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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; Ferndndez and Revilla 2003; Fernidndez
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-Garcia and Reyes-Jaramillo 1993).
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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 (Fernandez 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 40x 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

Storage time Laminar Sporophyte growth
Species (years) Germination | gametophytes in soil*
Asplenium verecundum 9 Hkok sokk Y
Cibotium menziesii 10 wE N/A Y
Asplenium kaulfusii 11 *k ok Y
Acrostichum 11 B sk Y
danaeifolium
Athyrium 11 # % Y
microphyllum
Cibotium chamissoi 11 Hk Hok N
Diplazium 11 Hk sk Y
sandwichianum
Tectaria gaudichaudii 11 Hkok Hokeok Y
Asplenium fragile 11 HHE * Y
Asplenium sp. 12 sk sk Y
Asplenium platyneuron 12 kol sokok Y
Polystichum 12 ks sk Y
acrostichoides
Blechnum occidentale 13 HkE wAE N
Cyathea microdonta 14 Hk wokok Y
Macrothelypteris 14 * Hxk N/A
torresiana
Tectaria trifoliata 14 Hokeok sk N
Thelypteris dentata 14 ek oo Y
Osmunda regalis 17 #* otk N/A
Polystichum 19 woE * N/A
aleutichum
Adiantum fragile 19 ox otk Y
Cyclopelta 19 o * N/A
semicordata
Pityrogramma 20 Hokok ok %
calomelanos
Cyrtomium falcatum 21 Hkok sokk Y
Polystichum 21 * sk Y
tsus-simense
Pteris vittata 21 EEE kot Y

Key: * (1-30%), ** (31-60%), *** (61-100%), N/A (data non-available), “at 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.



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 pM 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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Fig. 11.2 Percent survival 60
of shoot tips of S. uncinata, ] W - ABA
with and without ABA 50 O +ABA
treatment, over time in —
cryostorage. Data for 0 and E 40
3.5 years taken from Pence s
(2001) a 30
ES
20
i J
0

0 3.5 20
Storage time (yrs)

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
etal. 2000; Dyer 1979; Ferndndez 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 (Aragén and Pangua 2004; Colli Aurea and Perez Sonia
1999; Quintanilla et al. 2002; Whittier 1973).
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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,
¢). 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
etal. 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
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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.
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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;
Fernandez 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
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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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