follows (Holland and 
Richardson 2009): PCI = L2 • D • 10−4. The total number of stomata observed per 
species is shown in Table 22.1.

Assignment of habitat types was simplified to express essential, contrasting 
ecological differences (Table 22.1): regarding water availability, riverbanks (water 
surplus) vs forests/pastures (medium water availability) vs rocks (water deficiency), 
and regarding light environment, shaded forests, riverbanks and rocks (low 
availability) vs opened pastures and exposed rocks (high availability). These 
assignments come from our field observations and from previously reported infor-
mation on the ecological preferences of the species (Castroviejo et al. 1986; Ferrer-
Castan and Vetaas 2005; Moreno and Lobo 2008; Pichi Sermolli 1979; Salvo 1990; 
Salvo et al. 1984).

The normality of the data was evaluated through a Lilliefors (Kolmogorov- 
Smirnov) test, resulting that in all the three traits follow approximately a nor-
mal distribution. Therefore, subsequent analyses were made using parametric 
test: t-Student, ANOVA and Pearson correlations. Linear regression techniques 
were applied in order to investigate the relationships between stomatal traits and 
environmental conditions. All the analyses were conducted with the software 
SPSS (IBM).
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22.3  Results

22.3.1  Stomatal Traits in 15 Species of Temperate Ferns

Table 22.2 and Fig. 22.1 show the statistical values (mean value ± standard deviation) 
for the variables considered (stomatal length, density and PCI) for all the selected 
species and the statistically supported groups as resulted from the ANOVA analyses 
for each trait. The three species with the longest stomata are A. scolopendrium, S. 
spicant and B. lunaria (57.58, 57.47 and 57.11 μm, respectively), which form a 
group statistically differentiated from the rest of species. On the other hand, A. 
capillus-veneris, with a mean length of 32.91 μm, is the species with the shorter 
stomata and statistically isolated from the rest; it is followed by a group formed by 
P. lonchitis (38.88 μm), A. marinum (38.96 μm) and A. filix-femina (40.88 μm). 
Regarding stomatal density, the group formed by A. scolopendrium, A. capillus- 
veneris and B. lunaria presents the lowest values, with 18.33, 23.92 and 24.44 st/
mm2, respectively. Asplenium marinum (85.23 st/mm2) and A. viride (79.96 st/mm2) 

Table 22.1 Species sampled, followed in parenthesis by the total number of individuals observed, 
total measurements of stomatal length (5 per frond, 3 fronds per individual) and total number of 
measurements of stomatal density (1 per frond, 3 fronds per individual). Habitat characterization 
and classification of light and water environments come from personal observations and previous 
research (see text)

Species (# individuals, # stomata 
length data, # density data) Habitat description

Light 
availability

Water 
availability

Adiantum capillus-veneris  
(16, 240, 48)

Humid shadowed rocks Low High

Asplenium marinum (19, 285, 57) Marine cliffs; aero-halophyte High Low
Asplenium scolopendrium  
(18, 270, 54)

Shadowed riverbanks Low High

Asplenium trichomanes  
(20, 300, 60)

Exposed rock crevices High Low

Asplenium viride (15, 225, 45) Montane shadowed rock 
crevices

Low Low

Athyrium filix-femina (15, 225, 45) Shadowed riverbanks Low High
Botrychium lunaria (15, 225, 45) Montane pastures, seasonally 

affected by snow melting
High Medium

Cystopteris fragilis (16, 240, 48) Shadowed rock crevices Low Low
Dryopteris affinis (20, 300, 60) Humid forests Low Medium
Dryopteris filix-mas (15, 225, 45) Humid forests Low Medium
Osmunda regalis (15, 225, 45) Shadowed riverbanks Low High
Polystichum aculeatum  
(20, 300, 60)

Humid forests Low Medium

Polystichum lonchitis (20, 300, 60) Montane exposed rocks High Low
Polystichum setiferum (15, 225, 45) Humid forests Low Medium
Struthiopteris spicant (16, 240, 48) Humid forests Low Medium
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Table 22.2 Biometric characterization of the sample (mean ± sd), ordered by species. The extreme 
values for each trait have been highlighted in bold. Species with the same lettering form a 
statistically supported group for each trait (Tukey test, α < 0.05)

Species Length(μm) Density(st/mm2) PCI

Adiantum capillus-veneris 32.91 ± 2.06 a 23.92 ± 5.26 a 2.70 ± 0.68 a
Asplenium marinum 38.96 ± 1.79 b 85.23 ± 10.59 i 12.96 ± 1.72 h, i
Asplenium scolopendrium 57.58 ± 3.25 i 18.33 ± 3.29 a 6.08 ± 1.14 b
Asplenium trichomanes 46.23 ± 2.56 e, f 42.73 ± 7.33 c, d 9.18 ± 1.32 d, e
Asplenium viride 42.88 ± 1.52 c, d 79.96 ± 9.23 h 14.84 ± 2.39 i, j
Athyrium filix-femina 40.88 ± 1.82 b, c 64.55 ± 3.77 g 10.85 ± 1.02 e, f, g
Botrychium lunaria 57.11 ± 4.33 i 24.44 ± 1.83 a 8.00 ± 1.07 b, c, d
Cystopteris fragilis 45.35 ± 3.63 d, e, f 33.38 ± 4.47 b 6.99 ± 1.68 b, c
Dryopteris affinis 45.19 ± 1.05 d, e, f 52.42 ± 6.64 e, f 10.77 ± 1.24 e, f, g
Dryopteris filix-mas 50.54 ± 4.47 g, h 45.24 ± 2.54 d, e 11.75 ± 2.35 g, h
Osmunda regalis 52.41 ± 1.23 h 55.02 ± 4.47 f 15.38 ± 1.55 j
Polystichum aculeatum 48.01 ± 2.48 f, g 37.03 ± 6.52 b, c 8.57 ± 1.56 c, d
Polystichum lonchitis 38.88 ± 3.66 b 72.77 ± 7.98 h, i 11.25 ± 2.53 f, g, h
Polystichum setiferum 44.09 ± 2.65 c, d, e 50.00 ± 4.28 d, e, f 9.76 ± 0.99 d, e, f
Struthiopteris spicant 57.47 ± 2.54 i 44.50 ± 4.50 d 14.79 ± 1.70 i, j

Fig. 22.1 Box and whisker plots of each stomatal trait: (a) stomatal length (b) stomatal density (c) 
potential conductance index (PCI). In each graph, species are ordered by trait value. Red solid 
circles indicate statistically supported groups of species, with three or less members. Dotted circles 
indicate groups with more than three members and not statistically supported. Groups have been 
established after an ANOVA and post hoc Tukey test, with p-value < 0.05
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form a statistically supported group with the highest values of density. Finally, the 
lowest value of PCI is found in A. capillus-veneris (2.7), which appeared to be 
statistically well differentiated, followed by a group which contains the species 
A. scolopendrium (6.08), C. fragilis (6.99) and B. lunaria (8.00). The highest PCI 
appears in O. regalis (15.38), which forms a statistically supported group with 
A. viride (14.84) and S. spicant (14.79).

22.3.2  Biometrical Correlations Between Stomatal Traits

We have made a test to study the correlation between the stomatal length and den-
sity of stomata of the selected species (Fig. 22.2). For the total of data, the Pearson 
test resulted in a statistically supported inverse correlation (ρ  =  −0.438; 
p-value < 0.01). The same test applied over the data within each species (Table 22.3) 
shows that only two cases have a correlation L•D with statistical support: Asplenium 
trichomanes and Asplenium viride. Noteworthy, the sign of the correlation is differ-
ent in both species, negative in A. trichomanes (longer stomata implies lower 

Fig. 22.2 Dispersion plot showing the correlations between length and density for the 15 selected 
species
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densities) and positive in A. viride (longer stomata implies higher densities). For the 
rest of species, both traits seem to be independent. PCI is correlated either with 
length or density of stomata, always in a direct relationship. In seven species, 
PCI is correlated with both length and density. Asplenium viride is the only species 
in which all the three traits (length, density and PCI) are statistically correlated.

22.3.3  Relationships Between Stomatal Traits and Habitat

We found significant differences between the water (ANOVA) and light (T-Student) 
environments of temperate fern species and all the variables studied, except for the 
case PCI/light, for which the test did not found statistical support (Table  22.4, 
Fig. 22.3). In other words, we can state that water and light environments are responsible 
for most of the differences measured in biometrical stomatal variables (length, 
density and PCI) for the temperate ferns.

The post hoc test of the ANOVA between water and length (F  =  30.958; 
p-value < 0.01) segregated two groups: in one hand, those species that inhabit low 
water availability environments, which developed shorter stomata (42.345 μm), and 
on the other hand, species that occur in medium and high water availability, which 
presented longer stomata (50.096 μm and 46.286 μm, respectively). Regarding the 
test density*water (F = 43.600, p-value < 0.01), we discriminated again two groups: 
species that inhabit low water environments had higher density values (62.918 st/

Table 22.3 Results of the Pearson bivariate correlation test between pairs of stomatal traits, with 
the associate p-value. The cases with statistical support have been highlighted

Species
(L • D) (L • PCI) (D • PCI)
ρ p-value ρ p-value ρ p-value

Adiantum capillus-veneris 0.239 0.373 0.670** 0.004 0.865** 0.000
Asplenium marinum −0.293 0.223 0.442 0.058 0.717** 0.001
Asplenium scolopendrium −0.352 0.152 0.253 0.310 0.799** 0.000
Asplenium trichomanes −0.553** 0.011 0.145 0.541 0.730** 0.000
Asplenium viride 0.557* 0.031 0.802** 0.000 0.940** 0.000
Athyrium filix-femina −0.269 0.332 0.780** 0.001 0.388 0.153
Botrychium lunaria −0.510 0.052 0.872** 0.000 −0.027 0.924
Cystopteris fragilis 0.230 0.392 0.827** 0.000 0.726** 0.001
Dryopteris affinis −0.407 0.075 −0.046 0.849 0.923** 0.000
Dryopteris filix-mas 0.147 0.602 0.957** 0.000 0.420 0.119
Osmunda regalis 0.118 0.675 0.575* 0.025 0.878** 0.000
Polystichum aculeatum −0.122 0.608 0.447* 0.048 0.825** 0.000
Polystichum lonchitis 0.147 0.535 0.890** 0.000 0.572** 0.008
Polystichum setiferum −0.451 0.091 0.713** 0.003 0.300 0.277
Struthiopteris spicant −0.267 0.318 0.517* 0.040 0.684** 0.003

** and * indicate significant correlation in α = 0.01 and α = 0.05 levels, respectively
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Table 22.4 Mean ± standard deviation values of biometric stomatal traits of the groups established 
by water and light availability categories. Groups whose differences are not statistically supported 
are indicated with the same letter

Water availability Light availability
Low Medium High Low High

Length 
(μm)

42.34 ± 4.2(a) 50.09 ± 5.99(b) 46.28 ± 10.13(b) 47.15 ± 7.35(a) 44.58 ± 7.73(b)

Density 
(st/mm2)

62.91 ± 22.13(a) 42.53 ± 10.40(b) 39.16 ± 20.33(b) 45.15 ± 17.52(a) 58.05 ± 24.63(b)

PCI 10.99 ± 3.26(a) 10.55 ± 2.68(b) 8.53 ± 4.9(c) 10.08 ± 4.04(a) 10.47 ± 2.55(a)

mm2) versus species of medium and high water availability places, with lower 
density values (42.538 st/mm2 and 39.160 st/mm2, respectively). Finally, about 
PCI*water (F = 9.773; p-value < 0.01), the test established also two groups: species 
of high water availability showed lower PCI values (8.533) against species from 
medium and low water availability, which rendered higher values (10.555 and 
10.993, respectively).

Light is also related to biometrical stomatal traits. We encountered significant 
differences between light environments and stomatal length (t  =  2.44; 
p-value = 0.016), with longer stomata developed by species that inhabit low light 
regimes (47.15 μm vs 44.58 μm of the group of high light habitats). Also, differ-
ences in light environments affected stomatal density (t = −4.107; p-value < 0.01), 
having more density those species from high light regimes (58.05 st/mm2 vs 45.15 
st/mm2 of the group of low light habitats). Finally, as it was stated above, light 

Fig. 22.3 Values of length, density and PCI for the different environments of water availability (a) 
and light availability (b). For water environments, stomatal length and density did not show statis-
tical differences between medium and high water availability habitats. In the case of the light 
environments, differences in PCI had no statistical support

J. M. Gabriel y Galán et al.



475

environments seemed to not affect the PCI of our sample (t  =  −0.902; 
p-value = 0.368).

In summary, species that inhabit low water availability environments (exposed 
rocks, crevices and cliffs) developed significant shorter stomata, but at higher densi-
ties and with higher potential conductance, species from low light availability envi-
ronments (shadowed rocks and forests) have longer stomata and lower density.

22.4  Discussion

22.4.1  Variation and Correlation of Stomatal Traits

Derived from our results, we can state that there are enough statistical differences in 
stomatal length to correctly assign to concrete species most of the measured stomatal 
variation. This phenomenon let us affirm that stomatal characters are good diagnostics 
of fern temperate species. The fact that the individuals could be assigned to species 
through these stomatal traits is related with the classic appreciation that stomatal char-
acters (specifically those affecting its size) are genetically controlled. Some experi-
mental data support this idea, for example: (a) the very low stomatal variability detected 
in some species, as Huperzia saururus (Lam.) Trevis. (Rolleri 1977); (b) the statement 
that, at least in angiosperms, size of stomata is less influenced by external factors than 
size of ordinary epidermal cells (Metcalfe and Chalk 1979); and (c) the known fact that 
the ploidy level is generally related to stomatal size and to sizes of various other struc-
tures, as spores or epidermal cells (Stebbins 1950). Two other temperate fern species 
studied (Blechnum chilense (Kaulf.) Mett. and B. mochaenum G. Kunkel) seemed to 
present its stomatal size under low external control (Atala et al. 2012). As in the tem-
perate species here studied, stomata of tropical species previously known also show a 
similar behaviour (Gabriel y Galán et al. 2011).

Length and stomatal density appears to be quite independent variables for the 
temperate ferns studied, since they show correlation only in two species (Asplenium 
trichomanes and A. viride). For the angiosperms, it has been stated a strong and 
general relationship between density and size (Hetherington and Woodward 2003). 
The absence of correlation between these variables in almost all of the investigated 
fern species suggests that these ferns are more flexible in the adaptation of stomatal 
traits to the environment than other plant groups. Indeed, as length seems to be 
genetically controlled, one way to modify stomatal density is modifying the size of 
ordinary epidermal cells instead of the size of guard cells. This operative ontogeneti-
cal strategy has been suggested to be functioning also in some angiosperms (Pompelli 
et al. 2010; Salisbury 1927) and in some tropical ferns (Gabriel y Galán et al. 2011).

In one of the species (A. trichomanes), the correlation density-length is inverse, 
i.e. greater lengths imply lower densities. This seems to be an extended rule for the 
plants in general, as it is known for some tropical ferns (Gabriel y Galán et al. 
2011) and angiosperms (Camargo and Marenco 2011; Hetherington and Woodward 
2003). However, we have detected the remarkable exception to this rule in A. viride, 
species in which higher densities were accompanied by higher lengths. This should 

22 Ecomorphology of Stomata in Temperate Ferns Under Contrasting Environments



476

be interpreted in the way that density is increased by reducing the size of the ordi-
nary epidermal cells, otherwise no increase in length could have been observed.

With respect to PCI, the ferns studied here showed a logic relation with the rest of 
stomatal traits, in the sense that higher densities and higher lengths promote a higher 
potential conductance. This has been observed in the majority of the species.

22.4.2  Ecological Significance of Stomatal Variation 
in Relation to Water Environment

Regarding water environment, it is generally accepted that water availability 
inversely correlates with stomatal density and directly with stomatal size (Xu and 
Zhou 2008). In agreement with these general expectations, the temperate fern 
species studied here present higher density and PCI and shorter stomata under 
water- stressed habitats (rocks) compared to habitats without water stress (humid 
rocks, forests, riverbanks). Strikingly, previous studies point out that tropical ferns 
from humid soils present high stomata numbers (Gabriel y Galán et al. 2011; Kato 
and Imaichi 1992). Two reasons could be adduced to explain such a contrasted dif-
ference. First, the tropical fern studied are perfect rheophytes, i.e. the rhizome 
is constantly under the water level in swamps and streams, whilst this is not occur-
ring in the species here studied; second, some other uncontrolled environmental fact 
could be operating, as a general high radiation and a higher and constant air tem-
perature in the tropics.

22.4.3  Ecological Significance of Stomatal Variation 
in Relation to Light Environment

With respect to the light environment, it has been proposed that plants that live 
under open sunny conditions are not light-limited so they can produce more stomata 
to maximize photosynthetic rates; on the other hand, shaded habitats are light- 
limited, and plants tend to present low  stomatal densities (Gay and Hurd 1975; 
Givnish 1988). This has been proposed in general for deep-shade fern species, 
which seem to possess large stomata at low densities (Hetherington and Woodward 
2003; Meidner and Mansfield 1968). Previously studied temperate fern species (B. 
chilense and B. mochaenum) appear to behave also in this way (Atala et al. 2012). 
Nevertheless, these same authors concluded that the observed differences in size 
and density between these two species could be attributed to phylogenetic differ-
ences better than to ecological adaptation. Our temperate fern species follow this 
general pattern: the light-influenced species from open places present shorter sto-
mata but at higher densities values, whilst the light-limited species from forests and 
shaded crevices show longer stomata at lower densities. This could mean that the 
temperate fern species have adapted their stomatal apparatus to shade. Even though, 
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since we have not detected differences in PCI, the relationship between length and 
density is balanced in the two light environments.
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 Appendix 22.1

Samples used in the study, with voucher information. All samples came from Spain 
except those specifically quoted. The information included is ordered by country/
Spanish province, followed by location,  MACB (Madrid Ciencias Biológicas) 
herbarium number and, in parenthesis, the individuals.

Adiantum capillus-veneris L. ASTURIAS: Cangas de Onís, MACB 36194 (ind. 
9–12). CASTELLÓN: Peñíscola, MACB 104250 (ind. 1–8). VALENCIA: Tuéjar, 
MACB 43430 (ind. 13–16). Asplenium marinum L. ASTURIAS: Luarca, MACB 
36191 (ind. 8), MACB 107532 (ind. 13–16); Gozón, MACB 3646 (ind. 10, 11); 
Castropol, MACB 55943 (ind. 12), MACB 107533 (ind. 17–19). GUIPÚZCOA: 
Donostia, MACB 36078 (ind. 6). LA CORUÑA: Corme, MACB 24302 (ind. 1); 
Porto do Son, MACB 43332 (ind. 2); Cayón, MACB 4373 (ind. 3); Malpica, MACB 
26154 (ind. 5). PONTEVEDRA: La Guardia, MACB 4773 (ind. 4); Bueu, MACB 
18655 (ind. 7); Islas Cies, MACB 36119 (ind. 9). Asplenium scolopendrium L. 
ASTURIAS: Brieves, MACB 104248 (ind. 1–7). LEÓN: Villasecino, MACB 
107538 (ind. 8–18). Asplenium trichomanes L. ASTURIAS: Luarca, MACB 
107542 (ind. 17–20). BURGOS.  Crespos, MACB 107543 (ind. 13–16). 
GUADALAJARA: río Bornova, MACB 22462 (ind. 3). LEÓN: Santalavilla, MACB 
62938 (ind. 1). MADRID: Torrelodones, MACB 104525 (ind. 5–12). PALENCIA: 
Velilla del rio Carrión, MACB 30953 (ind. 2). SALAMANCA: Linares de Riofrío, 
MACB 1768 (ind. 4). Asplenium viride Huds. ASTURIAS: Teverga, MACB 
107544 (ind. 9–15). GUIPÚZCOA: Aralar, MACB 43217 (ind. 5–7). HUESCA: 
Aínsa, MACB 36183 (ind. 4). PALENCIA: Velilla del Río Carrión, MACB 39484 
(ind. 8). VIZCAYA: Zeanuri, MACB 62929 (ind. 1–3). Athyrium filix-femina (L.) 
Roth. ASTURIAS: Luarca, MACB 107531 (ind. 8–15). ÁVILA: Candeleda, MACB 
53208 (ind. 1–2); El Barranco, MACB 57772 (ind. 5–7). CÁCERES. Viandar de la 
Vera, MACB 59103 (ind. 3). TERUEL: Orihuela, MACB 43319 (ind. 4). Botrychium 
lunaria (L.) Sw. ASTURIAS: Somiedo, MACB 104249 (ind. 1–15). Cystopteris 
fragilis (L.) Berhn. BURGOS: Sierra de la Demanda, MACB 56770 (ind. 1–4). LA 
RIOJA: Ezcaray, MACB 57500 (ind. 5); Villoslada de Cameros, MACB 107545 
(ind. 9–16). LEÓN: Truchillas, MACB 44460 (ind. 6–7). TENERIFE: Tágara, 
MACB 36110 (ind. 8). Dryopteris affinis (Lowe) Fraser-Jenk. ITALY. TOSCANA: 
Massa, MACB 58804 (ind. 3). LUACCA: Versilia, MACB 58807 (ind. 4); Massa y 
Carrara, MACB 58801 (ind. 5). Massa, MACB 58802 (ind. 6). SPAIN. ASTURIAS: 
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Valgrande, MACB 31115 (ind. 11). CANTABRIA: Resconorio, MACB 31010 (ind. 
12); Cosgaya, MACB 109253 (ind. 13–20); Torcollano, MACB 62921 (ind. 7). LA 
CORUÑA: Betanzos, MACB 92416 (ind. 1); Somozas, MACB 92391 (ind. 2); 
Cerdedo, MACB 43412 (ind. 9); Caveiro, MACB 77197 (ind. 8). ORENSE: Vilarino 
de Conso, MACB 59119 (ind. 10). Dryopteris filix-mas (L.) Schott. ITALY. 
TOSCANA: A Cansoli, MACB 58812 (ind. 4). SPAIN. ÁLAVA: Vitoria, MACB 
59150 (ind. 2). CANTABRIA: Cosgaya, MACB 109257 (ind. 5–15). CIUDAD 
REAL: Puebla de Don Rodrigo, MACB 66633 (ind. 3). LÉRIDA: Vall Ferrera, 
MACB 62915 (ind. 1). Osmunda regalis L. ASTURIAS: Luarca, MACB 104246 
(ind. 1–9). CANTABRIA: Liendo, MACB 107332 (ind. 12–15). CÁCERES: 
Villanueva de la Vera, MACB 109360 (ind. 10–11). Polystichum aculeatum (L.) 
Roth ex Mert. FRANCE. HAUTE GARONNE: Pirineos, MACB 42766 (ind. 19). 
ITALY. LUACCA: Garfagnana, MACB 58833 (ind. 18). SPAIN. ALAVA: Alto 
Iturrieta, MACB 18834 (ind. 1). BURGOS: Los Altos, MACB 56768 (ind. 5–6); 
Monte Cervera, MACB 59157 (ind. 12–14). GRANADA: Güejar-Sierra, MACB 
62969 (ind. 2); Sierra Nevada, MACB 9546 (ind. 20). HUESCA: Panticosa, MACB 
19040 (ind. 3). LEÓN: Salamón, MACB 43327 (ind. 4); Palacios del Sil, MACB 
74457 (ind. 7–11); La Cueta, MACB 59213 (ind. 15). NAVARRA: Irañeta, MACB 
43218 (ind. 16–17). Polystichum lonchitis (L.) Roth. ASTURIAS: Somiedo, 
MACB 104247 (ind. 1–11). CANTABRIA: Camaleño, MACB 109629 (ind. 12–20). 
Polystichum setiferum (Forssk.) T.  Moore ex Woyn. LA CORUÑA: Abaña, 
MACB 92414 (ind. 2); Caaveiro, MACB 60505 (ind. 4). CANTABRIA: Luena, 
MACB 55630 (ind. 3); Cosgaya, MACB 109256 (ind. 5–15). LEÓN: Balboa, 
MACB 60520 (ind. 1). Struthiopteris spicant (L.) Weiss. FRANCE. BRETAGNE: 
Monfort, MACB 109254 (ind. 1–10). SPAIN. ÁLAVA: Ulibarri-Olleros, MACB 
30899 (ind. 15–16). CIUDAD REAL: Navas de Estena, MACB 36083 (ind. 12–13). 
LEÓN: Burón, MACB 17528 (ind. 11). LUGO: Murás, MACB 30875 (ind. 14).
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Chapter 23
Recent Advances in the Use  
of Mitochondrial Activity of Fern Spores 
for the Evaluation of Acute Toxicity

Alexis Joseph Rodríguez-Romero, Jacinto Elías Sedeño-Díaz,  
Eugenia López-López, Marta Esteban, Luis G. Quintanilla, 
and Myriam Catalá

23.1  Introduction

Ecotoxicology can be described as a vast and complex discipline which employs 
various approaches for investigations, including residue analyses, field surveys and 
toxicity testing (Wang and Freemark 1995). In order to evaluate the real effect of 
chemicals on the environment or the efficacy of decontamination technologies, 
chemical quantifications must be completed with toxicological studies on ecologi-
cally relevant organisms (Smolders et al. 2004; Dorne et al. 2007). Higher plants are 
an essential part of a healthy and balanced ecosystem, and new plant models are 
essential in the evaluation of potential impacts of chemicals on nontarget species 
(Gong et al. 2001). Many important environmental legislation and guidelines devel-
oped under different authorities during the past 30 years have included phytotoxic-
ity tests as a part of chemical safety evaluation (FDA, USEPA, OECD, Environment 
Canada). The EU produced in 2006 an ambitious regulation involving the 
Registration, Evaluation, Authorization and Restriction of Chemicals (REACH). 
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REACH requires the submission of safety data in support of the protection of human 
and environmental health of all chemicals produced or imported above 1 ton (around 
30,000 substances), and new cost-efficient and reliable methods are needed in a 
scenario of budget restrictions.

Besides chemical safety evaluation, phytotoxicity testing is also warranted in the 
environmental assessment of complex effluents or contaminated sites. Toxic com-
ponents that may be practically nontoxic to fish, crustaceans and daphnids can 
injure and kill aquatic or riparian vegetation endangering a whole ecosystem. Algal 
toxicity has often been used as a surrogate for higher plant toxicity testing. However, 
the sensitivity to toxicants of algae and plants is qualitatively different. For example, 
algae are more sensitive to metal ions but less sensitive to herbicides than vascular 
plants (Wang and Freemark 1995).

23.2  Characteristics of Toxicity Tests

Landis and Yu (1998) in their classic “Introduction to Environmental Toxicology” 
already point out that one of the most crucial aspects of a toxicity test is the suit-
ability of the test organisms. Toxicity tests, they argue, are performed to gain an 
overall picture of the toxicity of a compound to a variety of species. They listed 
some of the criteria when choosing a species for a toxicity test:

 1. The test organism should be widely available through laboratory culture, pro-
curement from a hatchery or other culture facility or collection from the field.

 2. The organism should be successfully maintained in the laboratory environment 
and available in sufficient quantities.

 3. The genetics, genetic composition and history of the culture should be known. 
However, the majority of toxicity tests in environmental toxicology are con-
ducted with organisms of unknown origin or field collection.

 4. The relative sensitivities to various classes of toxicants of the test species should 
be known regarding the endpoints to be measured. This criterion is not often 
realized in environmental toxicology. The invertebrate Daphnia magna is one of 
the most commonly used organisms, yet only the results for approximately 500 
compounds had been published by 1999. In contrast, by that year, already 2000 
compounds had been examined using the Norway rat as the test species.

 5. The sensitivity of the test species should be representative of the particular class 
or phylum that the species represents. Again this is an ideal criterion, not often 
met in the case of most test species. The limiting factor here is the lack of infor-
mation on the sensitivity of poorly investigated classes or phyla.

Test protocols of most terrestrial plants are developed for crop species (cabbage, 
lettuce, oat, ryegrass, etc.) and evaluate seed germination, root elongation and early 
seedling and vegetative growth. These tests require special facilities, like green-
houses, and the measurement of the aforementioned endpoints is laborious and can-
not be easily automated resulting in high costs. This is an important drawback for 
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their extensive use in toxicology screening of new substances by the chemical 
industry or environmental monitoring of contaminated sites or discharges.

23.3  Current Challenges of Ecotoxicology

In the last years ecotoxicologists have expressed several concerns about standard 
phytotoxicity bioassays: low number of represented taxa, low ecological relevance 
and low sensitiveness of used endpoints. The use of an adequate range of taxa is a 
key point for the achievement of ecologically relevant results, and regulatory agen-
cies are increasingly more interested in requiring nontarget phytotoxicity testing. 
The selection of more ecologically relevant species and robust test endpoints 
remains to be important challenges for ecotoxicologists. Moreover, the sensitive-
ness of a species to a given toxicant may vary along its life cycle. The occurrence of 
a toxic stress during the critical stages such as development may cause the failure of 
the organism to mature correctly, infertility or even subsequent death. The evalua-
tion of lethality as unique endpoint has also aroused criticism. The use of biological 
markers (biomarkers), as for human health, could make evident early deleterious 
effects leading to death or reduced fitness. Biochemical and physiological biomark-
ers are especially adequate for automation, which is an important goal for massive 
bioassay application in toxicity screening or environmental monitoring.

Environmental monitoring and assessment, therefore, faces at present the chal-
lenge of developing new tools, more sensitive and reliable, with increased biologi-
cal and ecological relevance than those currently used, able to detect, in a 
cost-effective way, early impacts before an irreversible disturbance of the ecosys-
tem may occur.

The respiratory chain that takes place in mitochondria is the main energy source 
in eukaryotic cells providing for the necessary amounts of ATP. Alterations in this 
process can yield important consequences, and any toxicant affecting mitochondrial 
activity and cell energy budget will alter normal plant development, even jeopardiz-
ing plant survival. Measurements of reduction rates of the respiratory chain can be 
employed as viability assays in eukaryotic cells. The reduction of tetrazolium salts 
to water-insoluble coloured formazan salts by the respiratory chain has been used in 
the last 50 years for this aim. Several tetrazolium salts are available for this assay. 
The reduction of 2,3,5-triphenyltetrazolium chloride (TTC) to the corresponding 
triphenyl formazan (TPF) salt has successfully been used in the analysis of the 
viability of seeds or vegetal cells since 1951 (Smith 1951; Kalina and Palmer 1968).

23.4  Ferns and Ecotoxicology

Ferns are important components of numerous plant communities, especially tem-
perate and tropical forests, where they play an important ecological role. Ferns are 
locally abundant and even dominant both in the understorey and forming a tree-fern 
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layer (Brock et al. 2016). Forest ferns are the habitat for other species (Roberts et al. 
2005), a filter that control forest regeneration (Song et al. 2012) and a food resource 
for insects and other animals (Sawamura et al. 2009; Arosa et al. 2010). Moreover, 
tree ferns are key species, as they are capable to suppress conifer and angiosperm 
woody species and to facilitate later stages of succession by stabilizing slopes and 
improving soils, thus controlling the ultimate structure of the upper canopy (Drake 
and Pratt 2001; Walker et al. 2010). Consequently, tree ferns are considered as eco-
system engineers (Large and Braggins 2004).

Fern spores and gametophytes have long been recognized as useful models for 
plant research in important areas, namely, plant development, sex determination, 
gamete production and fertilization, response to environmental factors and evolu-
tion of plant complex traits (Banks 1999). However, they have been neglected as 
subjects for ecotoxicology studies. One of the main advantages of this model is its 
naturally miniature size. Fern spores are single meiotic cells which range between 
15 μm and 150 μm (Tryon and Lugardon 1991). After germination, spores develop 
into multicellular gametophytes, which are miniature gamete-producing individu-
als, typically a few millimetres long. In this case, the use of microtubes and micro-
plates is imposed by the natural model. The development of rapid and reliable 
methods to test phytotoxicity with fern spores and gametophytes could dramatically 
reduce standard test costs maintaining the biological relevance of whole plant 
testing.

The first bioassay of acute phytotoxicity based on fern spores using mitochon-
drial activity as a biomarker of toxicity was only published in 2009 (Catala et al. 
2009). The tetrazolium salt used was TTC. Here we will focus on some practical 
issues of this bioassay. This testing method based on fern spores is naturally minia-
turized and combines biological and ecological relevance together with sensitivity 
and simplicity, thus making it a promising cost-effective tool for high-throughput 
toxicity screening and monitoring.

Fern spores possess physicochemical characteristics that hampered the direct use 
of the TTC method on them. For example, the presence of highly hydrophobic sub-
stances in the cellular wall makes the spores difficult to suspend in aqueous media. 
Other difficulty is that the spore wall is extremely resistant, and therefore the meth-
ods used for sample homogenization and TTC extraction must be especially vigor-
ous. Moreover, pigments from plant tissues (i.e. chlorophyll) can interfere in the 
spectrophotometric measurement of TPF when it is extracted with ethanol. All these 
subjects must be taken into account and imply modifications of the TTC method for 
the study of spores.

Probably the most problematic adaptation of the method for studying fern spores 
is the aforesaid extraction of the formazan red. In that sense, different  homogenization 
methods can be employed, but results in extraction ratios are different even when 
the order of the treatment changes. In the case of the fern Dryopteris guanchica, 
best results are obtained with a first chemical treatment with KOH/EtOH followed 
by thermal incubation at 65  °C and mechanical homogenization. Mechanical 
homogenization is a bottleneck step, since most of the methods are designed for 
single samples and are time consuming. We have developed an efficient method 
using strong agitation of the sample with a small volume of glass fragments, i.e. 
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smashed Pasteur pipettes. This allows the automated simultaneous homogenization 
of a high number of samples.

Other parameters of this bioassay must be optimized in order to achieve optimal 
results. Spores of different fern species have different characteristics, such as pres-
ence or absence of chlorophyll, wall structure, etc. Thus, the number of spores per 
sample, pH, TTC concentration, incubation time, homogenization and extraction 
should be tested to obtain optimal conditions of the bioassay with different species. 
We have successfully applied the TTC assay to the tree-fern Cyathea costaricensis 
(Cyatheaceae) and to several understorey ferns: Dryopteris aemula, D. affinis, D. 
corleyi, D. filix-mas, D. oreades, Polystichum setiferum (Dryopteridaceae) and 
Osmunda regalis (Osmundaceae). The most appropriate species were D. guanchica, 
P. setiferum, O. regalis and C. costaricensis.

23.5  Candidate Ferns for Toxicity Testing

D. guanchica is located in some Canary Islands and in northwestern Iberian 
Peninsula and grows in several habitats: laurel forest (Canary Islands), oak forest, 
alder forest and heathland (Iberian Peninsula). This species is an allotetraploid 
derived from D. aemula and D. intermedia. We choose D. guanchica as model spe-
cies for the initial studies on mitochondrial activity of fern spores and gametophytes 
based on several advantages. First, leaves and spores are produced throughout the 
year, and thus mature spores can be collected in different seasons. Second, the ger-
mination rate of D. guanchica is faster than those of related diploids (Quintanilla 
and Escudero 2006), which shortens assay times. Third, spore viability can be main-
tained for at least 1 year with a simple technique (dry storage at 5 °C; Quintanilla 
et al. 2002). In addition, despite the hybrid (allopolyploid) origin of D. guanchica, 
spore abortion percentages are low and similar to those of related diploids 
(Quintanilla and Escudero 2006).

P. setiferum is mainly present in western and southern Europe. Its ecological 
amplitude is narrower than that of D. guanchica. Polystichum setiferum occurs in 
river-valley forest. Thus, this fern is a very good option for environmental monitor-
ing of fluvial ecosystems. Moreover, its spore production per leaf is very high, albeit 
spore maturation is limited to a short period of time (early summer). As an addi-
tional advantage, the spores are smaller than those of D. guanchica, which is conve-
nient for manipulation. Small spore size allows more spores per volume unit, and 
thus sample size can be increased without increasing assay cost. Smaller spores sink 
slower and give more homogenous liquid suspensions for longer times. This char-
acteristic is important in our TTC assay, as spore suspensions are used in several 
steps of the protocol. Polystichum setiferum is commercialized as garden plant in 
temperate climates, providing an alternative source of spores.

O. regalis is cosmopolitan and, like P. setiferum, inhabits riparian forests. O. 
regalis lives in riverbanks and is sensitive to water pollution. Sporangia do not form 
definite sori but a massive panicle-like outgrowth to the top of the leaf (Fig. 23.1a). 
This is the only studied species that produces green (i.e. chlorophyll-containing) 
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spores (Fig. 23.1b). Green spores show an elevated metabolic activity from the very 
moment of collection, without a latency period. The main advantages we have found 
with these spores are easiness of suspension in aqueous solution, even without 
detergents, elevated mitochondrial activity levels and high sensitiveness to environ-
mental stress. Despite the aforesaid advantages, O. regalis spores also show some 
drawbacks, since they must be either used immediately after collection or kept in an 
ultrafreezer (−80 °C) to maintain a high viability (Ballesteros et al. 2012).

C. costaricensis is located in Mexico, Guatemala, Honduras, El Salvador, 
Nicaragua, Costa Rica and Panama, mainly in humid and cloud forests, but also 
close to semiarid zones. The importance of C. costaricensis as well as other ferns in 
the Mexican cloud forest has been widely described (Williams-Linera et al. 2005). 
Cyathea costaricensis has stems up to 8 m in height and leaves up to 3 m in length 
(Fig. 23.2a), whereas its spores are exceptionally small (Fig. 23.2b; Gómez-Noguez 
et  al. 2016). Cyathea costaricensis is an endangered species included in CITES 
Appendix II. However, it should be noted that only small leaf fragments with mature 
sori are necessary for toxicity tests, with no, or negligible, damage to the plant.

23.6  Toxicity Testing with Fern Spores

The fern spore bioassay for acute toxicity testing has been used to produce valuable 
toxicological data regarding vascular plant reproduction and development as well as 
for environmental monitoring and environmental technology assessment.

Fig. 23.1 Osmunda regalis: (a) panicle-like cluster of sporangia at the apex of a fertile leaf, (b) 
spore with a high concentration of chloroplasts in the centre (differential interference contrast 
microscopy, 1000×)
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23.6.1  Toxicological Sensitiveness and Dose-Response Curves 
to Pure Substances or Mixtures

Polycyclic aromatic hydrocarbons (PAHs) constitute a family of toxic pollutants 
derived mainly from fuel use, transport or storage. The evaluation of the toxicity of 
contaminated soils or surface waters is of environmental concern. The spore mito-
chondrial activity bioassay was shown to be sensitive to very low concentrations of 
PAHs, either in known mixtures or in complex PAH-contaminated soil extracts 
(Catalá et al. 2009). Fern spores have also been demonstrated to be sensitive to other 
industrial pollutants as the comparative evaluation with the luminescent bacterium 
Vibrio fischeri (Marugán et al. 2012). In both cases, EC50 values differ significantly 
for V. fischeri commercial kit, V. fischeri lab cultures and P. setiferum fern spores 
(1.9, 16, and 101 mg cyanide L−1 and 27.0, 49.3, and 1440 mg phenol L−1, respec-
tively). Whereas V. fischeri bioassays are extremely sensitive and high dilutions 
must be prepared, toxicant solutions can be directly applied to spores.

The widespread use of herbicides causes major problems such as water pollu-
tion, due to their high solubility and the appearance of resistant weeds (Mariani 
et al. 2014). But pesticides have also been detected in the atmosphere in different 
areas (Reston 1999), and they can injure nearby trees and shrubs if they drift or 
volatilize onto leaves (Dreistadt et al. 1994). Glyphosate [N- (phosphonomethyl) 
glycine] is a broad-spectrum herbicide used to control a wide range of pests (weeds) 
and is the active ingredient of a variety of commercial herbicides. 
2,4-Dichlorophenoxyacetic acid, also known as 2,4-D, is a synthetic auxin, a class 

Fig. 23.2 Cyathea costaricensis: (a) trunk with leaf bases, (b) spore full of oil drops, which are 
the main energy storage (differential interference contrast microscopy, 1000×)
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of plant hormones. It is absorbed through the leaves and translocated to the meri-
stems of the plant. Uncontrolled, unsustainable growth ensues, causing stem curl- 
over, leaf withering and eventual plant death (Song 2014). Both herbicides are 
among the world’s most extensively used (Myers et al. 2016), and during applica-
tion pesticide sprays can directly hit nontarget vegetation or can drift or volatilize 
from the treated area and contaminate air, soil and nontarget plants. Exposure to the 
herbicide glyphosate can severely reduce seed quality (Barnea et  al. 2000) and 
increase the susceptibility of certain plants to disease (Vannini et al. 2015). This 
confers a special threat to endangered plant species and a special interest to assess 
the effect of the most used herbicides on nontarget native species as the case of the 
tree ferns.

The CE50 of these two herbicides was assessed on mitochondrial activity of 
Cyathea costaricensis spores. Inhibition of mitochondrial activity rated from 
14.02% to 92.35% for glyphosate and from 2.97% to 71.38% for 2,4-D with the 
tested concentrations of the herbicides (0.1, 1, 10, 50, 100 and 500  mg L−1) 
(Fig. 23.3, unpublished results).

Mitochondrial activity of spores of C. costaricensis was highly susceptible to 
both herbicides tested but particularly to glyphosate (Table 24.6.1.1). The 50% inhi-
bition of mitochondrial activity was detected with 42.19 and 106.96  mg L−1 for 
glyphosate and 2,4-D, respectively (Table 23.1).

These results show that glyphosate exerts a more toxic effect for the mitochon-
drial activity of C. costaricensis than 2,4-D. Mitochondrial activity is a very sensi-
tive biomarker to detect the negative effect of the herbicides tested on fern spores. 
Differences in toxicity can be related to the mechanism of action of the herbicides 

Fig. 23.3 Mitochondrial activity inhibition (%) of C. costaricensis at different concentrations of 
glyphosate and 2, 4-D herbicides. Six concentrations (0.1, 1, 10, 50, 100, and 500 mg/L) of the 
standard of the two herbicides tested were used (glyphosate 45,521 Sigma-Aldrich; 2, 4-D 49083 
Sigma-Aldrich). The exposure period was 24 h (12 h light and 12 h darkness). Each assay was 
performed in triplicate using as a control group the exposure of the spores to Dyer-Tween medium, 
which showed the highest mitochondrial activity
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tested. In the case of glyphosate, the mode of action is inhibiting the enzyme EPSPS 
(5-enolpyruvylshikimate-3-phosphate), causing a reduction of the biosynthesis of 
amino acids (tryptophan, tyrosine and phenylalanine), which are essential for pro-
tein synthesis and the accumulation of shikimic acid and some hydroxybenzoic 
acids, which are processes that can trigger major toxicity effects.

Pharmaceutical products (PPs) are currently not considered in water-quality regu-
lations; however, evidences of their potential effect on the environment have become 
more and more common in recent years, leading to the inclusion of these chemicals 
among the so-called emerging pollutants (la Farre et al. 2008). The anti- inflammatory 
drug diclofenac has been widely reported in the environment, but ecotoxicological 
data regarding ecological relevant species are still scarce, similarly to other pharma-
ceuticals. DNA quantification showed that diclofenac induced acute lethal phytotox-
icity at 24 and 48 h (lowest observed effect concentrations, LOECs 30 and 0.3 μg 
L−1, respectively). Hormetic effects in mitochondrial activity of spores of P. set-
iferum masked lethality, and adverse effects were only observed at 48  h (LOEC 
0.3 μg L−1). In subchronic exposure (1 week), LOEC for DNA was 0.03 μg L−1. 
Mitochondrial activity showed a strong hormetic stimulation of the surviving spore 
population (LOEC 0.3 μg L−1). Little changes were observed in chlorophyll auto-
fluorescence (LOEC 0.3 μg L−1). The results indicate that environmental concentra-
tions of diclofenac can be deleterious for plant development (Feito et al. 2012).

Venlafaxine hydrochloride is a structurally novel antidepressant. Its occurrence 
in surface waters and drinking water has been repeatedly reported in the last years. 
Spores of P. setiferum were used to assess its potential acute and chronic sublethal 
toxicity of venlafaxine in vascular plants. The authors concluded that environmental 
concentrations of venlafaxine can be deleterious for the development of significant 
populations of sensitive individuals (Feito et al. 2013). Results showed that venla-
faxine induced acute lethal toxicity at 24 and 48 h (LOECs, of 1 μg L−1 and 0.1 μg 
L−1, respectively) by assessing DNA levels. At 24 h, hormetic effects in spores of P. 
setiferum mitochondrial activity masked lethality and adverse effects were observed 
(LOEC 1 μg L−1) similarly to what was observed with diclofenac. At 48 h a reduc-
tion in the mitochondrial activity happened (LOEC 10 μg L−1). In chronic exposure 
of 1 week, LOEC for DNA was 0.1 μg L−1. Mitochondrial activity showed a strong 
hormetic stimulation of a surviving spore population (LOEC 10 μg L−1). Changes 
were not observed in chlorophyll autofluorescence.

Several studies have found cocaine and its main active metabolite benzoylecgo-
nine (BE) in the aquatic environment, derived from its consumption by humans as 
well as the inability of water treatment processes to eliminate it. A few studies exist 
on the ecotoxicology of BE to aquatic animals, but the effects of environmental 
anthropogenic BE on vascular plants have been neglected, and the potential risk of 

Table 23.1 CE50 for glyphosate and 2, 4-D with confidence limits (95%)

Tested substance CE50 (mg L−1) Lower limit (95%) Upper limit (95%)

Glyphosate  42.19 20.84  64.49
2,4-D 106.96 67.56 185.55
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this substance for the riparian communities is unknown. BE induced alterations in 
mitochondrial activity and DNA levels of fern spores at environmental concentra-
tions (1 ng L−1), which could disrupt gametophyte germination (García-Cambero 
et al. 2015). Adverse effects on ferns agree with the allelopathic role described for 
alkaloids and their unspecific interference with plant germination. The authors con-
clude that the anthropogenic dispersion of alkaloid allelochemicals may pose a risk 
for biodiversity and irrigated food production that should be further investigated.

In recent years, there is a growing concern for endocrine-disrupting compounds 
(EDCs) that have the ability to alter the hormonal system. One of the substances 
found almost ubiquitously and in higher concentrations is the alkylphenol nonyl-
phenol. Albeit this compound is included in priority lists as a probable risk for 
human health and the environment, little is known about its effects on developing 
plants. Esteban et al. (2016) showed that nonylphenol induced acute and subchronic 
toxicity at 48 h and after 1 week, regarding the effects on mitochondrial activity and 
DNA content, respectively. Significant effects are observed in both parameters in P. 
setiferum spores at ng L−1 levels, but chlorophyll autofluorescence shows little 
changes. Results presented in this study suggest that environmental concentrations 
of nonylphenol could interfere with higher plant germination development by mim-
icking natural allelochemicals and/or phytohormones acting as a “phytoendocrine 
disruptor” likely posing ecophysiological risks.

23.6.2  Environmental Technology Assessment 
and Development

The utility of bioassays is not limited to the determination of the toxicity of pure 
compounds or environmental samples, but can also be extended to the assessment 
of environmental technologies. The assessment of developing technologies for 
industrial or urban effluent decontamination is especially important. Traditionally, 
the efficacy of these technologies has been measured by means of chemical quanti-
fication of the elimination of specific toxicants. Nonetheless, the products resulting 
from a decontamination treatment may also be toxic.

Cyanide and phenol are highly toxic substances found in some industrial efflu-
ents that must be eliminated before their discharge into the environment. The ana-
lytical results of the chemical monitoring of a process of advanced oxidation for 
cyanide elimination reported by Marugán et al. (2012) showed that the possibility of 
direct application of P. setiferum bioassay makes it a more suitable option for the 
evaluation of processes for the treatment of highly contaminated water than cur-
rently used V. fischeri kits. Spore microbioassay was useful in the follow-up of 
photoxidation processes of cyanide and phenol, also reflecting the formation of 
intermediate degradation by-products even more toxic than the parent compound. 
Ferns include a series of widespread riverbank species which adds ecological rele-
vance to the bioassay results, especially regarding the impact of discharges into 
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surface waters. Both for cyanide and phenol, significant differences can be observed 
in the performance of each toxicological test. Whereas P. setiferum bioassay allows 
the direct follow-up of the process without dilution, V. fischeri bioassays require an 
important and very precise range of dilution of the water samples to achieve the 
sensitivity of the response to the treatment. The toxicity bioassay using fern spores 
has been shown to be really useful for the direct evaluation of decontamination 
processes such as advanced oxidation processes, in which the analysis of individual 
chemical species would fail in assessing the environmental risk of the effluent.

Photo-Fenton treatment is a promising advanced oxidation process (AOP) 
approach for the degradation of drug residues which is based on the generation of 
hydroxyl radicals that act as powerful oxidizing agents with a high reactivity and 
low selectivity to dissolved organic compounds. Fern spores were employed for the 
evaluation of acute and chronic toxicity based on mitochondrial activity, DNA and 
chlorophyll quantifications of natural river waters and photo-Fenton-treated sam-
ples. Photo-Fenton treatment provided a high degree of total organic carbon miner-
alization with up to 70% reduction for river water samples containing at least 56 
pharmaceuticals of various chemical groups, such as anti-inflammatory, antibacte-
rial and cardiovascular drugs. The elimination of most of the studied pharmaceutical 
compounds was confirmed yielding a significant decrease in toxicity, even though 
some residual toxicity remained after treatment. This fact, revealed by the spore 
bioassay, seemed to be related to the presence of toxicants in the water matrix, prob-
ably of inorganic nature, rather than the toxic effect of the studied pharmaceutical 
compounds, since they were effectively removed (Rodríguez-Gil et  al. 2010). 
Similar results were obtained for drugs of abuse from six different chemical classes 
and their metabolites in natural fluvial waters. Photo-Fenton technology was able to 
significantly reduce the concentration of the drugs of abuse in several tested condi-
tions for the adjustment of hydrogen peroxide and catalyst loadings during the pro-
cess. However, toxicological analyses measured as inhibition of fern spore 
mitochondrial activity showed only a complete elimination of acute and chronic 
toxicity when a higher solid catalyst loading was used (0.6 g L−1). A lower catalyst 
loading of 0.2 g L−1 was not enough for toxicity elimination. These results evidence 
the need for combining toxicological tests and chemical analyses in order to estab-
lish the effectiveness of the water treatment technologies (Catalá et al. 2015).

23.6.3  Environmental Monitoring of Land Use 
and Ecotoxicology

According to currently applied monitoring programmes, water quality and ecosys-
tem health are to be studied by traditional water chemistry analysis and/or standard 
ecological assessments. Traditional chemistry gives no information on the ecologi-
cal effects of the pollutants, and complete ecological assessments provide a precise 
diagnosis but are not suitable for routine monitoring due to the need of highly quali-
fied human resources, time consumption and low predictive capabilities (the 

23 Recent Advances in the Use of Mitochondrial Activity of Fern Spores…



492

ecological damage may be irreversible by the time it is detected). With these limita-
tions in mind, the development of effective environmental monitoring methodolo-
gies faces the challenge of incorporating new techniques able to merge 
cost- effectiveness, reliability, prognostic power and ecological relevance. A series 
of reliable and cost- effective microbioassay-based techniques for routine water 
quality monitoring including P. setiferum spore bioassay were developed and tested 
on a newly developed irrigation area in western Spain (Rodriguez-Gil et al. 2013). 
Mitochondrial activity, chlorophyll autofluorescence and total amount of DNA were 
evaluated in P. setiferum spores and gametophytes as markers of effects on plant 
development in response to fluvial and irrigation channel waters. Lipid peroxidation 
was assessed as a measure for acute animal toxicity in zebrafish embryos (Danio 
rerio). Pollution by pesticides (atrazine, diuron, molinate and oxadiazon) and phar-
maceuticals (caffeine, cotinine, ivermectine, nicotine and paraxanthine) was 
detected in water courses receiving irrigation drainage. Results from these bioas-
says were compared to a screening-level risk characterization based on pesticide 
concentrations in water samples from the study area. Preliminary risk assessment 
described potential moderate or high risk in the lower waters of both studied rivers. 
The battery of bioassays was able to detect toxicity in the waters of one of the rivers 
as well as toxic effects on the waters from the irrigation channel. The authors con-
clude that such methods could both cut costs and improve the prognostic capability 
of current monitoring programmes.

The mitochondrial activity assay has been recently used to test the water condi-
tion of a river in a cloud forest in the intertropical area of the state of Veracruz, 
México (Rodríguez-Romero et al., under revision). For this study the aim was to 
evaluate the response of mitochondrial activity in spores of the autochthonous fern 
Cyathea costaricensis exposed to water samples of the Bobos River (Veracruz, 
Mexico) as a bioassessment tool concurrently with land use and physicochemical 
evaluation of water samples along the river. Bobos River is located in the Nautla 
basin, northeastern Veracruz. The upper Bobos River and its tributary, Jalacingo 
River, are surrounded by a cloud forest, where C. costaricensis is present; this por-
tion of the river runs through a protected natural area (Filobobos River and adjacent 
areas), and the soil type of the basin is dominated by humic material. The land use 
in the basin shows remarkable differences: in the upper portion (study sites PI and 
HU), the basin displayed predominantly natural vegetation, while those sites located 
in the middle portion (MA, FI, JL and EN) are dominated by agriculture (banana, 
citrus and sugar cane). Finally, study sites at the lower portion (PA, RG and PL) 
showed a combination of three land uses, some patches of natural vegetation, agri-
culture and urban areas (Fig. 23.4).

The study involved three monitoring periods including the dry and cold season, 
February, and the rainy and warm season, June and September 2014. In each study 
site, the Water Quality Index (WQI) was assessed. Additionally, bioassays were car-
ried on with spores of C. costaricensis that were exposed to various water samples 
from the Bobos River to assess mitochondrial activity and were compared to a posi-
tive control. A principal component analysis (PCA) was performed to correlate 
land-use attributes with environmental variables and mitochondrial activity. Three 
river sections were identified (Fig. 23.5):
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 1. The upper portion, characterized by the dominance of native vegetation (cloud 
forest), the highest scores of WQI and the lowest mitochondrial activity (63.87–
77.47%), related to high hardness. The geological nature of this portion of the 
river is dominated by rock masses of limestone from the Early Cretaceous. These 
limestones are exposed in the riverbed of the upper portion, which is free from 
sediment due to the high slope of the river; the water of this portion of the river 
was rich in CaCO3.

 2. Study sites located at the middle portion (FI, JL and TM) were characterized by 
the highest levels of orthophosphate, nitrite, chloride and faecal coliforms. These 
sites are closely related to agricultural land use and showed the highest rates of 
mitochondrial activity in C. costaricensis spores.

 3. Finally, study sites located at the lower portion of the river basin (PA, RG and 
PL) showed the highest water temperature, conductivity, ammonia, colour, total 
suspended solids, phosphorus and total nitrogen, as well as the highest concen-
tration of total coliforms, associated with urban areas and, consequently, with 
lower WQI in the three periods of study. The results regarding mitochondrial 
activity suggest that there are stressors that inhibit the biological response in the 
water samples assessed from the upper portion of the river (PI, HU, TZ and MA); 
results oppose to those of WQI scores which in turns are in concordance with the 
presence of natural vegetation. In this section of the river, large CaCO3–rich 
limestone deposits have been detected in the geological basement; during the 
three study seasons, CaCO3 levels ranged from 62.33 to 85.49 mg L−1, which 
correspond to moderately hard water (USGS 2016).

The dysfunction of the mitochondrial activity by the effect of calcium in excess 
has been described by Brooks et al. (2004), who report that excess calcium in intra- 
and intercellular space triggers a pathological stimulus in mitochondria that blocks 
the electron transport mechanism in the first complex of the inner membrane. 

Fig. 23.4 Study area in Bobos River, main land use in the basin and soil types
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Blocking electron transport leads to the production of ROS and the inhibition of 
ATP production, leading to cell death. When the electron transport chain is inhib-
ited, the reduction reaction of the tetrazolium salt to form formazan is interrupted, 
and this is detected by the technique. This offers the possibility of having a test 
method capable of detecting changes in the physicochemical composition related to 
the geological nature of the basin (limestone rich in CaCO3), as well as to changes 
related to the incorporation of nutrients or contaminants derived from the activities 
carried out in the basin.

Mitochondrial activity also showed seasonal variations; it showed a peak in 
September (98.32% ± 9.01), likely resulting from nutrient enrichment in the rainy 
season, and was lowest in February (74.54%  ±  1.60) (p  <  0.05). Mitochondrial 
activity was found to be a good benchmark for the assessment of water quality, 
reflecting the effects of the physicochemical characteristics of the river and the 
effect of land use. The mitochondrial activity showed changes along the river and 
between seasons, associated with environmental characteristics (land use and the 
geological nature of the basin, as well as with those related to human impacts).

23.7  Conclusion

Our bioassay presents several practical advantages: easy collection and manipula-
tion of test organism, low cost, only basic lab equipment needed, relatively short 
execution time and easiness of adaptation to high-throughput technologies (i.e. 

Fig. 23.5 Biplot of the principal component analysis between study sites and the physicochemical 
environmental variables, land use and mitochondrial activity: (a) study sites, (b) vectors of the 
physicochemical environmental variables
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automated analyser, microplate reader, etc.). Despite the simplicity of the method, 
when we compare the fern spore bioassay based on mitochondrial activity with 
other bioassays, we find further advantages:

 1. Biological relevance: ferns are higher plants. The conclusions obtained are 
highly relevant for eukaryotic organisms, especially other higher plants such as 
crops or wild plants. Comparable bioassays based on prokaryote organisms (e.g. 
Vibrio fischeri) render results that are not easily extrapolated to eukaryotic 
organisms.

 2. Ecological relevance: we can use spores of ferns belonging to different habitats 
including temperate riparian and tropical ecosystem engineer species.

 3. Versatility. With the same organism and methodology, different types of bioas-
says are possible: acute toxicity (24–72 h) or chronic toxicity (weeks). This is 
also so regarding the nature of the sample to be tested: aqueous, soil or gas 
samples. Incubation of gametophytes can be performed in liquid samples: envi-
ronmental waters, soil or gas leachates. Although still not explored, spores could 
also be sown on solid substrates such as soils or directly exposed to gaseous 
samples.

 4. Fern spores can be easily transported, and some species preserved at 5 °C for 
months or even years and do not need continuous growth or feeding such as other 
organisms.

 5. Very low volume of test sample needed. If the samples can be analysed in a 
microplate reader, less than 1 mL of test sample is needed, and automation of the 
procedure requires only punctual adjustments.

 6. The fern spore bioassay allows the screening of a high number of samples at a 
minimum cost. Plant material and chemical substances are inexpensive, the latter 
not being especially toxic; therefore not extraordinary health security measures 
need to be adopted. The laboratory equipment needed is usually found in regular 
laboratories.

 7. Spores and gametophytes of some species tolerate wide ranges of pH. This char-
acteristic minimizes the problems related with sample pH or acidification during 
bioassay realization. In the case of D. guanchica, we have shown that mitochon-
drial activity is not altered in a pH range of 5–10 (Catala et al. 2009). At the same 
time spores may be very sensitive to water hardness as has been shown for C. 
costaricensis.

Finally, this model sums up the advantages of methods based on single cells with 
those of pluricellular organisms. In a short time, spores give rise to gametophytes 
that may be used as a pluricellular plant model with no further modifications of the 
method. These features make this method suitable for commercialization in the 
shape of a kit.

The method developed for the measurement of mitochondrial activity in fern 
spores allows obtaining results of cell viability, development and physiological state 
in short periods of time. Then, besides its use in bioassays, it can be applied to 
multiple fields: (a) conservation programmes, as an alternative to germination 
assays; (b) research in plant physiology and biochemistry, i.e. for the investigation 
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of oxidative pathways; (c) as a tool in the study of biotic and abiotic stress; and (d) 
as a tool in the study of genetic and genomic factors affecting spore germination and 
gametophyte development.
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Chapter 24
Update on the Assessment of Chronic 
Phytotoxicity Using Fern Spore Biomarkers

Helena García-Cortés, Myriam Catalá, and José Luis Rodríguez-Gil

24.1  Introduction

For many years, acute lethality tests have been the dominant method for both single 
compound and whole effluent toxicity studies due to their simplicity and economic 
and temporal efficiencies. The United States Environmental Protection Agency 
(USEPA) defines chronic toxicity as “the ability of a substance or mixture of sub-
stances to cause harmful effects over an extended period, usually upon repeated or 
continuous exposure sometimes lasting for the entire life of the exposed organism” 
(USEPA 1997). By looking at such a definition, most of us can agree that regardless 
of a few punctual events, organisms in nature are mainly subjected to chronic expo-
sures. With acute exposure being a rare event, and lethality a most certainly 
unwanted outcome, it soon became obvious to toxicologists that new, relevant, 
chronic toxicity tests needed to be developed. By evaluating more subtle endpoints 
like growth or reproduction, and lengthening in the tests, more accurate, direct and 
relevant estimates of the toxicity of the studied chemical or sample could be 
obtained. The most conservative tests of this kind, and those that offer a better con-
fidence on the obtained data, are full life-cycle tests. However, these are long and 
costly and have been limited to animal toxicology testing of compounds with a 
direct human health association such as drugs. More recently, subchronic studies 
evaluating early life stages (ELS tests) of the organisms have been implemented to 
provide comparable results to full life-cycle test for a fraction of the time and cost 
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(Landis et  al. 1993). This is, however, not such a novel approach in the field of 
 phytotoxicity. Ever since the beginning of the development of the pesticide industry, 
early life stages of both crops and weeds have been tested as relatively long-lasting 
germination and seedling growth tests to evaluate the success of the new plant pro-
tection products.

24.2  Current State of Phytotoxicity Testing

Currently several standard guidelines are available for the evaluation of subchronic 
terrestrial plant toxicity. Of special relevance are those developed by the United 
States Environmental Protection Agency’s Office of Chemical Safety and Pollution 
Prevention (USEPA, OCSPP) and the Organisation for Economic Co-operation and 
Development (OECD). A summary of the main guidelines produced by these two 
entities for the assessment of ecological effects on terrestrial plants is listed in 
Table 24.1.

Due to their primarily agronomic origin (i.e. assessment and registration of plant 
protection products), the list of species suggested in these protocols has tradition-
ally been limited to a number of common crops. However, over the last few years 
(with great improvements since the first edition of this book was published), both 
organizations have increased the number of nontarget terrestrial plant (NTTPs) spe-
cies suggested as possible test species. Currently the list of species suggested by the 
OECD consists of 32 crop species (25 dicots and 9 monocots) and 52 non-crop spe-
cies. The USEPA list is somewhat shorter with only 19 crop species (15 dicots and 
4 monocots); however they share the same list of non-crop species suggested by the 
OECD. The full list of species suggested by the two organizations is presented on 
Table  24.2. In addition to species-specific laboratory/greenhouse studies, the 
USEPA provides a guideline (OCSPP 850.4300 – Terrestrial Plants Field Study) 

Table 24.1 Examples of the most commonly applied standard test for terrestrial plant toxicity 
testing (OECD 2006; USEPA 2012)

Issuer Guideline num. Guideline
Latest 
version

OECD OECD 208 Terrestrial Plant Test, (seedling emergence 
and growth)

2006

OECD OECD 227 Terrestrial Plant Test, (vegetative vigour) 2006
USEPA OCSPP 

850.4100
Seedling Emergence and Seedling Growth 2012

USEPA OCSPP 
850.4150

Vegetative Vigour 2012

USEPA OCSPP 
850.4230

Early Seedling Growth Toxicity Test 2012

USEPA OCSPP 
850.4300

Terrestrial Plants Field Study 2012
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Table 24.2 Summary of the most common species used for terrestrial plant toxicity testing 
(OECD 2006; USEPA 2012)

Use Group Family Species
Common 
name OECD USEPA

Crop Dicot Apiaceae Daucus carota Carrot Yes Yes
Crop Dicot Asteraceae Helianthus 

annuus
Sunflower Yes Yes

Crop Dicot Asteraceae Lactuca sativa Lettuce Yes Yes
Crop Dicot Brassicaceae Brassica 

campestris var. 
chinensis

Chinese 
Cabbage

Yes No

Crop Dicot Brassicaceae Brassica napus Turnip, Rape Yes Yes
Crop Dicot Brassicaceae Brassica 

oleracea var. 
capitata

Cabbage Yes Yes

Crop Dicot Brassicaceae Brassica rapa Field 
Mustard, 
Canola

Yes Yes

Crop Dicot Brassicaceae Lepidium 
sativum

Garden 
Cress

Yes No

Crop Dicot Brassicaceae Raphanus 
sativum

Radish Yes No

Crop Dicot Brassicaceae Sinapis alba White 
Mustard

Yes No

Crop Dicot Chenopodiaceae Beta vulgaris Sugar Beet 
or Table 
Beet

Yes Yes

Crop Dicot Cucurbitaceae Cucumis sativus Cucumber Yes Yes
Crop Dicot Fabaceae Glycine max Soybean Yes Yes
Crop Dicot Fabaceae Lotus 

corniculatus
Birdsfoot 
Trefoil

Yes No

Crop Dicot Fabaceae Phaseolus 
aureus

Mung Bean Yes No

Crop Dicot Fabaceae Phaseolus 
vulgaris

Garden Bean Yes Yes

Crop Dicot Fabaceae Pisum sativum Pea Yes Yes
Crop Dicot Fabaceae Trifolium 

pratense
Red Clover Yes No

Crop Dicot Fabaceae Trigonella 
foenum-graecum

Fenugreek Yes No

Crop Dicot Fabaceae Vicia sativa Vetch Yes No
Crop Dicot Linaceae Linum 

usitatissimum
Flax Yes No

Crop Dicot Malvaceae Gossypium spp. Cotton No Yes
Crop Dicot Polygonaceae Fagopyrum 

esculentum
Buckwheat Yes Yes

Crop Dicot Solanaceae Lycopersicon 
esculentum

Tomato No Yes

(continued)
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Table 24.2 (continued)

Use Group Family Species
Common 
name OECD USEPA

Crop Dicot Solanaceae Solanum 
lycopersicon

Tomato Yes Yes

Crop Monocot Liliaceae Allium cepa Onion Yes Yes
Crop Monocot Poaceae Avena sativa Oat Yes Yes
Crop Monocot Poaceae Hordeum 

vulgare
Barley Yes No

Crop Monocot Poaceae Lolium perenne Perennial 
ryegrass

Yes Yes

Crop Monocot Poaceae Oryza sativa Rice Yes No
Crop Monocot Poaceae Secale cereale Ryes Yes No
Crop Monocot Poaceae Sorghum bicolor Grain 

sorghum
Yes No

Crop Monocot Poaceae Triticum 
aestivum

Wheat Yes No

Crop Monocot Poaceae Zea mays Corn Yes Yes
Non- crop Dicot Apiaceae Torilis japonica Japanese 

Hedge-
parsley

Yes Yes

Non- crop Dicot Asteraceae Bellis perennis English 
Daisy

Yes Yes

Non- crop Dicot Asteraceae Centaurea 
cyanus

Cornflower Yes Yes

Non- crop Dicot Asteraceae Centaurea nigra Black 
Knapweed

Yes Yes

Non- crop Dicot Asteraceae Inula helenium Elecampane Yes Yes
Non- crop Dicot Asteraceae Leontodon 

hispidus
Big Hawkbit Yes Yes

Non- crop Dicot Asteraceae Rudbeckia hirta Black-eyed 
Susan

Yes Yes

Non- crop Dicot Asteraceae Solidago 
canadensis

Canada 
Goldenrod

Yes Yes

Non- crop Dicot Asteraceae Xanthium 
pensylvanicum

Common 
Cocklebur

Yes Yes

Non- crop Dicot Asteraceae Xanthium 
spinosum

Spiny 
Cocklebur

Yes Yes

Non- crop Dicot Asteraceae Xanthium 
strumarium

Italian 
Cocklebur

Yes Yes

Non- crop Dicot Brasicaceae Cardamine 
pratensis

Cuckoo 
Flower

Yes Yes

Non- crop Dicot Caryophyllaceae Lychnis 
flos-cuculi

Ragged 
Robin

Yes Yes

Non- crop Dicot Chenopodiaceae Chenopodium 
album

Lamb’s 
Quarters

Yes Yes

Non- crop Dicot Clusiaceae Hypericum 
perforatum

Common St. 
John’s Wort

Yes Yes

(continued)
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Table 24.2 (continued)

Use Group Family Species
Common 
name OECD USEPA

Non- crop Dicot Convolvulaceae Ipomoea 
hederacea

Purple 
Morning 
Glory

Yes Yes

Non- crop Dicot Fabaceae Lotus 
corniculatus

Bird’s-foot 
Trefoil

Yes Yes

Non- crop Dicot Fabaceae Senna 
obtusifolia

Cassia, 
Sicklepod

Yes Yes

Non- crop Dicot Fabaceae Sesbania 
exaltata

Hemp Yes Yes

Non- crop Dicot Fabaceae Trifolium 
pratense

Red Clover Yes Yes

Non- crop Dicot Lamiaceae Leonurus 
cardiaca

Motherwort Yes Yes

Non- crop Dicot Lamiaceae Mentha spicata Spearmint Yes Yes
Non- crop Dicot Lamiaceae Nepeta cataria Catnip Yes Yes
Non- crop Dicot Lamiaceae Prunella 

vulgaris
Self-heal Yes Yes

Non- crop Dicot Lamiaceae Stachys 
officinalis

Hedge-nettle Yes Yes

Non- crop Dicot Malvaceae Abutilon 
theophrasti

Velvetleaf Yes Yes

Non- crop Dicot Malvaceae Sida spinosa Prickly Sida Yes Yes
Non- crop Dicot Papaveraceae Papaver rhoeas Poppy Yes Yes
Non- crop Dicot Polygonaceae Polygonum 

convolvulus
Black 
Bindweed

Yes Yes

Non- crop Dicot Polygonaceae Polygonum 
lapathifolium

Pale 
Persicaria

Yes Yes

Non- crop Dicot Polygonaceae Polygonum 
pennsylvanicum

Pennsylvania 
Smartweed

Yes Yes

Non- crop Dicot Polygonaceae Polygonum 
persicaria

Smartweed Yes Yes

Non- crop Dicot Polygonaceae Rumex crispus Curly Dock Yes Yes
Non- crop Dicot Primulaceae Anagallis 

arvensis
Scarlett 
Pimpernel

Yes Yes

Non- crop Dicot Ranunculaceae Ranunculus 
acris

Common 
Buttercup

Yes Yes

Non- crop Dicot Rosaceae Geum urbanum Yellow 
Avens

Yes Yes

Non- crop Dicot Rubiaceae Galium aparine Cleavers Yes Yes
Non- crop Dicot Rubiaceae Galium mollugo Hedge 

Bedstraw
Yes Yes

Non- crop Dicot Scrophulariaceae Digitalis 
purpurea

Foxglove Yes Yes

Non- crop Dicot Scrophulariaceae Veronica persica Speedwell Yes Yes

(continued)
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aimed at the assessment of the effects of chemicals in whole plant populations and 
communities. Given the site- and objective-specific nature of these tests, no detail is 
provided on the specific components of these plant assemblages, but importance is 
given to the maintenance of ecosystem services.

Some of these changes (especially those that occurred since the first edition of 
this book) have come to address a growing interest on the potential effects of agro-
chemicals in NTTPs, a field of research (together with the study of their potential 
effects on species at risk) that has grown tremendously over the last decade (EFSA 
Journal 2014; 12(7): 3800). At the same time, other changes come from the expan-
sion of the applicability of terrestrial plant toxicity tests outside of their traditional 
agronomical niche. This was, in fact, the motivation for some of the main changes 
and harmonization of the USEPA guidelines, which was carried out in order to 
unify, and harmonize, different guidelines used under different regulations includ-
ing those involved in the registration of plant protection products, as well as more 
general ones such as the Toxic Substances Control Act (TSCA) (15 U.S.C. 2601 
et seq.) which recently went through a large reform and update process.

The situation of phytotoxicity testing in riverine and aquatic ecosystems is not 
better, in terms of diversity of covered organisms, than that of their terrestrial coun-
terparts. The presence of phytotoxicity tests in aquatic toxicity guidelines is limited 
to a number of selected green algae species, such as Raphidocelis subcapitata 

Table 24.2 (continued)

Use Group Family Species
Common 
name OECD USEPA

Non- crop Monocot Cyperaceae Cyperus 
rotundus

Purple 
Nutsedge

Yes Yes

Non- crop Monocot Poaceae Agrostis tenuis Common 
Bentgrass

Yes Yes

Non- crop Monocot Poaceae Alopecurus 
myosuroides

Foxtail Yes Yes

Non- crop Monocot Poaceae Avena fatua Wild Oats Yes Yes
Non- crop Monocot Poaceae Bromus 

tectorum
Downy 
Brome

Yes Yes

Non- crop Monocot Poaceae Cynosurus 
cristatus

Dog’s-tail 
Grass

Yes Yes

Non- crop Monocot Poaceae Digitaria 
sanguinalis

Crabgrass Yes Yes

Non- crop Monocot Poaceae Echinochloa 
crusgalli

Barnyard 
Grass

Yes Yes

Non- crop Monocot Poaceae Elymus 
canadensis

Canada Wild 
Rye

Yes Yes

Non- crop Monocot Poaceae Festuca 
pratensis

Fescue Yes Yes

Non- crop Monocot Poaceae Hordeum 
pusillum

Little Barley Yes Yes

Non- crop Monocot Poaceae Phleum pratense Timothy Yes Yes
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( formerly classified as Pseudokirchneriella subcapitata and Selenastrum capricor-
niatum), Chlorella vulgaris or Desmodesmus subspicatus (formerly known as 
Scenedesmus subspicatus), the diatom Navicula Pelliculosa or the marine diatom 
Skeletonema costatum (Guidelines OCSPP 850.4500 and OECD 201). 
Cyanobacteria, such as Anabaena flos-aquae or Synechococcus leopoliensis, are 
often considered separately (Guidelines OCSPP 850.4550 and OECD 201). 
Additionally, a small number of aquatic macrophytes, namely, duckweed (Lemna 
spp.) (Guidelines OCSPP 850.4400 and OECD 221) and Myriophyllum spicatum 
(OECD 238 and OECD 239), are also considered. Wang (1991) pointed out that the 
archaic view of algae and plants being members of the same kingdom should not 
lead us to the error of accepting algae toxicity data as a surrogate of the potential 
effects on plants; however and as an example, only a growth inhibition test in R. 
subcapitata is required under the USEPA Whole Effluent Toxicity (WET) test 
guidelines (USEPA 2002). Particular attempts to apply aquatic macrophytes and 
aquatic environment-related species can be found in the literature (Doust et  al. 
1994; Ferrat et al. 2003; Lewis 1995; Mohan and Hosetti 1999), but their inclusion 
in regulatory documentation is far from ideal.

In both cases (terrestrial and water-related ecosystems), and even with the great 
expansion in the number of species considered that occurred over the last few years, 
ferns are still consistently ignored. This is even when ferns are the second largest 
group of vascular plants with more than 10,000 living species and are, in many 
cases, key components of numerous plant communities like tree fern tropical for-
ests. Boutin et al. (2012) reviewed the methods employed to perform phytotoxicity 
tests and risk assessments and found that there are limitations related to biodiversity 
and the number of tested species, because most of the tests are focused on assessing 
the toxicity of herbicides to a narrow range of species (usually crops). They propose 
a different approach based on biological traits instead of on the plant phylogeny 
which, to date, has not been implemented. Recently, the European Food Safety 
Authority (EFSA), who is in charge of the registration and re-registration of plant 
protection products in Europe, published a scientific opinion (EFSA 2014) address-
ing the state of the science on risk assessment of plant protection products for non-
target terrestrial plants. In this piece, they point to incomplete species representation 
in currently available guidelines as one of the main issues concerning the appropri-
ate evaluation of the risk posed by plant protection products to nontarget terrestrial 
plants. They specifically name cryptogams (together with mosses, liverworts, horn-
worts, horsetails and woody species) as one of the groups where data is most dra-
matically lacking, and where research should focus on the coming years.

According to EFSA (2014), fern species and other cryptogams are not used in 
phytotoxicity testing for regulatory purposes, although many species comprise main 
components of some of the moist and shaded habitats adjacent to crop fields in 
North America and Europe. In addition, some studies pointed out that ferns are quite 
sensitive to herbicides. As an example, Boutin et al. (2012) assessed the sensitivity 
from the two fern species, Onoclea sensibilis and Dennstaedtia punctilobula, to two 
herbicides and demonstrated a high sensitivity to metsulfuron methyl and to a lesser 
extent to glyphosate of both species when tested at the early sporophyte stage, 

24 Update on the Assessment of Chronic Phytotoxicity Using Fern Spore Biomarkers



506

 causing a biomass reduction in both species. Newmaster and Bell (2002) carried out 
a study under field conditions, showing that two herbicides commonly used in for-
estry for conifer release, had a significant initial effect on the richness, abundance 
and diversity of pteridophytes, bryophytes and lichens. Rowntree and Sheffield 
(2005) investigated effects of the herbicide asulam on eight fern species tested at the 
mature sporophyte stage, assessing damage over two seasons, occurring the 
 maximum damage one year after treatment with slight signs of recovery only 
observed by the second season. Four of the studied species were affected by the high 
and medium doses, and three of them were more sensitive than the flowering spe-
cies Rumex acetosa. It is important to highlight that the fern species tested were 
exposed after their maturation, so they were probably not at their most sensitive 
growth stage.

24.3  Limitations of Traditional Acute Toxicity Tests

Acute toxicity refers to the effects of a single exposure to a toxicant or mixture of 
toxicants over a short period of time, and it is commonly presented as the lethal 
concentration 50 or LC50, which represents the dose (or concentration) of a sub-
stance that is lethal to 50% of the tested organisms. They have been the predominant 
toxicity tests for many years due to their multiple advantages such as lower costs, 
shorter test times and easy quantification of the endpoints (usually mortality) in 
comparison with the commonly available chronic tests. However, they present 
numerous disadvantages as well. As mentioned in the introduction, most of the 
potentially toxic compounds that could end up in natural ecosystems will do so 
under chronic exposures. This is especially relevant in the case of plants whose lack 
of motility prevents them from reducing exposure by avoidance as animals would 
do. Other than in singular dramatic events, pollution usually occurs in non-lethal 
concentrations. Sublethal effects such as reproduction inhibition or slow growth/
development are to be the most affected in this kind of scenarios, and yet acute 
LC50’s are, in many cases, still the standard measurement in toxicology.

The lack of data about long-term effects, plant recovery or on effects on repro-
ductive stages (Boutin et al. 2012) shows the need for chronic or subchronic bioas-
says that can provide relevant information, especially when the tested organisms are 
in a critical stage of its development.

24.4  Limitations of Traditional Terrestrial Plant Toxicity 
Tests

One of the main limitations of current environmental toxicology is the low number 
of taxa used for standard bioassays. Currently, the most commonly applied standard 
tests for terrestrial plant toxicity are based on crop species, and this hinders the 
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extrapolation of the effects to wild species diversity, ecosystem services and func-
tions (Boutin et al. 2012). Although some non-crop species are considered, ferns are 
not included in any list (Tables 24.1 and 24.2), despite their relevance within vascu-
lar plants.

The popularity of acute toxicity testing was not induced by the ignorance of its 
associated problems; however, chronic toxicity was a logistically difficult alterna-
tive to apply. Traditional subchronic phytotoxicity evaluations are based on seed 
germination or root elongation tests (Benenati 1990) and, as presented in the stan-
dard test guidelines, are to be performed in pots filled with soil to which the tested 
compound is applied (unless testing the effects of direct plant spray) (OECD 2006; 
USEPA 2012). These traditional tests are not only long but also require specialized 
facilities able to host large numbers of pots in specific environmental conditions and 
where the handling and disposal of large volumes of treated soil should be possible. 
Together with this, the large amounts of soil to be treated increase the need for large 
volumes of the compound or environmental sample to be tested, as well as the 
amount of contaminated waste to be dealt with. These characteristics not only 
increase the test cost dramatically but can, in many cases, make the test unfeasible. 
Methodologies to reduce sample volume and space requirements have been 
attempted, from the traditional germination tests in petri dishes to more elaborated 
phytotoxicity kits (Czerniawska-Kusza et al. 2006). However, all of them are still 
based on seed germination, and thus, space and sample volume reductions are lim-
ited by seedling size and water requirements of the tested plant. Also, the relation-
ship between the sensitivity of the species tested in vitro with the responses of plants 
in the field is quite difficult to assess. The application of such an approach to non-
target wild species is, therefore, complex and will involve basic plant research with 
the participation of experts in botany and plant ecology together with the environ-
mental toxicologists.

24.5  Usefulness of Ferns in Phytotoxicity Testing

A series of criteria are provided for the selection of nontarget species to be tested 
under the OECD guidelines, in their test number 208 (Terrestrial Plants [seedling 
emergence and growth]) (OECD 2007). Among these:

• The species selected should be reasonably broad, e.g. considering their taxo-
nomic diversity in the plant kingdom, their distribution, abundance, species- 
specific life-cycle characteristics and region of natural occurrence.

• The species have uniform seeds that are readily available from reliable standard 
seed source(s) and that produce consistent, reliable and even germination, as 
well as uniform seedling growth.

• They have been used to some extent in previous toxicity tests, and their use in, 
for example, herbicide bioassays, heavy metal screening, salinity or mineral 
stress tests or allelopathy studies indicates sensitivity to a wide variety of 
stressors.
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• Plant is amenable to testing in the laboratory and can give reliable and reproduc-
ible results within and across testing facilities.

• The sensitivity of the species tested should be consistent with the responses of 
plants found in the environment exposed to the substance.

As mentioned earlier, ferns, with more than 9000 living species, are the second 
largest group of vascular plants and are main components of numerous plant com-
munities. Therefore, the inclusion of this group in standard ecotoxicological tests is 
an important goal regarding ecological relevance. The application of model species 
representative of the ecosystem studied would considerably help interpret and 
extrapolate laboratory results (Chung et al. 2007). Fern spores are produced in large 
quantities from species, in many cases, such as Polystichum setiferum, Osmunda 
regalis or many Dryopteris, commonly found in plant nurseries around the world. 
Produced spores are uniform, with very low abortive particles which present even 
germination, above 90% in many cases (Quintanilla and Escudero 2006). Fern 
spores, and spore-developed gametophytes, have long been recognized as useful 
models for plant research in important areas, namely, plant development, sex deter-
mination, gamete production and fertilization, response to environmental factors 
and evolution of plant complex traits (Banks 1999), in part for the convenience of 
their small size and ease to use in aqueous suspension, which substantially simpli-
fies laboratory procedures and decrease standard tests costs maintaining the biologi-
cal relevance of whole plant testing (Catalá et al. 2009, see Chap. 23). It is important 
to note that due to the riparian character of some of the families/species of ferns, 
they can be chronically exposed to micropollutants from both terrestrial and water 
sources and could help evaluate water quality, elucidate the potential toxicity of 
priority and emerging pollutants and assess potential ecological risks.

Our team has been working on the application of a miniaturized bioassay based 
on the use of biomarkers of Polystichum setiferum fern spores that provides the use 
of an organism with ecological relevance, in an early phase of life cycle and the 
capacity to assess the impact on natural riparian ecosystem (Catalá et al. 2009). This 
microbioassay has been successful in the determination of the phytotoxicity and 
ecotoxicological risks of micropollutants such as the pharmaceutical products 
diclofenac and venlafaxine (Feito et al. 2012, 2013), the endocrine disruptor nonyl-
phenol (Esteban et  al. 2016), the cocaine metabolite benzoylecgonine (Garcia- 
Cambero et al. 2015), as well as mixtures, showing increased sensitivity compared 
to validated bioassays (algae growth inhibition and daphnia mobility inhibition) 
(Esteban et al. 2013). The “biomarker approach” of this bioassay, by assessing sen-
sitive endpoints of phytotoxicity, helps elucidate the underlying biological mecha-
nisms at cellular, biochemical or physiological levels, as well as infer possible 
effects in higher levels of complexity such as communities or ecosystems. It has 
also been helpful in evaluating the effectiveness of water treatment technologies 
based on advanced oxidation processes (photo-Fenton) for the elimination of micro-
pollutants such as pharmaceuticals (Rodríguez-Gil et al. 2010) or drugs of abuse 
and their metabolites (Catalá et al. 2015). The bioassay has also constituted a useful 
tool for environmental monitoring of pharmaceutically active compounds of 
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 irrigated areas in Mediterranean regions, enabling a preliminary risk assessment 
based on the detected toxicity, decreasing costs and improving the prognostic capa-
bility of current monitoring programmes (Rodríguez-Gil et al. 2013).

24.6  DNA as a Measurement of Cellular Proliferation

The amount of DNA is a biomarker of lethality or cell proliferation during develop-
ment, and it can be easily quantified by using fluorescent labelling, inserting a spe-
cific fluorophore into the DNA. Fluorescence intensity is directly proportional to 
fluorophore levels and DNA quantity.

The spore germination and development, as for any other pluricellular organism, 
is characterized by a rapid succession of cell cycles where embryonic cells duplicate 
their genetic material and divide giving birth to two daughter cells. Microscopic 
assessment is laborious and presents technical difficulties in the initial phases due to 
coloured cell walls. In every cell division, DNA content augments twofold; conse-
quently, gametophyte DNA quantification can clearly indicate the stage of plant 
development of a certain sample of spores.

Fluorescence is the result of a process that occurs in certain molecules (gener-
ally polyaromatic hydrocarbons or heterocycles) called fluorophores. A fluores-
cent probe is a fluorophore designed to respond to a specific stimulus or to localize 
within a specific region of a biological specimen. The fact that a single fluoro-
phore can generate many thousands of detectable photons is fundamental to the 
high sensitivity of fluorescence detection techniques. Fluorescence intensity is 
quantitatively dependent on the same parameters as absorbance—defined by the 
Beer-Lambert law as the product of the molar extinction coefficient, optical path 
length and solute concentration—as well as on the fluorescence quantum yield of 
the dye and the excitation source intensity and fluorescence collection efficiency 
of the instrument. The use of epifluorescent probes specific for nucleic acids is 
common on the field of cell biology and embryology as a means of an estimate of 
cell number.

Fluorometry allows specific and sensitive measurement of DNA concentration 
by use of common dyes including Hoechst dyes and PicoGreen. Unlike other 
nucleic acid stains (ethidium bromide, propidium iodide, etc.), the blue fluorescent 
Hoechst dyes are cell permeable and bind preferentially to DNA in the presence of 
RNA (Mocharla et al. 1987). Together with DAPI, Hoechst is included in the class 
of DNA minor-groove binders. The dye, weakly fluorescent itself in solution, binds 
to all nucleic acids, but AT-rich double-strand DNA (dsDNA) enhances fluores-
cence twofold greater than GC-rich strands resulting in an increase in fluorescence 
and a shift in the emission maximum from 500 to 460 nm (Daxhelet et al. 1989; 
Labarca and Paigen 1980). Recently, a similar behaviour has been fully demon-
strated for the interaction of this probe either with animal or plant DNA (Maiti 
et al. 2009).
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PicoGreen is a highly sensitive measure of double-stranded DNA (dsDNA) and 
is useful for very little volumes. The assay is optimized to minimize the  fluorescence 
contributions of RNA and single-stranded DNA (ssDNA), such that dsDNA can be 
precisely quantified in the presence of equimolar concentrations of ssDNA and 
RNA with minimal influence on the quantitative results.

24.7  Chlorophyll a Autofluorescence as Surrogate of Plant 
Physiological State

Environmental pollutants can easily interact with key plant metabolic processes, 
leading to impairment in chlorophyll a (Chl a) production or function and thus, in 
the whole photosynthetic activity and in consequence, in plant fitness. In such sce-
nario variations in Chl a content can easily serve as a simple and sensitive surrogate 
of the physiological state of the plant, in toxicity testing protocols. Precise quantifi-
cation of chlorophyll a, as applied in many algal toxicity tests, is a destructive 
method that requires the homogenization of the sample and solvent extraction of the 
pigment prior to the measurement.

Chlorophyll a is itself a fluorophore and emits red fluorescence when excited at 
certain wavelengths. Chlorophyll a autofluorescence is a biomarker of plant vitality, 
with which the physiological and functional state of development can be assessed 
by estimating the total amount of chlorophyll through fluorimetric methods. In vivo 
fluorimetric methods allow for the measurement of potential quantum efficiency of 
photosynthesis, providing detailed pictures of the photosynthetic capacity of the 
studied plant. Studies of chlorophyll a (Chl a) fluorescence modulation in vivo have 
been proposed as a useful non-invasive method to evaluate the physiological state of 
plants (Krause and Weis 1991). However, these methods are complex and, in many 
cases, not practical for a toxicity bioassay approach. It has been long demonstrated 
that the direct measurement of the red autofluorescence from plant cells can be used 
to report the total amount of the cellular chlorophyll pigment with reasonable accu-
racy (Galbraith et al. 1988), especially when applied to treatment-comparison stud-
ies, such as those typically used in toxicology. This approach allows for rapid 
determinations of total chlorophyll a by flow cytometry or fluorometry. Optimal 
fluorometric parameters for Chl a detection are λexc = 420 nm and λem = 685 nm 
(Agati 1998), but thanks to the width of excitation and emission peaks, standard 
blue and red filters (e.g. λexc = 485−8 nm and λem = 635 nm) can be used in the fluo-
rometric estimation of Chl a content in plant material with satisfactory sensibility.

The method for in vivo fluorometric quantification of Chl a presented in this 
chapter allows for a significant reduction in sampling preparation time, as spore 
dilutions can be measured directly on the growth medium or test solution. At the 
same time, the use of high-throughput techniques, such as multiwell plate fluores-
cence reading, allows for simple detection of relative variations in Chl a content 
between treatments as both, controls and samples, are measured virtually at the 
same time, and thus in the same photosynthetic conditions.
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24.8  Applications of the Bioassay of Chronic Toxicity Based 
on Fern Spores

In recent years, a reduction in the amount of “conventional” pollutants in surface 
water (nitrates, heavy metals, sulphur and nitrogen oxides, etc.) has occurred world-
wide, but we are witnessing the occurrence of the so-called “emerging” pollutants, 
which include, among others, pharmaceuticals and their metabolites (Fent et  al. 
2006). Very low concentrations of these substances have been detected in several 
countries, either in sewage treatment plants (STPs), surface waters, sea water, 
groundwater, sediments or drinking water. Some of the published studies state that 
such low concentrations of the pharmaceutical drugs found do not constitute an 
imminent risk for public health but also point to probable ecotoxicological chronic 
toxicity for aquatic organisms due to a continuous exposure to low doses (Khetan 
and Collins 2007). However, the information of the toxicity of these micropollutants 
on nontarget species at environmental concentrations is almost non-existent, in part 
due to low sensitivity of standard chronic tests.

The development of a bioassay to become a standard method requires the collec-
tion of a solid range of previous data on different classes of toxicants, for example, 
herbicide bioassays, heavy metal screening, salinity or mineral stress tests. In order 
to characterize the sensitivity of a chronic toxicity bioassay based on fern spores, we 
have performed studies on different substances and environmental samples. Our 
team studied the response of the spores of the riparian Polystichum setiferum to dif-
ferent classes of toxicants throughout a microbioassay based on the use of biomark-
ers (Catalá et  al. 2009) from several approaches: environmental toxicology/
ecotoxicology, assessment of environmental technology and environmental 
monitoring.

This assay has shown to be successful at assessing the phytotoxicity of water-
borne contaminants such as pharmaceuticals (Feito et al. 2012, 2013), environmen-
tal water samples (Esteban et al. 2013), the main cocaine metabolite (benzoylecgonine, 
García-Cambero et  al. 2015) and the endocrine disruptor nonylphenol (Esteban 
et  al. 2016). The anti-inflammatory diclofenac showed chronic toxicity on fern 
spore germination (Feito et al. 2012), causing a strong decrease of DNA as well as 
a slight decrease in chlorophyll autofluorescence in exposed gametophytes for all 
concentrations studied. The antidepressant venlafaxine also exerted chronic sub-
lethal toxicity (decrease on DNA levels) at environmental concentrations (Feito 
et al. 2013) and showed a biphasic response known as “hormesis” in the mitochon-
drial activity (see Chap. 23), a compensatory effect caused by a moderate toxic 
insult (Calabrese 2008). This hormetic effect has also been identified for benzoylec-
gonine (main cocaine metabolite) (García-Cambero et al. 2015) and the endocrine 
disruptor nonylphenol (Esteban et al. 2016). For these two substances, alkaloid and 
phenolic compounds respectively, an allelopathic role has been proposed. This 
behaviour, termed “allelopathy”, is an ecophysiological phenomenon by which an 
organism produces metabolites that affect its survival or development and that of 
other organisms (Evenari 1949). It is important to note that hormesis has usually 
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been described for allelochemicals, pesticides, hormones (including hormone dis-
ruptors) and pollutants in general. Also, many of the emerging pollutants are alka-
loids or benzoic acid derivatives and therefore probably allelochemicals, and due to 
their unspecific interference with plant germination, their anthropogenic dispersion 
may pose a risk to biodiversity and irrigated agriculture that should be further 
investigated.

In order to evaluate the efficacy of water treatment technologies, we performed 
acute and chronic toxicity tests with Polystichum setiferum spores in environmental 
samples. Chemical analysis detected 56 pharmaceuticals in four selected river 
waters receiving sewage effluents in the Community of Madrid (Spain) (Rodríguez- 
Gil et  al. 2010). Photo-Fenton oxidation provided a high degree of total organic 
carbon (TOC) mineralization with up to 70% reduction in total organic carbon 
(TOC), and a 99% elimination of the studied pharmaceuticals. The chronic bioassay 
with Polystichum setiferum demonstrated a significant reduction of the hormetic 
effect for DNA in all the samples and for chlorophyll in only two of the samples. 
Despite chemical elimination of pharmaceuticals and high reduction in TOC, a sig-
nificant hormetic effect persisted when the gametophytes were exposed to suppos-
edly decontaminated water samples. This fact seems to be related to the presence of 
other toxicants in the water matrix and warns against the sole application of chemi-
cal analysis for the monitoring of environmental pollution. Another study was per-
formed in order to evaluate the effectiveness of Photo-Fenton oxidation on waters 
containing drugs of abuse and their metabolites (Catalá et al. 2015), finding a sig-
nificant hormetic effect on mitochondrial activity (see Chap. 23).

The bioassay was also used as a technique for water quality monitoring in an irri-
gation area in western Spain (Rodríguez-Gil et al. 2013). The levels of 147 pesticides 
were measured in irrigation channels, fluvial water and selected animal and plant 
tissue as well as the presence of 59 human and veterinary pharmaceuticals in the 
watershed. Results from these assays were compared to a screening-level risk char-
acterization based on pesticide concentrations in water samples from the study area. 
The battery of bioassays, in which the fern spores-based assay was included, detected 
toxicity in the waters as well as toxic effects on the waters from the irrigation chan-
nel. An inhibition of fern spore germination when these are exposed to irrigation 
channel waters polluted with pharmaceuticals and stimulants was found. Considering 
the complex mixture of pollutants in river waters and its possible additive/synergic 
effect, and the fact that this water may be used for irrigation of many crops and 
orchards, land productivity may be affected. These methods could both decrease 
costs and improve the prognostic capability of current monitoring programmes.

24.9  Conclusions

Higher plants are an essential part of a healthy and balanced ecosystem, and new 
plant models are essential in the evaluation of potential impacts of pollutants. In this 
context, ferns must be included within relevant taxa in standard bioassays. The 
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newly developed bioassay of chronic and subchronic toxicity based on fern spores 
and gametophytes is a promising cost-effective tool for high-throughput toxicity 
screening and monitoring. The use of biomarkers in toxicity tests can provide rele-
vant information determining the effects at cellular level as well as predicting 
changes in levels of more complex organization enabling corrective measures to 
prevent damage to the environment and human health. This higher plant testing 
method is naturally miniaturized and combines biological and ecological relevance 
together with sensitivity and simplicity. With this bioassay, we have assessed the 
subchronic phytotoxicity of several individual chemicals and mixtures. It has also 
been used to test the performance of advanced tertiary treatment technologies 
applied to wastewater, as well as for environmental monitoring and water quality 
assessment. In addition, the “biomarker approach” can lead to the discovery of 
interesting mechanistic responses at cellular, biochemical or physiological levels 
(i.e. hormesis and allelopathy, respectively).
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Chapter 25
Role of Ferns in Environmental Cleanup

Bhupinder Dhir

25.1  Introduction

Plants possess capacity for removing contaminants from environmental components 
such as soil and water. Plant species including ferns have been exploited for capacity 
to remove various organic and inorganic contaminants from the environment 
(Alexandra et al. 2014; Drăghiceanu et al. 2014). Fast growth rate, easy reproduction, 
nitrogen-fixing ability, easy culture, and wide occurrence establish ferns as ideal 
candidates to be used as remediators of environmental contamination. Both aquatic 
and terrestrial fern species have shown potential for removing contaminants such as 
heavy metals, organic compounds, and radionuclides from the environment (Olguín 
et al. 2002; Benaroya et al. 2004, Stepniewska et al. 2005; Sune et al. 2007). Azolla 
and Salvinia are the major aquatic species, and Pteris and Pityrogramma are the 
major terrestrial species well exploited for removing various contaminants including 
heavy metals from the environment (Sood et  al. 2011). Fern species have been 
successful in treating wastewater from various sources such as industrial and 
municipal operations, sugar refinery, olive mill, and soil from mining sites.

Ferns possess the capacity for removing contaminants via accumulation, 
chelation, and detoxification mechanism. The fibrous root system supports pollutant 
degradation by providing favorable environmental conditions for microbial activities 
and pollutant metabolism (Nie et al. 2011). Plants also degrade contaminants by 
forming symbiotic associations with rhizospheric microbes (Glick 2010).
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25.2  Removal of Contaminants by Ferns

Fern species remove various inorganic and organic contaminants from the 
environment. Some of the major ones have been discussed in this section.

25.2.1  Organic Contaminants

Organic contaminants such as volatile compounds, dyes, explosives, and 
hydrocarbons have been removed/treated by fern species. Species such as Azolla 
show biofiltration capacity because it can alter pH and remove dissolved oxygen 
(DO), biological oxygen demand (BOD), chemical oxygen demand (COD), 
polyphenols, total organic matter from olive mill wastewater (OMWW), and sugar 
refinery wastewater (Ena et al. 2007).

Volatile Compounds
Fern species including Osmunda japonica, Davallia mariesii, Polypodium 
formosanum, Polypodium dispar, Polypodium multifida, Pteris dispar, Pteris 
multifida, and Pelargonium spp. have shown efficacy for removing volatile organic 
compounds such as formaldehyde (Forns et al. 2010) (Table 25.1). Depending upon 
the capacity for removal, plant species have been divided into three groups: excellent 
(greater than 1.2 μgm−3 per cm2 of leaf area over 5 h), intermediate (1.2 or less to 
0.6), and poor (less than 0.6). An average removal rate of 1.87 μgm−3 cm−2 has been 
reported for these species. O. japonica was found to be the most effective species 
with the removal capacity of 6.64 μgm−3 cm−2 over 5 h. Another species, namely, 
Nephrolepis exaltata (Boston fern), has also reported formaldehyde removal when 
exposed to high concentration (6200–49,600 μg/m3) (Dela Cruz et al. 2014).

VOC removal in plants generally occurs via various pathways: (1) removal by 
the aboveground plant part, (2) removal by the microorganisms residing in the soil, 
(3) removal by the roots, and (4) removal by the growing media. Stomata and cuticle 
are suggested to be pathways for removal of volatile organic compounds (VOCs) by 
the aboveground plant parts. Diffusion of VOCs occurs through the stomata in the 
light and through the cuticle in the dark (Schmitz et  al. 2000; Kim et  al. 2008; 
Treesubsuntorn and Thiravetyan 2012). The studies have shown absorption of ben-
zene, toluene, ethylbenzene, and xylene by wax layer. Uptake by plants is highly 
dependent on the properties of the VOCs. A hydrophilic VOC such as formaldehyde 
will not diffuse easily through the cuticle, whereas a lipophilic VOC such as ben-
zene is more likely to penetrate through the cuticle. After entry these compounds are 
readily absorbed by the abaxial surface of leaves and processed in leaf tissues (Giese 
et  al. 1994; Ugrekhelidze et  al. 1997). The compound can undergo degradation, 
storage, or excretion, either at site of uptake or after translocation to other parts of 
the plant (Dela Cruz et al. 2014). These compounds undergo glycosylation and glu-
tathionylation resulting in their conversion to nonvolatile compounds which play 
important ecological roles such as defense in plants. According to some reports, 
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VOCs enter the Calvin cycle after a two-step enzymatic oxidation to CO2 after 
absorption. It is also supposed that some of them get converted to S-methylmethionine 
and further translocated in the phloem from where it is transported to various organs 
(e.g., seed, roots) (Hanson and Roje 2001). Microorganisms present in the rhizo-
spheric zone assist in removal of volatile compounds. Plants excrete significant 
amount of carbon into the root zone. This stimulates the growth of microbes. 
Rhizospheric and phyllospheric microorganisms, as well as stomata-mediated 
absorption, are the major means of biofiltration of VOC (Kim et  al. 2008). The 
reduction of VOCs (such as formaldehyde) also occurs due to microbial utilization 
of them as a carbon source.

Microorganisms present in the soil play an important role in removal of VOCs. 
When VOCs are not degraded in leaf, they are transported to roots where microbial 
degradation results in their breakdown and hence removal (De Kempeneer et  al. 
2004). Endophytic and rhizospheric bacteria present in the phyllosphere zone assist 
plants in removing toxic compounds from soil (McGuinness and Dowling 2009). 
Monooxygenases and dioxygenases are the major bacterial enzymatic systems that 
assist in degradation of benzene, toluene, ethylbenzene, and xylene present in the 
environment (Jindrova et al. 2002).

Pyrocatechol
Azolla filiculoides show high ability to remove pyrocatechol (1, 2- dihydroxybenzene, 
or 2-hydroxyphenol) from aqueous solutions. The removal efficiency of 60–90% 

Table 25.1 Formaldehyde 
removal reported in fern 
species after exposure 
duration of 5 h

Scientific name
(mg m−3 cm−2 
leaf area)

Adiantum capillus-veneris 0.86
Botrychium ternatum 1.42
Coniogramme japonica 0.76
Cyrtomium caryotideum 1.09
Cyrtomium falcatum 0.67
Davallia mariesii 3.16
Dryopteris nipponensis 0.91
Microlepia strigosa 1.49
Osmunda japonica 6.64
Polypodium formosanum 3.62
Polystichum tripteron 0.92
Pteris dispar 1.95
Pteris ensiformis 1.01
Pteris multifida 1.92
Selaginella tamariscina 4.84
Thelypteris acuminate 0.51
Thelypteris decursive-pinnata 0.47
Thelypteris esquirolii 0.84
Thelypteris torresiana 0.40
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has been noted at temperature of 25–30 °C. Efficiency of removal increased with 
increasing amount of biomass. Removal efficiency of 85% has been noted when 
biomass of 1.2 g was used for removing 5ppmconcentration of pyrocatechol. Lower 
concentrations of the compound (less than 10 ppm) support growth of Azolla, while 
higher concentrations (50 ppm) inhibit growth. Uptake of pyrocatechol is generally 
followed by its degradation in plants (also known as phytotransformation). The deg-
radation is supported by metabolic processes occurring within the plant or through 
the effect of enzymes produced within the plants. Microbial breakdown (rhizodeg-
radation) of contaminant has also been reported as one of the major routes of its 
removal (Zazouli et al. 2013).

Hydrocarbons
Aquatic ferns such as Azolla pinnata possess the capacity to degrade hydrocarbon 
present in the growth medium (Al-Baldawi et al. 2012). The plant showed survival 
at low concentrations of diesel (0.5–3 mL/L) but could not tolerate high concentra-
tions (10–50 mL/L) due to toxicity when exposed for 10 days. Biodegradation of 
petroleum hydrocarbons has been facilitated by bacteria present in the rhizospheric 
zone (Cohen et al. 2002). Bacterial growth is supported by nitrogen and phospho-
rous released during decomposition of dead plant biomass (Cohen et al. 2002).

Oils
Biomass of Salvinia (an aquatic fern) show greater oil sorption capacity; hence, it 
can be used as material for removing oil from emulsions/wastewater. The potential 
of Salvinia (approx. 90% of the oil removed by biomass) is attributed to properties 
such as larger surface area, hydrophobicity, and hairlike surfaces which assist in 
holding oil (Ribeiro et al. 2003).

Dyes
Biosorption of dyes is followed by biotransformation, and detoxification into 
nontoxic metabolites (decolorization) has been reported in fern species (Rizwana 
et al. 2014). According to literature reports, Azolla filiculoides exhibit efficiency to 
remove C.I. Acid Blue 92 dye (Vafaei et al. 2013; Khataee et al. 2013; Torbati et al. 
2015). The dye is removed via absorption. Capacity of tree fern species for removal 
of dye Basic Red 13 via biosorption mechanism has also been reported. The sorption 
of the dye depends upon the particle size and temperature. The dye sorption capac-
ity increases with the decrease in particle size of the sorbent. Maximum sorption 
capacity of 408 mg g−1 has been noted (Ho et al. 2004).

Plants break the dye molecules into smaller ones so that they can easily be 
translocated across the semipermeable membranes of plants (Khandare et al. 2013; 
Watharkar et al. 2013). Transformation and degradation of dyes are supported by 
intracellular enzymes such as tyrosinases, laccases, NADH-DCIP reductases, lignin 
peroxidases, etc. (Ghodake et al. 2009, Patil et al. 2009, Kagalkar et al. 2009, 2010). 
Binding of dye molecules with ions such as calcium and metals such as silicon 
results in dye–metal complexes which prevent harm caused due to toxic ions (avoid-
ance mechanism). Amide and siloxane groups are found to be mainly involved in 
the removal of dyes (Nilratnisakorn et al. 2007, 2008).
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Explosives
Salvinia species particularly S. rotundifolia have shown capacity of treating 
groundwater contaminated with explosives. The plant showed the capacity to 
degrade explosives such as trinitrotoluene (TNT) to generate metabolic products 
such as aminodinitrotoluene (ADNT) (Jacobson et al. 2003).

25.2.2  Inorganic Contaminants

Nutrients
Aquatic fern species such as Salvinia minima possess capacity to treat high-strength 
synthetic organic wastewater (HSWW). The plants show potential for removing 
inorganic nutrients such as ammonium and nitrate nitrogen. A significant increase 
in relative growth rate (RGR) and productivity (2.3-fold increase) has been reported 
in plants exposed to ammonium–nitrogen concentration of 70 mg L−1 (Olguín et al. 
2007). Azolla is another species which acts as a biofilter and removes nutrients such 
as P, K, Mg, and ammonia from wastewater (Costa et al. 1999; Forni et al. 2001). 
The ammonia removal rate (ARR) of 6.394 h−1 has been reported (Carlozzi and 
Padovani 2016). Species such as Azolla caroliniana showed reduction in growth 
when exposed to concentration of 2  mg L−1 NH4Cl. The nitrogenase activity of 
plants showed a significant reduction (about 33%) when exposed to 10  mg l−1 
NH4Cl. High concentration of nitrogenous compounds caused significant reduction 
in the nitrogenase activity. High nitrogen removal has been noted in Azolla filiculoi-
des growing in media containing high amounts of nitrogenous compounds. 
Phosphorus uptake noted an increase in plants exposed to heavy metals such as Pb, 
Cd, and Cu. Highest values of nitrogen uptake and accumulation, viz., 9572.31, 
8721.32, 7174.12, and 7088.41 mg/m2, have been noted in Azolla fronds grown in 
the presence of 2 ppm Cu, 0.5 ppm Pb, and 0.5 ppm Cd after exposure of 30 days. 
Azolla species also exhibited potential for uptake of potassium growing in the media 
having presence of metals such as Pb, Cd, and Cu. Potassium uptake of 6361.60 and 
6229.06 mg/m2 has been noted in plants applied with 2 ppm Pb or Cu (Carlozzi and 
Padovani 2016).

Radionuclides
Azolla caroliniana have shown potential for removing radioactive ions, viz., 137Cs, 
60Co, 210Po, and 238U, from radioactive wastewaters. Greater absorption of 210Po fol-
lowed by 230Th, 234U, 238U, 232Th, and 235U has been reported. Removal of radioactive 
ions from dilute solutions occurs by two pathways – rapid and slow absorption. 
High concentration of radionuclides is removed by active process, i.e., bioaccumu-
lation which involves living biomass. Biochemical components including polysac-
charide and lipid fractions assist in binding of radionuclides (Popa et al. 2004).

Heavy Metals
Heavy metal removal and accumulation in ferns are well reported (Ho et al. 2004; 
Gonzaga et  al. 2006; Kubicka et  al. 2015; Prabhu et  al. 2016) (Table  25.2). 
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Table 25.2 Metal accumulation reported in fern species

Metal Rate of accumulation Plant species

Zn 655 mg Kg−1 Adiantum aethiopicum

As 1240 mg Kg−1 Asplenium australasicum

As 2630 mg Kg−1 Asplenium bulbiferum

Cu 5500 mg Kg−1 Athyrium yokoscense

As 814 mg Kg−1 Athyrium yokoscense

Cd 1095 mg Kg−1 Athyrium yokoscense

Pb 2040–3464 mg Kg−1 Athyrium yokoscense

Zn 1221–2422 mg Kg−1 Athyrium yokoscense

As 284 mg Kg−1 Azolla caroliniana

Cd 259 mg Kg−1 Azolla caroliniana

Cr 963 mg Kg−1 Azolla caroliniana

Hg 578 mg Kg−1 Azolla caroliniana

Pb 416 mg Kg−1 Azolla caroliniana

As 54 mg Kg−1 Azolla filiculoides

Cd, Cr, Cu, Zn 6500–9000 mg Kg−1 Azolla filiculoides

Pb 9300 mg Kg−1 Azolla filiculoides

Cr 209 mg Kg−1 Azolla pinnata

Cu 255 mg Kg−1 Azolla pinnata

Hg, Cd 310–740 mg Kg−1 Azolla pinnata

Pb 2701.1 mg Kg−1 Azolla pinnata

Cd 259 mg Kg−1 Azolla sp.
Sr 23,000 mg Kg−1 Azolla sp.
Hg 940 mg Kg−1 Azolla sp.
Ni 121 mg Kg−1 Blechnum cartilagineum

Zn 202 mg Kg−1 Blechnum cartilagineum

Zn 216 mg Kg−1 Blechnum nudum

Cd 168–368 mg Kg–1 Dennstaedtia davallioides

Ni 161 mg Kg–1 Doodia aspera

Pb 469 mg Kg–1 Doodia aspera

Cu 500 mg Kg–1 Hypolepis muelleri

Zn 233–248 mg Kg–1 Hypolepis muelleri

Cd 4.1 mg Kg−1 Nephrolepis cordifolia

Ni 131 mg Kg–1 Nephrolepis cordifolia

As 8000 mg Kg−1 Pellaea calomelanos

Cd 87.9 mg Kg−1 Pteris falcata

Ni 196 mg Kg–1 Pteris falcata

Pb 62 mg Kg−1 Pteris falcata

As 7230–14,500 mg Kg−1 Pteris vittata

Zn 271–2000 mg Kg–1 Pteris vittata

Cd 4134–17,170 mg Kg−1 Salvinia minima

Pb 2000–2600 mg Kg−1 Salvinia minima

Hg 18,575 mg Kg−1 Salvinia molesta

Ni 18,875 mg Kg−1 Salvinia molesta

Pb 18,275 mg Kg−1 Salvinia molesta
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Many species of ferns are known to be hyperaccumulators. These species accumulate 
more than 100 mg kg−1 Cd, 1000 mg kg−1 As/Co/Cu/Pb/Ni, and 10,000 mg kg−1 Mn/
Zn in aboveground plant parts. Both living and dead biomass of Azolla have been 
exploited for removing heavy metals such as Cs, Sr, Pb, Zn, Ni, Cu, Au, Cd, and Cr 
from industrial effluents and sewage water (Cohen-Shoel et  al. 2002; Bennicelli 
et al. 2004; Stepniewska et al. 2005; Rakhshaee et al. 2006; Rai 2008; Mashkani and 
Ghazvini 2009). Azolla filiculoides is also known to accumulate high concentrations 
of Pb, Zn, Cu, Ni, Cr, and Cd (Zhao and Duncan 1997; Asbchin et al. 2012; Sheel 
et  al. 2015). Other species showing high accumulation of Pb, Cu, Mn, and Zn 
include A. microphylla and A. caroliniana (Cohen-Shoel et  al. 2002; Bennicelli 
et al. 2004, 2005; Stepniewska et al. 2005; Jafari et al. 2010). Metal uptake has been 
facilitated by hydroxyl and/or carboxyl groups (TanghiGanji et al. 2005). The car-
boxyl groups present in the galacturonic acid, the principal constituent of pectin (an 
important polysaccharide constituent of cell walls), help in binding of heavy metals 
in Azolla (Cohen-Shoel et al. 2002).

Salvinia is another potential fern species with an inherent capacity to accumulate 
heavy metals. Accumulation of Cr, Fe, Ni, Cu, Pb, and Cd in the range of 6–9 mg 
g−1 dry weight and Co, Zn, and Mn in the range of 4 mgg−1 dry weight has been 
reported (Banerjee and Sarker 1997; Dhir 2009; Dhir et al. 2011). Salvinia natans, 
S. molesta, S. herzogii, S. minima, S. auriculata, and S. rotundifolia accumulate 
high amounts of heavy metals, hence removing them from wastewaters (Nichols 
et al. 2000; Hoffman et al. 2004; Olguín et al. 2002, 2005; Espinoza-quinones et al. 
2005; Molisani et al. 2006; Sune et al. 2007; Sánchez-Galván et al. 2008; Xu et al. 
2009; Fuentes et al. 2014; Kumari et al. 2016). Bioaccumulation of heavy metals 
increased with increasing concentration of heavy metals. The metal uptake occurs 
via fast physical processes such as adsorption, ionic exchange, and chelation, while 
slow biological processes such as intracellular uptake (transported through plasma-
lemma into cells) also aid in metal uptake. It has been postulated that uptake of 
heavy metals is driven by secondary transport proteins, viz., channel proteins or 
H+-coupled carrier proteins. Uptake subsequently leads to translocation of metals 
from roots to leaves (Sune et al. 2007). Free carboxylic groups present on the cell 
surface provide the sites for metal binding (Olguin et al. 2005). Proteins behave as 
important ligand atoms and also play an important role in metal absorption. High 
concentration of lipids and carbohydrates present on the plant surface acts as the 
cationic weak exchanger groups that contribute to metal sorption by ion exchange 
reactions (Sánchez-Galván et  al. 2008). Metal accumulation caused considerable 
reduction in the fresh weight and increase in dry weight.

Several species of Pteris including P. vittata, P. cretica, P. longifolia, P. umbrosa, 
P. argyraea, P. quadriaurita, P. ryiunkensis, and P. biaurita show hyperaccumula-
tion of heavy metals such as As and Cr (Ma et al. 2001; Francesconi et al. 2002; 
Meharg and Hartley-Whitaker 2002; Zhao et al. 2002; Srivastava et al. 2006; Jadia 
and Fulekar 2008; Qing et al. 2009; Feng et al. 2010; Garcia et al. 2010). Pteris vit-
tata has shown capacity to take up both inorganic and organic As species including 
arsenate, arsenite, and monomethylarsonic acid (MMA) (Ma et al. 2001; Kertulis 
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et al. 2005). The plant possesses excellent abilities to take up and transport As in 
fronds (Zheng et al. 2010). P. vittata accumulate 438–755 mg kg−1 As when grown 
in an uncontaminated soil and 3525–6805 mg kg−1 As when grown in a contami-
nated soil (Ma et al. 2001). Arsenic and Cu concentration of 3510 and 7.0 mg kg−1 
has been observed in P. vittata grown in soil containing 475 mg kg−1As and 370 mg kg−1 
Cu. The concentration of As ranged from 1770 to 3650 mg kg−1 DW in the fronds 
and 182 to 507 mg kg−1 DW in the roots of Pteris species P. cretica, P. biaurita, P. 
quadriaurita, and P. ryukyuensis when exposed to a concentration of 100 mg As 
kg−1 soil (Tu et al. 2002; Wang et al. 2002; Zhang et al. 2002). Structural similarity 
between phosphate and As(V) leads to uptake of As(V) via phosphate transport 
systems in the plant (Tu et  al. 2004a, b). Arsenate reductase in roots aids in the 
reduction of As(V) (Duan et al. 2005). Majority (30–40%) of arsenate taken up by 
roots gets reduced to arsenite. Reduction of arsenate to arsenite inside the plant 
occurs in the fronds (Pickering et  al. 2000; Ma et  al. 2001). The activity of 
glutathione- dependent arsenate reductase is responsible for reduction of arsenate to 
arsenite. Arsenite (accounting for 93–98% of the total As) is transported via xylem 
sap and sequestered into vacuoles of the fronds and trichome cells (Fig. 25.1).

Pityrogramma calomelanos also show accumulation of As in fronds (~8350 μg g−1 
dry mass) and rhizoids (lower concentration of 88–350  μg g−1 dry mass). 
Accumulation as high as 2760 to 8350  mg kg−1 has been noted in fronds when 
plants are grown in soil containing 135 to 510 mg kg−1 As. High content of As(III) 
has been reported in fronds in comparison to As(V). Heavy metal accumulation in 
roots is an exclusion mechanism which imparts tolerance in plants (Francesconi 
et al. 2002; Zhao et al. 2002; Meharg 2003).

Athyrium yokoscense accumulate metals in roots and fronds. Arsenic accumulation 
in the roots ranged from 506 to 2192 mg kg−1, while in fronds range of 162 mg kg−1 
to 562 mg kg−1 has been noted. Copper and Zn accumulation of 375 and 1165 mg 
kg−1 has been noted in roots, while 88 and 973 mg kg−1 has been reported in fronds. 
Plant showed accumulation of 242 mg kg−1 As and 88 mg kg−1 Cu when grown in 
soil containing 814 mg kg−1 As and 343 mg kg−1 Cu. Significantly greater heavy 
metal accumulation occurred in roots than fronds, suggesting a limited mobility and 
translocation of heavy metals once absorbed by ferns. Compartmentalization of 
excess Cu in the cell wall appears to contribute to Cu tolerance and accumulation. 
Proanthocyanidins (condensed tannins) have been proposed to have the ability to 
complex with heavy metals such as Pb and play an important role in Pb tolerance 
(Kamachi et al. 2005).

Accumulation of metals such as Cd, Cr, Cu, Ni, Pb, and Zn has also been noted 
in fern species including Adiantum aethiopicum, Blechnum cartilagineum, Blechnum 
nudum, Calochlaena dubia, Dennstaedtia davallioides, Doodia aspera, Hypolepis 
muelleri, Nephrolepis cordifolia, and Pellaea falcata (Francesconi et al. 2002).

Polysaccharides in the cell walls of Lygodium japonicum prothallium facilitate 
rapid accumulation of Cu. Metal accumulated into the cell wall gets tightly bound 
to the homogalacturonan of the cell wall pectin (Konno et  al. 2005). Carboxyl, 
phosphate, amine, and sulfonate groups present on cell wall are responsible for 
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binding metal ions to the biosorbent (Tanghiganji et al. 2005). The polar functional 
groups of lignin-like alcohols, aldehydes, ketones, acids, phenolic hydroxides, and 
ethers act as the chemical binding agents (Ho 2003).

Plant tolerance capacity for heavy metals includes accumulation, 
compartmentalization, or exclusion. Exclusion restricts the uptake of the 
contaminant into biomass. Accumulation resists high concentration of the 
contaminants in their aerial tissues and transforms the contaminant into an inert 
form. Metal detoxification mechanism mainly includes chelation, 
compartmentalization, biotransformation, and cellular repair (Salt et  al. 1998). 
Heavy metals are transported and deposited in a vacuole as metal chelates. The 
chelation is assisted by high-affinity ligands (such as oxygen-donor, sulfur-donor, 
or nitrogen-donor ligands) (Baker et al. 2000). In the vacuoles, sulfur-donor ligands 
(such as metallothioneins and phytochelatins) form highly stable complexes with 
heavy metals (Zhao et  al. 2003; Zhang et  al. 2004). Transporter proteins and 
intracellular high-affinity binding sites mediate the heavy metal uptake across the 
plasma membrane. Classes of proteins involved in heavy metal uptake include 
ATPases, natural resistance-associated macrophage protein (NRAMP), cation 
diffusion facilitator (CDF), and ZIP family. ATPases present in the plasma membrane 
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Cell

Detoxification
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As (lll)
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Fig. 25.1 Schematic diagram of arsenic uptake, translocation, detoxification, and sequestration in 
P. vittata
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are mainly responsible for sequestration of toxic heavy metals in vacuoles, Golgi, 
or endoplasmic reticulum. Uptake of As occurs via phosphate cycle and Zn via 
transporters, zinc-regulated transporter/iron-regulated transporter proteins (ZIP) 
(Muchhal et  al. 1996). Proteins  act  as ligands for metal binding (Sharma and 
Sachdeva 2015). Enzymatic and nonenzymatic antioxidants play an important role 
in metal detoxification and recovering oxidative stress (Tiwari and Sarangi 2017). 
Enzymes mainly include superoxide dismutase, catalase, and ascorbate peroxidase 
(Kanchenko et al. 2007; Srivastava et al. 2005). Superoxide dismutase (SOD) has 
been known to play an important role in accumulation and detoxification of As in 
Pteris vittata and P. multifida.

Genes encoding for heavy metal tolerance have been identified in ferns. Gene 
encoding for phytochelatin synthase (PvPCS1) has been characterized. Expression 
of PvPCS1 increased their Cd tolerance by mediating As chelation. Arsenate reduc-
tase gene (PvACR2) which plays an important role in reduction of As(V) to As(III) 
has been characterized. PvGrx5 which plays a role in regulating intracellular arse-
nite levels has been characterized. Two distinct gene families Pht1 and Pht2 involved 
in phosphate uptake in plants have been identified (Bucher et al. 2001). Pht1 genes 
are root transporters, and Pht2 genes are involved in the transport in vascular tissue 
of the leaf and shoot (Shin et  al. 2004). Enhanced arsenate resistance has been 
reported in organisms expressing PV4–8. The role of Pht1 and Pht2 genes in As(V) 
transport has been revealed.

25.3  Conclusion

Ferns have emerged as a plant group with exorbitant potential to remove inorganic 
and organic contaminants from the environment. Fern species such as Pteris, Azolla, 
and Salvinia exhibit high heavy metal uptake, tolerance, and detoxification poten-
tial. Terrestrial and aquatic fern species remove/treat contaminants such as radionu-
clides, hydrocarbons, and volatile organic compounds; hence their role in developing 
phytoremediation technology for environmental cleanup needs to be emphasized.
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