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Preface

Secretions and emissions in biological systems play important signaling roles
within the organism but also in its communication with the surrounding environ-
ment. This relatively recent knowledge is in stark contrast with the view of secre-
tions that is available in most text books in different biological science disciplines.
Not too long ago, secretions and emissions were considered biological waste
products that were simply discharged out of plants through a chemical gradient
with no function to the environment whatsoever. The realization of this void of
information was the driving force behind the compilation of this volume. This
volume brings together state-of-the-art information about the role of secretions and
emissions in different organs and organisms ranging from flowers and roots of
plants to human organs.

The plant chapters will relate information regarding the biochemistry of flower
volatiles and root exudates, and their role in attracting pollinators and interacting
with soil microbial communities, respectively. Furthermore, these chapters will
illustrate information about the fine molecular and biochemical machinery that is
involved in the biosynthesis and secretion of these compounds; which suggests that
the organism actively coordinates the release of these chemical signals. The release
of compounds by roots is further highlighted by the most economically important
root—microbe association in agriculture. The rhizobium-legume root association
forms an organ called the nodule that can fix the nitrogen from the air and entirely
eliminates the need of nitrogen fertilization in legume plants such as soybean.
Proteoid roots release proteases for improving nitrogen and phosphorus availability
for their mineral nutrition. Roots of plants not only release compounds, but also
entire cells and the detailed mechanisms and functions of this phenomenon will be
highlighted. Plants emit fine bouquets of smell not only through their flowers but
through several organs; the biosynthesis and function of volatile organic com-
pounds (VOCs) in plants are also covered in this volume. Moreover, in order to
manipulate their animal pollinators, plants provide them with nutritive exudates.

Microbial chapters will explain the biochemistry and ecology of quorum sensing
and how microbial communities aggregate in different environments through the
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continuous release and sensing of compounds that regulate the “quorum” in the
community. A related chapter will touch upon highly coadapted association bet-
ween plants and soil microbes that can aid in bioenergy applications by degrading
lignocellulosic materials.

Other chapters will explain the biology of secretions by algae and humans,
among other organisms. All in all, this volume will be a welcome addition to the
literature as no other book covers aspects related to biological secretion in such a
holistic and integrative manner.

Fort Collins, CO, USA Jorge Vivanco
Bonn, Germany Frantisek Baluska
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Plant Root Secretions and Their Interactions
with Neighbors

Clelia De-la-Pena, Dayakar V. Badri, and Victor M. Loyola-Vargas

Abstract The rhizosphere biology at the molecular level has advanced dramatically
since last decade. The continuous supply of carbon compounds from plant roots
engages complex interactions among rhizosphere organisms including interactions
between microbes and plants and between plants with other plants being these of the
same or different species. Root exudation is part of the rhizodeposition process, which
is a major source of soil organic carbon released by plant roots which clearly
represents a significant carbon cost to the plant. Root exudates also play a role in
soil nutrient availability by altering soil chemistry and soil biological processes.
Different studies have highlighted that the rhizosphere soil surrounded by plant
roots is more abundant in microbes than the nonrhizosphere soils. Therefore, the
major responses in the interaction between plants and microbes must happen in that
limited zone. Plants respond to the presence of microbes by releasing a mixture of
phytochemicals, volatiles, and high-molecular-weight compounds. Soil microbes, on
the other hand, modulate the secretion of root exudates to positively regulate plant
growth and disease resistance. Several negative interactions are mediated by root
exudates including antimicrobial, biofilm inhibitors, and quorum-sensing mimics to
prevent soil-borne pathogens. There is a need to understand these rhizospheric
multitrophic interactions in the realistic field conditions to improve the plant growth
at species and community level. In addition, studies should be conducted in the field
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conditions to understand the rhizospheric complex interactions in monocultures and
polycultures. This will help to understand the dynamics of interactions and their
outcome in influencing the plant’s success when they are in monocultures and in
polycultures. The combination of techniques and the continuous development of new
techniques in the field of rhizosphere biology coupled with systems approach will
allow us partly to elucidate these complex interactions under field conditions.

1 Introduction

Until recently, the difficulty of working underground has kept the rhizosphere in a
scientific state of “out of sight, out of mind.” However, our understanding of the
rhizosphere biology at the molecular level has advanced dramatically since last decade,
thanks in large part to the completion of the Arabidopsis genome and the experimental
tools and resources that have resulted from this key event. Rhizosphere processes are
driven mainly by photosynthetically fixed carbon which is either directly transferred to
symbionts or released as root exudates and is considered as a major factor in regulating
soil microbiota. Soil microbiota regulates carbon storage via mineralization and
immobilization of soil organic carbon (Paterson et al. 1997) and in terrestrial
ecosystems the mineralization is not only due to the activity of microorganisms. The
continuous supply of carbon compounds from plant roots engages complex interactions
among rhizosphere organisms including interactions between microbes and plants,
among microbes, between microfauna and microbes, between animals and plants,
among animals, and among plants. Rhizosphere ecological interactions are broadly
classified into two types: indirect ecological interactions and direct ecological
interactions. Interactions between organisms that involve physical contact are consid-
ered direct ecological interactions and indirect ecological interactions include any
mechanism of interaction between organisms mediated by a number of steps, where
one organism affects another one without direct contact (Strauss 1991). These types of
indirect interactions that occur in the rhizosphere can be grouped by considering the
nature of the interacting organisms as plant—plant, plant—-microbe, microbe— microbe,
microbe—fauna, plant—fauna, etc., which are mediated by their secretions or mediator
species. A large body of literature exists about rhizosphere interactions (Badri and
Vivanco 2009; Badri et al. 2009; Bais et al. 2004, 2006, 2008; Bertin et al. 2003;
Lambers et al. 2009; Prithiviraj et al. 2007). In this chapter, we focus on the current
knowledge of the indirect ecological interactions mediated by their secretions.

2 Root-Secreted Components

For the last decade the field of rhizosphere biology has discovered the importance
of root exudates in mediating complex rhizospheric interactions (Bais et al. 2004;
Broeckling et al. 2008; Walker et al. 2003; Weir et al. 2004). Root exudation is part
of the rhizodeposition process, which is a major source of soil organic carbon
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released by plant roots (Hiitsch et al. 2002; Nguyen 2003). The quantity and quality
of the compounds secreted by the roots depends on the plant species, the physio-
logical stage of the plant, presence or absence of neighbors, plant nutritional status,
mechanical impedance, sorption characteristics of the soil, and the microbial
activity in the rhizosphere. Typically root exudation clearly represents a significant
carbon cost to the plant (Marschner 1995) and with young seedlings typically
exuding about 30-40% of their fixed carbon as root exudates (Lynch and Whipps
1990). Root exudates encompass ions (i.e., H"), inorganic acids, oxygen, and water
but mainly consist of carbon-based containing compounds (Bais et al. 2006; Uren
2000). These carbon-containing compounds can often be separated into two classes
of compounds: low-molecular-weight compounds, which include amino acids,
organic acids, sugars, phenolics, secondary metabolites, and volatile compounds
such as terpenoids, and high-molecular-weight compounds, which include muci-
lage and proteins. The classes of compounds secreted by roots are listed in Table 1.

Table 1 Classes of compounds released in plant root exudates

Class of compounds Single components®

Carbohydrates Arabinose, glucose, galactose, fructose, sucrose, pentose, rhamnose,
raffinose, ribose, xylose and mannitol, alanine, and threonine

Amino acids All 20 proteinogenic amino acids, L-hydroxyproline, homoserine,
mugineic acid, and aminobutyric acid

Organic acids Acetic acid, succinic acid, L-aspartic acid, malic acid, L-glutamic acid,

salicylic acid, shikimic acid, isocitric acid, chorismic acid, sinapic
acid, caffeic acid, p-hydroxybenzoic acid, gallic acid, tartaric acid,
ferulic acid, protocatacheuic acid, and p-coumaric acid

Flavonols Naringenin, kaempferol, quercitin, myricetin, naringin, rutin,
genistein, strigolactone, and their substitutes with sugars
Lignins Catechol, benzoic acid, nicotinic acid, phloroglucinol, cinnamic acid,

gallic acid, ferulic acid, syringic acid, sinapoyl aldehyde,
chlorogenic acid, coumaric acid, vanillin, sinapyl alcohol, quinic
acid, and pyroglutamic acid

Coumarins Umbelliferone

Aurones Benzyl aurones synapates and sinapoyl choline

Glucosinolates Cyclobrassinone, desuphoguconapin, deslphoprogoitrin,
desulphonapoleiferin, and desulphoglucoalyssin

Anthocyanins Cyanidin, delphinidin, pelargonidin, and their substitutes with sugar
molecules

Indole compounds Indole-3-acetic acid, brassitin, sinalexin, brassilexin, methyl indole
carboxylate, and camalexin glucoside

Fatty acids Linoleic acid, oleic acid, palmitic acid, and stearic acid

Sterols Campestrol, sitosterol, and stigmasterol

Allomones Jugulone, sorgoleone, 5,7,4’-trihydroxy-3’, 5’-dimethoxyflavone,
DIMBOA, and DIBOA

Proteins and enzymes PR proteins, lectins, proteases, acid phosphatases, peroxidases,
hydrolases, and lipase

Volatile organic Carbon dioxide, ethanol, methanol, acetone, acetaldehyde, 3-

compounds (VOCs) phellanderene, 1,8-cineol, and longifolene

“List of compounds presented in this table are mostly reported from model plant Arabidopsis (see
Narasimhan et al. 2003) and this list is not complete. This table was adopted and modified from
Badri and Vivanco (2009)
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3 Plant-Plant Interactions by Root-Secreted Phytochemicals

Plants are sessile and therefore cannot move in response to biotic or abiotic attack.
However, they respond to these attacks by releasing a mixture of chemical
compounds. Communication between plants has not been studied in detail. The
best known example is the communication mediated by volatile compound methyl
salicylate (Shulaev et al. 1997). Plant hormones, such as ethylene and jasmonic
acid, play an indispensable role in mediating plant—plant communication, and plant
communication with other organisms (Lou et al. 2005; Ruther and Kleier 2005).
Similarly, below-ground plant communication is orchestrated by roots through
secreting phytochemicals and emitting volatiles. The most widely studied below-
ground chemical mediated plant—plant interference is called allelopathy by which
plants gain an advantage over their neighbors by using interfering chemicals called
as allamones. Plant produced allamones vary considerably in structure, mode of
action, and their effect on plants. Different compounds in root exudates affect
metabolite production, respiration, photosynthesis, membrane transport, and inhi-
bition of root and shoot growth in susceptible plants (Einhelling 1995; Weir et al.
2004). For example, a potent allamone juglone produced by black walnut (Juglans
nigra) plants act as an electron donor and acceptor in photosynthesis and respiration
reactions, affecting these processes in susceptible plants (Jose and Gillespie 1998).
Recently, a flavonoid called catechin was identified in the root exudates of Centau-
rea maculosa, an invasive spotted knapweed exhibits a strong inhibitory effect on
a number of plant species (Bais et al. 2003; Weir et al. 2003), and considered as
a potent factor for its successful invasion in a nonnative range. Root exudates
are also playing a big role in establishing associations between parasitic plants
and their hosts. There are several examples that demonstrate the chemical cross talk
to establish the parasitic association, including Striga spp. and Orobanche spp.
(Palmer et al. 2004). Very recently, a root-secreted allelochemical identified as
gallic acid from the roots of the noxious weed Phragmites australis which is con-
sidered a potent factor for its successful invasion in marsh and wetland com-
munities by displacing the native species was identified (Rudrappa et al. 2007).

Besides these negative interactions, root exudates can also have positive effects
in plant—plant interactions. However, these positive interactions are less frequently
reported. The best studied interaction is the root exudates that induce herbivore
resistance in neighboring plants. For example, when Hordeum vulgare (barley)
plants were treated with Elytrigia repens (couch-grass) root exudates or the phyto-
toxic compound identified from E. repens exudates called carboline, H. vulgare
were chosen less by aphids than the control (Glinwood et al. 2003). Besides, having
direct effect on herbivore behavior, root exudates have an indirect effect by
inducing defense responses in neighboring plants resulting in reduced herbivore
populations indirectly by attracting predators and parasites of the offending herbi-
vore (Du et al. 1998; Guerrieri et al. 2002).

Root exudates also play a role in soil nutrient availability by altering soil
chemistry and soil biological processes (Hopkins et al. 1998). Certain compounds
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such as phytosiderophores, mugineic acid, and malate improve iron availability
(Dakora and Phillips 2002; Fan et al. 2001). Roots secrete a range of chemicals
including the secretion of organic acids and acid phosphatases and the production of
proteoid roots to survive in P-deficient soils (Ascencio 1997; Raghothama 1999).
For example, several plants including Lupinus alba, Brassica napus, and Medicago
sativa increase the release of organic acids in P-deficient soils (Hoffland et al. 1992;
Johnson et al. 1994; Lipton et al. 1987).

3.1 Plant-Plant Interactions Mediated by Root-Emitting Volatiles

Many interactions between organisms are based on the emission and perception of
volatiles. These volatiles act as communication signals for chemoattractant or
repellent for species-specific interactions or mediators for cell-to-cell recognition.
These volatiles do not only function as signals in the above-ground interactions, but
below-ground volatile interactions are similarly complex. The majority of volatile
organic compounds (VOCs) tend to be lipophilic, small in molecular mass (less
than 300 Da), and have a high vapor pressure (0.01 kPa or higher at 20°C). Most of
the volatile compounds belong to the following three chemical groups: terpenoids,
phenylpropanoids, or fatty acid derivatives. Unlike, the root-secreted phyto-
chemicals, volatiles can travel long distances in the atmosphere and also in the
soil by permeating through air-filled pores. The efficiency of volatile penetration in
the soil depends on the type of mineral, texture, and particle architecture (Aochi and
Farmer 2005). Also, different VOCs exchange rates indicate that soils have the
potential to act as VOC sinks rather than VOC sources (Asensio et al. 2007).
Volatiles emitted in the underground enable plants to influence directly or indirectly
the community of soil-dwelling organisms and combat competitive plant species
(Nardi et al. 2000). Several studies demonstrated that the emission of terpenoids
by plant roots and particularly obvious in forest soils (Hayward et al. 2001; Lin
et al. 2007; Rohloff 2002). Furthermore, a blend of unidentified root volatiles of
Echinacea angustifolia showed allelopathic effect on different plant species
such as Lactuca sativa, Panicum virgatum, and Sporobolus heterolepis (Viles and
Reese 1996).

4 Plant-Microbe Interactions Mediated by Root-Secreting
Phytochemicals

The rhizosphere soil surrounded by plant roots is more abundant in microbes than
the nonrhizosphere soils (Bending 2003; Lynch 1987; Rouatt and Katznelson 1960;
Rouatt et al. 1960). However, more recently the term “rhizosphere” has broadened
to include both the volume of soil influenced by the root and the root tissues
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colonized by microorganisms (Pinton et al. 2001). Microorganisms in the rhizo-
sphere react to the many metabolites secreted by plant roots. The microorganisms
and their products also interact with plant roots or root-secreting compounds in
a variety of positive, negative, and neutral ways. The positive interactions include
classic symbioses, association with biocontrol agents, epiphytes, and mycorrhizal
fungi. The negative interactions include association with parasitic plants, patho-
genic bacteria, fungi, and invertebrate herbivores. Colonization and dominance of
specific microbe species in the rhizosphere is very critical for pathogenic soil
microbes and also important in the application of beneficial microorganisms for
plant protective purposes. Although a general increase in microbes in the rhizo-
sphere is always noted, the community structure and functional consequences of
this increase are poorly understood.

The well-known classical example for positive plant—microbe interaction is the
interaction between legume roots and Rhizobia bacteria, which are capable of
forming dinitrogen-fixing nodules in the roots of legumes. However, in this chapter
we intended to focus only on the nonlegumes—microbes interactions because
legumes—microbe interactions are discussed as a separate chapter in this book.
Similarly to Rhizobia, arbuscular mycorrhizal fungi (AMF) and plant roots
form associations in more than 80% of terrestrial plants. Mycorrhizal fungus
and bacterial rhizobial associations are thought to derive from a common-ancestral
plant—microbe interaction likely of fungal origin and it was demonstrated that the
activity of some host proteins regulates both mycorrhizal and rhizobial associations
(Lévy et al. 2004). Root exudates play a role in the recognition of mycorrhizal fungi
with the compatible host plant (Nagahashi and Douds 1999; Tamasloukht et al.
2003). Although root exudates have long been suspected to play a communicative
role in mycorrhizal associations, the identification of specific molecule interactions
from AMF and host still remains elusive. Recently, a sesquiterpene called
strigolactone 5-deoxystrigol was identified in the root exudates of Lotus japonicus
which is responsible for inducing AMF hyphal branching in germinating spores
(Akiyama et al. 2005). In the presence of AMF symbiosis, plants trade carbon with
phosphate from their fungal partners (Harrison 2005; Karandashov and Bucher
2005; Paszkowski 2006). Molecular data and fossil studies suggest that AMF
have facilitated the adaptation and evolution of primitive plant species to life on
land demonstrating more than 400 million years of coevolution which shows that
plants and AMF are highly interdependent (Remy et al. 1994; Simon et al. 1993).
Although less understood, similar processes are thought to control symbioses
between nitrogen-fixing Frankia bacteria and their actinorhizal plant hosts (Wall
2000). Recently, a leucine-rich-repeat receptor kinase (SymRK) was identified
as a common genetic basis for plant root endosymbioses with AMF, Rhizobia,
and Frankia bacteria (Gherbi et al. 2008).

Soil microbes can also modulate the secretion of root exudates to positively
regulate plant growth and disease resistance by indirect mechanisms. Plant growth
promoting rhizobacteria (PGPR) have been found to positively influence plants
through a wide variety of direct and indirect mechanisms (Gray and Smith 2005).
Bacteria are likely to locate plant roots through cues extended from the root and the
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carbohydrates and amino acids stimulate PGPR chemotaxis on root surfaces
(Somers et al. 2004). A very recent report demonstrated that the rhizobacterial
elicitor acetoin from Bacillus subtilis induces systemic resistance in Arabidopsis to
reduce plant’s susceptibility by pathogen attack (Rudrappa et al. 2010).

Several negative interactions are mediated by root exudates including antimi-
crobial, biofilm inhibitors, and quorum-sensing mimics to prevent soil-borne
pathogens (Bais et al. 2006, 2008). Plants are known to use diverse chemical
molecules for defense, although some groups of compounds (phenylpropanoids)
are used for defensive function across taxa (Bouarab et al. 2002). Recent years of
research have clarified the antimicrobial properties of root exudates. For example,
rosamarinic acid from hairy root cultures of sweet basil (Ocimum basilicum),
pigmented napthoquinones from Lithospermum erythrorhizon hairy root cultures,
and aromatic phenolic compounds from the exudates of Gladiolus spp. have shown
potent antimicrobial activity against an array of soil-borne pathogens (Bais et al.
2002; Brigham et al. 1999; Taddei et al. 2002).

Plant-microbe interactions in the rhizosphere are responsible for a number of
intrinsic processes such as carbon sequestration, ecosystem functioning, and nutri-
ent cycling (Singh et al. 2004). A great variety of biotic and abiotic factors shape soil
and plants associated habitats, as well as modify the composition and activities of
their microbial communities (Bever et al. 1997). Bacterial communities in root-
associated habitats respond specifically with respect to density and composition of
root exudates, eventually yielding plant species-specific microfloras which may also
vary depending upon the plant developmental stage (Mahaffee and Kloepper 1997,
Wieland et al. 2001; Yang and Crowley 2000). Recent evidence suggests that
specific plant species are responsible for driving their own soil fungal community
composition and diversity mediated by root-secreting compounds (Broeckling
et al. 2008). In addition, a recent report demonstrated that a mutation in the
ABC transporter (AfPDR2) dramatically changes the composition of root-secreted
phytochemicals which influenced the qualitative and quantitative changes in the
Arabidopsis native soil microbiota by culturing more beneficial microbes compared
to the wild type (Badri et al. 2009). Plant root exudates also affect the level of
contamination found in soil and groundwater from various environmental pollutants
by a process called “rhizoremediation.” For example, Pseudomonas putida from the
rhizosphere of corn and wheat helps to effectively decontaminate 3-methylbenzoate
and 2,4-D, respectively (Kingsley et al. 1994; Ronchel and Ramos 2001). Several
lines of evidences demonstrated the role of root exudates in metal remediation either
directly by solubilizing the metals by root-secreting organic acids or indirectly with
the help of soil microbes (Do Nascimento and Xing 2006).

4.1 Plant-Microbe Interactions Influenced by Root Volatiles

The microbial community in the rhizosphere is limited by carbon availability but
carbon-containing root volatiles especially monoterpenes contribute significantly to



8 C. De-la-Peiia et al.

the below-ground carbon cycle (Owen et al. 2007). Becard and Piche (1989) first
demonstrated that the carbon dioxide is a crucial root volatile that stimulates hyphal
growth of vesicular—arbuscular mycorrhizal (VAM) fungus. They also showed that
elevated carbon dioxide promotes hyphal length of VAM and depresses the growth
of non-VAM at low nitrogen availability. In addition, Scher et al. (1985) reported
that Pseudomonas fluorescens was attracted by carbon dioxide. Besides carbon
dioxide, there are other simple compounds such as acetaldehyde, acetone, acetic
acid, ethanol, and methanol emitted by Arabidopsis roots (Steeghs et al. 2004).
Root volatiles are important for defense response against microbial populations. For
example, the root volatile B-phellanderene was effective against the root fungal
pathogen Fomes annosus (Cobb et al. 1968), which was emitted from the roots of
Smyrnium olusatrum (Bertoli et al. 2004) and Rhodiola rosea (Rohloff 2002).

Similarly, the monoterpene 1,8-cineol emitted from Arabidopsis roots in
response to pathogen infection (Steeghs et al. 2004) had antimicrobial property
against several microbes (Kalemba et al. 2002; Vilela et al. 2009). Besides the role
of volatiles in plant defense, they also influence in symbiotic association either
positively or negatively. For instance, the sesquiterpene longifolene from the roots
of Pinus sylvestris inhibits the vegetative growth of mycorrhizal fungus Boletus
varigatus and Rhizopogon roseolus (Melin and Krupa 1971).

5 Plant-Faunal Interactions

Protozoa and microbial feeding nematodes are known to be the most important
grazers of the microflora in the terrestrial ecosystems (Ingham et al. 1985). Thus,
grazing of the microflora by microbivores is considered as a critical mechanism to
maintain the balance in the competition between microbes and plants. Despite the
critical importance of interactions between roots (root exudates), microbes, and
their predators for plant growth, knowledge of these interactions is still fragmentary
and the mechanisms are poorly understood (Zwart et al. 1994). The outcome of the
rhizosphere plant—faunal, plant-microbial, and faunal-microflora interactions may
be either positive (e.g. mutualistic and associative) or negative (predatory and
competitive) (Bonkowski et al. 2000). Much attention has been drawn only to the
negative plant—faunal interactions (parasitic nematodes) (Curtis 2008). It should
also be noted that root-feeding by nematodes may increase allocation of carbon
below-ground and increase significantly the leaking of carbon from roots that
stimulate rhizosphere microbial processes (Bardgett et al. 1998). Although most
nematodes are free-living organisms that consume bacteria, there are some
nematodes that are pathogenic for plants causing important economic losses each
year (Barker and Koenning 1998). Some of the most harmful plant—parasitic
nematodes include root-knot and cyst nematodes such as Meloidogyne spp.,
Heterodera spp., and Globodera spp. (Chitwood 2003).

During coevolution with the host plant, parasitic nematodes have developed the
capacity to recognize and respond to the chemical signals of particular host species.
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Understanding the complexity of the chemical signal exchange and response during
the early stage of host—parasite interactions is important to identify the critical steps
in the parasite life cycle to disrupt the host—-nematode recognition. Plant signals are
indispensible for nematodes to locate hosts and feeding sites (Robinson et al. 1987).
However, the identities of the plant signals involved in the key stages of the
plant-nematode interactions are not yet clearly dissected. Chemical components
of root exudates may deter one organism while attracting another and these
compounds alter the nematode behavior by attracting the nematodes to the roots
or result in repellence, motility inhibition, or even death (Robinson 2002; Wuyts
et al. 20006). For instance, root exudates of cucumber and their fractions having both
repellent and attractant activity to M. incognita were reported (Castro et al. 1989).
Similarly, the root cap exudates that include enzymes, antibiotics, and other soluble
chemicals and mucilage repelled both plant parasitic nematodes and free-living
nematode Caenorhabditis elegans and resulted in reversible state of immobility in
these nematodes (Hubbard et al. 2005; Wuyts et al. 2006; Zhao et al. 2000). This
study indicates that the root tip delivered products has the potential to temporarily
immobilize nematodes.

The best examples describing the role of plant signals in synchronizing
host—parasite life cycle are the two species of potato cyst nematodes (Globodera
spp.), as these nematodes are completely dependent on root exudates for hatching.
Several hatching factors have been identified in crop plants to explore the potential
of using these compounds for agrochemical use (Devine and Jones 2001;
Timmermans et al. 2007). For example, Solanum sisymbriifolium is being used
successfully as a trap crop for potato cyst nematodes in Europe, because the plant
root exudates stimulate hatching of the second-stage juveniles but does not support
their development to complete their life cycle (Timmermans et al. 2007). Mostly,
the root exudates act as attractants for nematodes to move closer to individual host
roots; these are considered “short distance attractants.” However there are “long-
distance attractants” that enable the nematodes to locate roots. So far, only carbon
dioxide has been identified as a prime long-distance attractant to nematodes includ-
ing M. incognita (Robinson 2002). Other additional short-distance attractants such
as amino acids, sugars, and metabolites are also reported (Bird 1959; Perry 2001;
Robinson 2002). In addition, plant roots also produce allelochemicals to defend
other plant species or soil-borne pathogens, which have been shown to function as
nematodes antagonists (Guerena 2006). For example, cucurbitacin A from cucum-
ber plants repels nematodes and B-terthienyl from Tagetes erecta acts as repellent as
well as nematotoxic (Castro et al. 1989). Other compounds such as cyclic
hydroxamic acid from maize root exudates affect the behavior of M. incognita,
Pratylenchus zea, and Xiphinema americanum (Friebe et al. 1998; Zasada et al.
2005). Root exudate compounds not only induce nematode hatching, attraction, and
repellence, but also induce the exploratory behavior of nematodes including stylet
thrusting and aggregation and increase in nematode mobility (Curtis 2007,
Robinson 2002). In addition, root exudate compounds and phytohormones such as
IAA induce the changes in the surface cuticle of nematodes (Curtis 2008). The
surface changes in the cuticle might allow the nematodes (M. incognita) to adapt and
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survive plant defense responses (Curtis 2007). Identifying the signaling and percep-
tion process executed by root exudate compounds occurring in plant-nematode
interactions will reveal targets for chemical or genetic intervention.

Besides the role of root exudates compounds in attracting and repelling
nematodes, nematodes also respond to the host by secreting specific proteins to
complete their life cycle within the host. The way nematodes secrete proteins is
mainly through their stylet, a hollow, protrusible spear at the anterior of the worm
(Davis et al. 2000). The stylet secretions are studied widely for their role in host
penetration, feeding site induction, and disease induction (Hussey 1989). The first
analysis of the stylet-secreted proteins was realized in one-dimensional electropho-
resis (Robertson et al. 1999; Veech et al. 1987). However, with the modern
techniques of proteomics, knowledge of the nematode secretome has been extended
(Bellafiore et al. 2008).

In the secretome of M. incognita were identified 486 proteins mainly required for
invasion, immune suppression, and host cell reprogramming (Bellafiore et al.
2008). In another proteomic study on M. incognita, calreticulin a calcium-binding
protein was identified as the most abundant stylet-secreted protein (Jaubert et al.
2002). Calreticulin has already been studied for its role in many host—parasite
interactions (Nakhasi et al. 1998; Pritchard et al. 1999). In plants, calreticulin has
been involved in cell-to-cell trafficking and pressure support (Baluska et al. 2001;
Sivaguru et al. 2000). The fact that nematode protein homologues were found in
plants indicates that nematodes could manipulate plant cell functions during the
compatible interaction (Caillaud et al. 2008) to elude the defense plant response.
Most of the nematode proteins secreted in the root—nematode interaction have been
found in the first 18 h of infection being some of these glycoproteins (Veech et al.
1987) proteases and superoxide dismutases (Robertson et al. 1999).

Some of the secreted proteins have been determined to have important roles in
parasitism (Davis et al. 2000; De Meutter et al. 1984; Popeijus et al. 2000).
Enzymes such as B-1,4-endoglucanases, cellulases, pectate lyase, and polygalac-
turonase are likely to be used by nematodes in softening the cell wall in order to
facilitate their movement through the root (Davis et al. 2000; Doyle and Lambert
2002; Goellner et al. 2000; Popeijus et al. 2000; Smant et al. 1998). Mawuenyega
et al. (2003) found, by two-dimensional liquid chromatography (2DLC) coupled
with electrospray ionization (ESI) tandem mass spectrometry (MS/MS), 110
secreted/targeted proteins and 242 transmembrane proteins. Also, it was found
that many peptides of these proteins have N-terminal glycosylation and phosphory-
lation, which suggest the importance of posttranslational modification for recogni-
tion and infection. Depending on the modification that the protein has, it would
have critical effects on cell regulatory and signaling processes (Mann and Jensen
2003). For instance, it was found in a human-filanial nematode parasite
Acanthocheilonema viteae that the covalent attachment of phosphorylcholine to
a major secreted protein named ES-62 is likely involved in the interference of the
host immune system (Houston et al. 1997). This effect may also happen in plant
nematodes that secrete numerous posttranslational modified proteins (Bellafiore
et al. 2008; Caillaud et al. 2008; Mawuenyega et al. 2003).
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Reports are also available in the model plant A. thaliana response to the
nematodes. Huang et al. (2006) found that the root-knot nematode M. incognita
secretes a peptide named 16D10 that interacts with the plant SCARECROW-like
transcription factor; this peptide—protein interaction probably represents an early
signaling event in the plant-nematode interaction. Some nematodes induce the
well-known salicylic acid-related defense response during incompatible
interactions. The fact that salicylic acid inhibits the parasitism of H. schachtii by
inducing the expression of PRP genes in Arabidopsis roots (Wubben et al. 2008)
suggests that pathogenesis-related proteins play a role in signaling and perception
process in the host—-nematode interactions.

6 Plant-Root-Secreting Proteins Involve in Neighbors
Interaction

Studies on proteins involved in root-microorganism interaction have provided
strong evidence about the importance of root-secreted proteins during the recog-
nition between pathogenic and nonpathogenic interactions. One of the most
studied common proteins found in root exudates are lectins (De-la-Pefa et al.
2008; Wen et al. 2007). Lectins are a diverse group of carbohydrate binding
proteins that are found in dual systems, functioning in defense with some
pathogens, and in recognition of a compatible symbiosis (De Hoff et al. 2009;
Sharon and Lis 2004). De Hoff et al. (2009) illustrated a hypothetical model of the
perception of pathogenic and symbiotic bacteria where the lectin gradient is
secreted from the root to permit the growth of symbiotic bacteria and agglutination
of the pathogenic bacteria. However, those bacteria that elude the first line of
the plant defense can be recognized by specific receptors in the root triggering
a cascade of MAP kinase signaling leading to antipathogen response or prosym-
biotic response depending on the microbe that is in contact with the root. Another
set of proteins found highly secreted in the rhizosphere are the PRP. PRP, such as
chitinases, osmotin, and thaumatin-like proteins, have been found in root exudates
under pathogen contact as well as secreted constitutively (Basu et al. 2006; De-
la-Pefia et al. 2008; Nobrega et al. 2005). Root-secreted proteins are not only
important for defense, but also for attracting microbes to the roots, a process
known as chemotaxis (Currier and Strobel 1977). Chemotaxis is one of the earliest
essential events in the interaction between plants and bacteria (Hawes and Smith
1989; Manson 1990). Proteins in the rhizosphere are so important for chemotaxis
that even a glycoprotein, named trefoil chemotactin, from Lotus corniculatus has
been identified (Currier and Strobel 1977, 1981). After that, other secreted
proteins, able to recognize bacterial surface carbohydrate structures, which help
to adhere to root hairs of many plants, have been identified in Rhizobium
(Ausmees et al. 2001).
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In order to colonize the roots, bacteria usually congregate together by using
of quorum-sensing (QS) signals. The most common type of QS signal in
proteobacteria are the N-acyl-homoserine lactones (AHL) (von Bodman et al.
2003), which affect the expression of more than 600 genes in bacteria (Schuster
et al. 2003). Biofilm-forming bacteria is a dense population that perform many
biological responses as community, including production of extracellular
polysaccharides, degradative enzymes, antibiotics, Hrp protein secretion, Ti plas-
mid transfer, and other functions (von Bodman et al. 2003). QS stimulates the
production of extracellular enzymes which has been related to pathogenesis in
P. aeruginosa PAO1 (Passador et al. 1993), P. fluorescens (Worm et al. 2000),
and Aeromonas hydrophila (Swift et al. 1999). More recent evidence suggests that
QS-related enzymes such as chitinases and proteases could be involved in nitrogen
mineralization process instead of pathogenesis (DeAngelis et al. 2008). On the
other hand, M. truncatula roots are able to detect low concentrations of bacterial QS
signals from the pathogenic bacterium P. aeruginosa by change and accumulation
of 154 proteins, from which 21 are related to defense and stress responses
(Mathesius et al. 2003). Based on these information one can easily predict that
considerable percentage of root-secreted proteins function in the rhizosphere still
remains elusive.

Studies on the secretome of Gram-positive bacteria B. subtilis started 10 years
ago (Hirose et al. 2000; Tjalsma et al. 2000) revealed nearly 300 possible proteins
secreted into the soil, among them more than a half have not been yet identified
(Antelmann et al. 2006). The secretome analysis of pathogenic bacteria is very
important in revealing new virulence proteins (Desvaux and Hébraud 1978;
Kaffarnik et al. 2009; Kazemi-Pour et al. 2004; Saarilahti et al. 1992; Watt and
Wilke 2005). For instance, Kazemi-Pour et al. (2004) analyzing the secretome of
Erwinia chrysanthemi, a well-known plant pathogenic bacterium, found proteins
related to virulence, disease symptoms, and pathogenicity: Avr-like protein, elon-
gation factor EF-Tu, flagellin, pectate lyases, and metalloproteases. Furthermore,
E. chrysanthemi and E. carotovora secrete proteases, polygalacturonase, and
proteins that degrade plant cell walls, such as pectin lyase and cellulose (Collmer
and Keen 1986; Perombelon and Kelman 1980). Polyglacturonases are considered
to be key enzymes involved in pathogenesis (Palomski and Saarilahti 1997).
Another secretome study on Xanthomonas campestris revealed 97 proteins; some
of these are involved in element acquisition, protein maintenance and folding,
compound degradation, and proteins with unknown functions (Watt and Wilke
2005). It is worth noting that in both bacteria, E. chrysanthemi and X. campestris,
there are some shared secreted proteins that could be linked with pathogenicity.
E. chrysanthemi (Kazemi-Pour et al. 2004) secreted an elongation factor, a
chaperonin GroEL, flagellin, and celluloses that also were found in the secretome
of X. campestris (Watt and Wilke 2005). Furthermore, the secretion of these
proteins has found to increase in the presence of plants and plant compounds
(De-la-Pefia et al. 2008; Kazemi-Pour et al. 2004).

As far as root—fungus interactions are concerned, several secretomes have been
annotated (Choi et al. 2010), being these from symbiotic to pathogenic, proteomics
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have been applied to complement the genomics analysis of the fungal secretome
(Phalip et al. 2005). Pathogenic fungus in comparison to symbiotic mycorrhizal
fungi represents serious damage and loss to agriculture. Furthermore, some fungi
such as Trichoderma spp. represent a group of fungi that have been used as plant
disease control against a wide diversity of phytopathogenic fungi and even they
have positive effect on plants as a plant growth enhancer (Harman and Bjorkman
1998; Harman et al. 2004; Yedidia et al. 2003). This mycoparasitic activity has
been attributed to the secretion of complex mixture of hydrolytic enzymes such as
chitinases, glucanases, and proteases able to degrade different cell wall systems
(Benitez et al. 1978; Suarez et al. 2005; Szekeres et al. 2004). The secretome of
T. harzianum revealed to vary both qualitatively and quantitatively on different
ascomycetes, oomycetes, and basidiomycetes cell walls (Suarez et al. 2005).

In pathogenic fungi the most important molecules that promote the infection
process are the extracellular effectors that produce the elicitation of plant defense
responses (Birch et al. 2006; Colditz et al. 2004; Dean et al. 2005; Hahn 1996; Rose
et al. 2002). These effectors have been found in the secretome of different
oomycetes (Kamoun 2006). Among the secretomes studied on plant pathogenic
fungi are those from Fusarium graminearum, and Sclerotinia sclerotiorum (Phalip
et al. 2005; Yajima and Kav 2006). In F. graminearum secretome, in the presence
of Humulus lupulus L. cell wall, were identified 84 proteins (Phalip et al. 2005)
which 45% of them are actually involved in cell wall degradation and the most
abundant proteins were cellulases, endoglucanases, proteases, and chitinases. In S.
sclerotiorum were identified 18 secreted proteins from the liquid culture of this
fungus (Yajima and Kav 2006) where L-arabinofuranosidase was one of the most
abundant in the secretome but not in the mycelia. This protein is much known for its
function in the virulence process of this fungus. The study of secreted proteins not
only in pathogens alone, but also in the presence of the host, should be persuaded in
order to know the principal signals involved between fungal and roots interaction.
Some of these proteins could lead to the identification of new effector proteins
produced by fungi and defense-related proteins produced by roots specific-secreted
to a given fungus.

The way plants and pathogenic fungi cross talk is very dynamic and complex,
and it is not known which one of the organisms emits the first signal. Fungus as
much as plants turn on their genetic and biochemical systems to generate a series of
signals to invade or defend (Nurnberger and Brunner 2002). In the case of fungus,
once contact with the plant host root has been established, elicitors start to be
produced and secreted by the fungus (Nurnberger and Brunner 2002). These
elicitors are perceived by the plant and plant-specific proteins rapidly phos-
phorylated in response to fungus signals (Peck et al. 2001). Dietrich et al. (1990)
and after Felix et al. (1991) found that protein kinase-mediated phosphorylation
might be the first trigger immediately after the fungal is perceived by the plant cells.
Posttranslational modifications by phosphorylation/dephosphorylation in the signal
transduction cascade produced by pathogens have been studied in other plants as an
early plant defense response (Grant and Mansfield 1999; Stone and Walker 1995).
The possible existence of an extracellular phosphorylation network (Ndimba et al.
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2003) has opened the possibility to investigate the plant—microbe interaction
signaling in the rhizosphere mediated by kinases and phosphatases.

The principal way that roots combat the fungal invasion is through enzymes such as
PRP (Colditz et al. 2004; Fagoaga et al. 2001), which some have been seen to be
effective in repressing the growth of root pathogenic fungi (N6brega et al. 2005). For
instance, the root protein profile of M. truncatula infected with the pathogen
Aphanomyces euteiches (Colditz et al. 2004) showed an induction of proteins
belonged to the family of class 10 of PRP (PR10). Because the fungal cell walls are
build with chitin and B-glucans, proteins belonging to the family PR2 such as B-1,3-
endoglucanases and family PR-3, -4, -5, and -11 such as several types of endo-
chitinases are effective to inhibit the growth of fungi while depolymerizing poly-
saccharides of mycelia walls and disturbing intracellular targets (Abad et al. 1996;
Ferreira et al. 1984; Joosten and De Wit 1989; Li et al. 2000). PRPO have been studied
extensively and they are found in both pathogenic and nonpathogenic interactions.
This is the case of osmotin, a PR5 protein found in the root exudates of alfalfa
inoculated with Sinorhizobium meliloti (De-la-Pena et al. 2008), which also
participates in plasma membrane permeabilization, which is associated with patho-
genic fungal spore lysis (Abad et al. 1996). This specificity is very important for the
plant in order to avoid the killing of beneficial microbes or the free invasion of
pathogenic organisms. How the plants provoke such specificity is a research
that needs to be persuaded. Although mycorrhiza are beneficial fungi for plants,
the induction of plant-defense-related genes still takes place at early stages of the
interaction (Gianinazzi-Pearson et al. 1996; Harrison 1999, 2005). During the earlier
stages of the development of the VAM symbiosis association between Allium porrum
L. and Glomus versiforme, the root chitinase activity was almost twice as high as in
uninfected roots (Spanu et al. 1989). However, once the symbiosis was fully
established, the chitinase activity in mycorrhizal roots was even lower than in the
control roots. The possible explanation for this observation is that at the earliest stages
of the interaction with the fungus, roots respond with a defense response. However,
once the symbiotic interaction is established, the fungus is able to suppress the plant
stress reaction and grow inside the roots.

7 Methods for Studying Rhizosphere Interactions

The rhizosphere is complex; quantitatively a single gram of soil has over 10,000
distinct microbes (Kent and Triplett 2002). The traditional culture-based techniques
are inadequate to study the actual goings-on of the microbes of the interest because
most of the rhizosphere organisms are unculturable (Kent and Triplett 2002). Novel
approaches are needed to probe this complex environment and recently a broad
range of techniques and strategies have been used to study the rhizosphere
interactions. The increasing applications of molecular techniques will provide
a basis for studying rhizosphere interactions at broad-scale (community level) to
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fine-scale (species level) investigations. Previously, Biolog has been used to char-
acterize the differences in microbial communities between contrasting habitat and
soil types (Zak et al. 1994). The Biolog assay uses microtiter plates consisting of 96
wells containing separate sole carbon sources and a redox indicator dye, which
produce patterns of potential carbon utilization for microbial communities. How-
ever, this method is completely dependent on the growth of microbial population in
artificial media and also biased toward faster growing microbes (Paterson et al.
1997). To overcome this problem, phospholipid fatty acid analysis (PLFA) has been
used to analyze the microbial population at community level and this method is
totally culture-independent analyses and provides the broad number of bacterial
taxes present in the samples (Zelles 1997). The combination of Biolog and PLFA
techniques has shown differences in the microbial community composition of bulk
and rhizosphere soils (Soderberg et al. 2004), but these two methods cannot identify
certain microbial species at community level. Later, polymerase chain reaction
(PCR) amplification of rDNA genes combined with fingerprinting techniques such
as denaturing gradient gel electrophoresis (DGGE), terminal restriction fragment
analyses (T-RFLP), and amplified rDNA restriction analysis (ARDRA) is proven to
study the species composition of whole communities in detail (Nicol et al. 2003;
Torsvik and Ovreas 2002). In addition, development of novel methods such as
fluorescence in situ hybridization (FISH) and microautoradiography allows to
determine the phylogenetic identification of uncultured bacteria in natural environ-
ments by using fluorescence-specific phylogenetic probes (targeting rRNA) and
fluorescence microscopy to detect and quantify the active population utilizing
a specific substrate (Gray et al. 2000). The recent development of metagenomics
coupled with bioinformatics will allow studying the genomics analyses of uncul-
tured microbes in the rhizosphere (Rondon et al. 2000), but it does not make any
sense to gather data on every microbe present in the rhizosphere instead of the
organisms of interest which are actively interacting in the rhizosphere. The discov-
ery of an elegant technique called stable isotope probing (SIP) allows studying the
organisms of interest which are actively interacting in the rhizosphere with the root
exudates. In this technique, plants are exposed to '*CO,, which has a heavier carbon
atom than regular CO,, metabolized by the plant, and deposited in the rhizosphere
through rhizodeposition and utilized by the microbes present in the rhizosphere.
The nucleic acids of the microbes utilizing the '*CO, will be heavier than the
noninteracting microbes and analyzed using density gradient centrifugation (Kiely
et al. 2006) and also yield the entire genome of all the participating microbes in the
rhizosphere (Singh et al. 2004). In addition, the recent development of “omics”
technologies coupled with bioinformatics studies is appropriate to study the
rhizospheric soil microbe’s interactions at community levels to species level. The
“omics” techniques such as transcriptomics, proteomics, and metabolomics allow
studying the microbial interactions in a given environment as a part of functional
genomics. The recent development of next-generation sequencing methods will
complement these “omics” techniques to study the rhizospheric microbial
interactions in detail to detect and quantify the unculturable microbes that actively
participate in the rhizosphere. Finally, the rhizosphere is a complex system and no
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single method is sufficient to describe the complex nature of the rhizosphere.
Therefore, there exists a need to develop systems approach to describe the complex
nature of the rhizosphere. In addition, the multitude of interactions in the rhizo-
sphere requires high-throughput techniques in order that they can be elucidated in
a reasonable time frame.

8 Concluding Remarks and Future Perspectives

Competition between plants is high because plant growth in the natural environ-
ment frequently takes place in dense stands of established vegetation. The complex
interactions that take place in the rhizosphere between plants and microbes and
their regulation by soil faunal activity may be of fundamental importance for
individual plant success but also at community level.

Although there is a large body of literature available to prove the significance of
plant—microbes, plant—microfaunal, and microbial-microfaunal interactions to
enhance plant growth, but still there is a lacuna on the knowledge of multitropic
interactions occurring in the rhizosphere. In addition, most information about
important processes in the rhizosphere comes from studies in controlled environ-
ments where roots are grown in simple uniform media and organisms of interest are
applied. There is a need to understand these rhizospheric multitrophic interactions
in the realistic field conditions to improve the plant growth at species and commu-
nity level. In addition, studies should conduct in the field conditions to understand
the rhizospheric complex interactions in monocultures and polycultures. This will
help to understand the dynamics of interactions and their outcome in influencing the
plant’s success when they are in monocultures and in polycultures.

Obviously, studying these complex rhizospheric interactions by employing
single method is impossible. However, the combination of techniques and the
continuous development of new techniques in the field of rhizosphere biology
coupled with systems approach will allow us partly to elucidate these complex
interactions under field conditions. For many years, ecologists have viewed soil
organisms and plants as relatively independent from each other. But to unravel these
complex interactions, further research requires multidisciplinary system approach,
which includes involving and exchange of knowledge between plant physiologists,
soil scientists, microbiologists, and zoologists with the help of bioinformatics
specialists. In addition, the differences in plant growth and plant community com-
position can only be understood in relation to indirect microbial—faunal, plant—
microbial, faunal-plant, and microbial-microbial interactions in the rhizosphere.
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Root Exudates of Legume Plants and Their
Involvement in Interactions with Soil Microbes

Akifumi Sugiyama and Kazufumi Yazaki

Abstract Plants secrete both high- and low-molecular weight compounds from
their roots, and these root exudates function not only as nutrients for soil microbes
but as signal molecules in plant—microbe interactions. Legume plants establish
symbiotic interactions with rhizobia and arbuscular mycorrhizal fungi to obtain
several nutrients such as nitrogen and phosphate. In these interactions, flavonoids
and strigolactones in root exudates serve as signal molecules to establish the
symbiotic interactions. Root exudates from some legume plants also function to
acidify surrounding soils to acquire phosphate. Here, we provide an overview of
the functions of legume root exudates with emphasis on the interaction between
legume plants and soil microbes and also on the acquisition of nutrients from
surrounding soil.

1 Introduction

The legume family (Fabaceae) is composed of more than 700 genera containing
approximately 20,000 species (Doyle and Luckow 2003). It represents the third
largest plant family next to Orchidaceae and Asteraceae. Legume plants have
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a significant agricultural importance because many crop plants such as soybean
(Glycine max), pea (Pisum sativam), and bean (Phaseolus vulgaris) belong to this
family, and legume crops are cultivated on 12—15% of the arable land throughout the
world. Legume species, including soybean and peanut (Arachis hypogeae), provide
more than one third of the processed vegetable oil throughout the world’s market
(Graham and Vance 2003). In addition to these crop legumes, nongrain legumes,
such as licorice (Glycyrrhiza galbra) provide glycyrrhizin, which is a useful
phytotherapeutic and sweating agent, while legume plants such as indigo (Indigofera
tinctoria and I. suffruticosa) and logwood (Haematoxylon campechianum) provide
natural dyes. Forage legumes such as alfalfa (Medicago sativa) and birdsfoot trefoil
(Lotus corniculatus) are widely used for livestock feed, and tree legume such as
various Acacia and Robinia species supply large-scale biomaterials like tannin and
pulp (Dixon and Sumner 2003; Downs et al. 2003; Christie 2007).

A hallmark feature of legume plants is their ability to establish a mutualistic
symbiosis with bacteria belonging to Rhizobiaceae family for the utilization of
atmospheric nitrogen as a nitrogen source. It is estimated that approximately 40—60
million metric tons of atmospheric nitrogen is fixed by cultivated legume plants
annually (Smil 1999), which is important not only for agriculture, but also for the
environment because nitrogen fixation can supplement the use of synthetic nitrogen
fertilizers which require a large amount of energy input during production that can
contribute to environmental pollution. Most of the legume plants also establish
a symbiotic interaction with arbuscular mycorrhizal fungi which help to obtain
mineral nutrients, as well as water.

In addition to these mutualistic interactions, legume plants interact with diverse
soil microbes both positively and negatively. Both culture-dependent and culture-
independent methods were employed to analyze the microbial communities and
unique communities were found depending on the plant species, cultivars, and
ecotypes (Priha et al. 1999; Yang and Crowley 2000; Narasimhan et al. 2003;
Innes et al. 2004; Mazzola et al. 2004; Batten et al. 2006; Kowalchuka et al. 2006;
Mougel et al. 2006; Micallef et al. 2009). It has also been reported that symbiotic
mutants (i.e., hypernodulating mutants, mutants defective in Rhizobium symbiosis,
and mutants defective in both rhizobial and arbuscular mycorrhizal symbiosis) have
different microbial communities contained in the rhizosphere soil as well as the
roots than do wild type plants (Offre et al. 2007; Ikeda et al. 2008). Among the
various methods plants employ to interact with soil microbes, root exudates are
a key factor that influences the microbial communities (Uren 2007; Badri and
Vivanco 2009; Badri et al. 2009).

This chapter provides an overview of the literature on the root exudates of
legume plants with emphasis on the interaction between legume plants and soil
microbes. We first describe the characteristics of legume root exudates and then
discuss the functions of these root exudates in the interaction with soil microbes
such as rhizobia and arbuscular mycorrhizal fungi. Finally, we describe some
features of root exudates in the acquisition of nutrients from soil.
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2 Characteristics of Root Exudates from Legume Plants

Metabolites in legume plants have been intensively studied due to biological
interests such as symbiotic nitrogen fixation, as well as their importance to human
health. Recently, metabolomic analyses have been performed on various legume
species such as M. truncatula, L. japonicus, soybean, and the common bean
(Desbrosses et al. 2005; Farag et al. 2008; Suzuki et al. 2008; Farag et al. 2009;
Hernandez et al. 2009; Brechenmacher et al. 2010; Rispail et al. 2010). Many of
these studies are focused, at least in part, on flavonoids and other phenolic
compounds. Profiling of flavonoids in M. truncatula roots and cell suspension
culture showed M. truncatula contains at least 40 flavonoids, most of which are
glycosides (glucoside or glucoside malonate), and that methyl jasmonate induced
the accumulation of the phytoalexin medicarpin and decreased the isoflavone
glucosides, while a yeast elicitor coordinately increased isoflavonoid precursors
and medicarpin (Farag et al. 2008). In L. japonicus, 61 flavonoid compounds
have been identified from leaves, stems, flowers, and seeds. Most of these are
glycosides and about half of them are flower specific (Suzuki et al. 2008). Another
group recently reported that M. loti inoculation induced quantitative rather than
qualitative changes of the phenolic compounds in roots of L. japonicus and
that phytoalexin vestitol and sativan were not found in the inoculated roots (Rispail
et al. 2010).

In contrast to the metabolite profiling in plants, metabolite profiling of root
exudates are limited to the targeted analysis of particular compounds such as
organic acids, flavonoids, and fatty acids (Smit et al. 1992; Lucas Garcia et al.
2001). There are several reports on the metabolome and proteome analyses of
Arabidopsis root exudates identifying various metabolites such as sugars, amino
acids, fatty acids, as well as various classes of proteins (De-la-Pena et al. 2008,
2010; Badri and Vivanco 2009; Badri et al. 2009). Proteome and metabolome
analyses of root exudates in legume species will be of particular interest to target
compounds that function in plant—-microbe interactions, such as the recruitment of
rhizobia, arbuscular mycorrhizal fungi, and PGPR (plant growth promoting
rhizobacteria) species that potentially improve crop yields. It was shown that
L. japonicus secreted strigolactone for the establishment of arbuscular symbiosis
and more recently was reported that L. japonicus secretes a phytoalexin vestitol as
a chemical barrier against parasitic weeds (Ueda and Sugimoto 2010). We also
performed metabolite profiling of the root exudates of L. japonicus and found that
methyl jasmonate induced several unknown compounds in the exudates (unpub-
lished results). It would be interesting to characterize the function of these induced
compounds in response to pathogens. The following chapters provide the functions
of legume root exudates in plant—microbe interactions in soils.
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3 Functions of Root Exudates in Symbiosis with Rhizobia

3.1 Signaling Molecules from Legume Plants to Rhizobia

Interaction between legume plants and rhizobia in the soil is of particular impor-
tance in agriculture and ecology and many studies have been performed to charac-
terize the molecular mechanisms on how this species-specific interaction is
established (Werner 2007). In soils, Rhizobium spp. can find its host legume plant
from a distance because of the chemotactic nature of rhizobia. Rhizobia have been
shown to be attracted to the root exudates of legume plants (Currier and Strobel
1976). It was reported that flavonoids present in root exudates are responsible for
the attraction of rhizobia in alfalfa (Parke et al. 1985; Caetano-Anolles et al. 1988;
Dharmatilake and Bauer 1992), and a Rhizobium mutant defective in chemotaxis
was shown to be less competitive in forming the functional nodules (Yost et al.
1998). Because phytochemicals such as flavonoids may not diffuse for long
distances in soils, it is presumed that root volatiles are also involved in the attraction
of rhizobia to host plants. In Medicago—Sinorhizobium interaction, root volatiles of
Medicago, especially dimethylsulfide, were shown to attract nematodes which
bring Sinorhizobium meliloti to the proximity of plant roots (Horiuchi et al.
2005). In a similar way, it may also be possible that other volatile organic
compounds attract rhizobia from a distance.

In the 1980s, many genes and proteins involved in the recognition of plant signal
molecules were identified in rhizobia: such as NodD (a LysR-type regulator which
acts as a transcriptional activator for the nod operon), NodA (N-acetyltransferase),
NodB (de-N-acetylase), and NodC (UDP-Gluc N-acetyltransferase), which together
synthesize the backbone of a lipochitooligosaccharide called Nod factor (Rossen
et al. 1984; Egelhoff et al. 1985; Egelhoff and Long 1985; Mulligan and Long 1985;
Rossen et al. 1985; Fisher and Long 1992). To identify the signaling molecules
from plant roots, a nod promoter—LacZ fusion reporter system was employed. With
this reporter system, signaling molecules from legume plants were identified to be
luteolin from alfalfa (M. sativa), 7,4’-dihydroxyflavone and geraldone from white
clover (Trifolium repens), and daidzein and genistein from soybean (G. max)
(Peters et al. 1986; Redmond et al. 1986; Djordjevic et al. 1987; Kosslak et al.
1987) (Table 1), whereas formononetin and umbelliferone were shown to exhibit
inhibitory effects on the nod gene expression (Djordjevic et al. 1987). Beside these
flavones and isoflavonoids, a chalcone (4,4’-dihydroxy-2’-methoxychalcone) from
alfalfa (Maxwell et al. 1989), anthocyanidins (petunidin and malvidin) from the
common bean (P. vulgaris) (Hungria et al. 1991), betains (trigonelline and
stachydrine) from alfalfa (Phillips et al. 1992), and aldonic acids (erythronic acid
and tetronic acid) from white lupine (Lupinus albus) (Gagnon and Ibrahim 1998)
were also reported to be nod gene inducers (Table 1). These various data suggest
that a structurally diverse variety of phytochemicals can function as signal
molecules. Signaling molecules from a legume tree species, black locust (Robinia
pseudoacacia), were also identified to be flavonoids (7,4'-dihydroxyflavone,
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Table 1 Nod-gene-inducing compounds of root exudates of legume plants

Plant

Compound

Reference

Alfalfa (Medicago sativa)

Barrel Medic (Medicago
truncatula)

Black Locust (Robinia
pseudoacacia)

Common bean (Phaseolus
vulgaris)

Common vetch (Vicia sativa)

Cowpea (Vigna unguiculata)

Miyakogusa (Lotus japonicus)

Pea (Pisum sativum)

Rostrate sesbania (Sesbania

rostrata)
Soybean (Glycine max)

White clover (Trifolium
repens)

White lupine (Lupinus albus)

Luteolin

7,4'-Dihydroxyflavone

7,4’ -Dihydroxyflavanone

4.4'-Dihydroxy-2'-
methoxychalcone

Chrysoeriol

Trigonelline

Stachydrine

7,4’ -Dihydroxyflavone

7,4’ -Dihydroxyflavone

Apigenin

Naringenin

Chrysoeriol

Isoliquiritigenin

Eriodictyol

Naringenin

Genistein 7-O-glycoside

Delphinidin

Petunidin

Malvidin

Myricetin

Quercetin

Kaempferol

3,5,7,3'-Tetrahydroxy-4’-
methoxyflavanone

7,3’ -Dihydroxy-4'-
methoxyflavanone

Daidzein

Genistein

Coumestrol

Unknown

Apigenin

Eriodictyol

7,4 -Dihydroxyflavanone

Daidzein

Genistein

Coumestrol
7,4'-Dihydroxyflavone
Geraldone

Erythronic acid
Tetronic acid

Peters et al. (1986)
Maxwell et al. (1989)

Hartwig et al. (1990)
Phillips et al. (1992)

Zhang et al. (2006)

Scheidemann and Wetzel
(1997)

Hungria et al. (1991a)

Hungria et al. (1991b)

Zaat et al. (1989)

Dakora et al. (2000)

Firmin et al. (1986)
Messens et al. (1991)
Kosslak et al (1987)

Bassam et al. (1988)
Redmond et al. (1986)

Gagnon and Ibrahim (1998)
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apigenin, naringenin, chrysoeriol, isoliquiritigenin) (Scheidemann and Wetzel
1997). The synthesis of these signaling molecules was induced under nitrogen
deficiency (Cho and Harper 1991), and the application of signaling molecules to
the legume plants was shown to increase the number of nodules in the roots (Begum
et al. 2001; Novak et al. 2002).

These signaling compounds were secreted from root tissues into the rhizosphere
using an energy-dependent transport system, and therefore diffuse around plant
roots. They bind to the NodD receptor in the rhizobial cell surface and induce the
expression of nod genes leading to the synthesis of Nod factors in a species-specific
manner. These signaling flavonoids were also shown to induce the type III secretion
systems (TTSS) and the excretion of proteins (Viprey et al. 1998; Fauvart and
Michiels 2008). TTSS, which is composed of ca. 20 proteins, is a molecular
machine found in both symbiotic (such as Bradyrhizobium japonicum,
Mesorhizobium loti, Rhizobium fredii) and pathogenic bacteria to deliver effector,
translocator, and regulator proteins to eukaryotic cells. It was reported that a
mutation in TTSS affects symbiosis in a host-specific manner, i.e., the mutation
in TTSS of Rhizobium sp. NGR234 resulted in increased number of nodules in yam
bean (Pachyrhizus tuberosus), less number of nodules in fish bean (Tephrosia
vogelii), and had no effect on nodulation in cowpea (Vigna unguiculata) and
white leadtree (Leucaena leucocephala) (Viprey et al. 1998). It was also shown
that the TTSS mutant of Rhizobium sp. NGR234 formed small and nonnitrogen
fixing nodules that seemed to be devoid of meristematic cells in sunhemp
(Crotalaria juncea) (Marie et al. 2003). The precise function of TTSS and its
secreted proteins (called Nops; nodulation outer proteins) in the nodulation process
is not yet well understood, but three Nops (NopL, NopP, and NopT) are proposed to
be involved in modulating the host signaling pathways such as the down regulation
of host plant defenses, and two other Nops (NopD and NopM) may be involved in
the interference of host protein regulation in the nuclei (Krishnan 2002; Krishnan
et al. 2003; Ausmees et al. 2004; Fauvart and Michiels 2008). It is noteworthy that
TTSS is not common machinery conserved in all Rhizobia, for instance, S. meliloti
does not contain TTSS genes in its genome (Galibert et al. 2001).

3.2 Signaling Molecules from Rhizobia to Legume Plants

Upon the recognition of plant-derived signal molecules, rhizobia induce the expres-
sion of nod genes, which are responsible for the synthesis of a lipochitooligo-
saccharide, Nod factor. Each Rhizobium species contains both common nod genes
such as nod A, nod B, and nod C, as well as other species-specific nod genes. The
common nod genes are responsible for the synthesis of the backbone structure of
Nod factors, while species-specific nod genes are responsible for the modification
of that structure, especially the side chain of the oligosaccharide. Functions and
properties of species-specific nod genes were summarized previously (Fisher and
Long 1992; Werner and Muller 2002). These species-specific modifications are
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necessary for the divergence of the structures of various Nod factors, which is
indispensable in the specific host—Rhizobium interactions. The secretion of Nod
factors from rhizobia is an energy-dependent process, and several genes involved in
the secretion of the Nod factor have been identified; nodl, nodJ, nodT, nodF GHI
(Rivilla et al. 1995; Spaink et al. 1995; Cardenas et al. 1996; Fernandez-Lopez et al.
1996). The products of these genes comprise a bacterial type ATP-binding cassette
(ABC) transporter which consists of two transmembrane proteins and two nucleo-
tide binding proteins.

Nod factors secreted into the rhizosphere are received by the Nod receptors
located at the plasma membrane of the host legume root cells. Upon the recognition
of Nod factors, plant roots undergo a series of drastic physiological changes: (1)
Nod factors induce the formation of a transient subcellular gradient of chloride,
potassium, and calcium ions as well as pH, followed by sharp oscillations of the
cytoplastic calcium ion concentration, called “calcium spiking” in root hair cells;
(2) Nod factors induce the curling of root hairs, which entrap rhizobia; (3) rhizobia
begin to penetrate plant roots by forming an infection thread; (4) cortical cells of the
roots begin to divide to form the nodule primordia; (5) rhizobia eventually enter the
plant cell via endocytosis, resulting in the formation of symbiosomes in which
rhizobia are surrounded by the plasma-membrane-derived peribacteroid membrane
(Verma and Hong 1996).

It is also noteworthy that the backbone structure of Nod factors is chitin
(chitooligosaccharides), which is a major component of fungal cell walls and
induces various defense responses in plants. Chitooligosaccharides have been
shown to induce various defense responses in plant cells, such as the induction of
defense-related genes, synthesis of phytoalexin, and the production of reactive
oxygen species (Baier et al. 1999; Stergiopoulos and De Wit 2009).

Screening of legume mutants defective in the nodulation identified genes
involved in the recognition of Nod factors. LysM domain-containing receptor-
like kinases (NFR1, NFRS, SYM?2) in legumes were shown to be crucial for the
perception of Nod factors in the legume—Rhizobium symbiosis (Limpens et al.
2003; Madsen et al. 2003; Radutoiu et al. 2003). As Nod factors are structurally
similar to chitooligosaccharides, it has been presumed that plants possess a specific
receptor to perceive chitooligosaccharides leading to defense gene induction. In
fact, Arabidopsis LysM type receptor-like kinase, which has an amino acid similar-
ity to Nod factor receptors, was shown to be involved in the recognition of chitin-
oligosaccharides (Miya et al. 2007; Wan et al. 2008). Interestingly, it was very
recently shown that Arabidopsis LysM receptor kinase can transmit signals leading
to the symbiosis in L. japonicus when a part of the kinase domain was modified to
match the sequence of L. japonicus (Nakagawa et al. 2011).

When L. japonicus was inoculated with M. loti, many genes involved in the
defense mechanism, such as those responsible for phenylalanine ammonia-lyases,
4-coumarate, CoA ligase, chalcone reductase, chitinase, -1,3-glucanase, and per-
oxidase, were induced in the early stage of nodulation and then suppressed to
normal levels (Kouchi et al. 2004). Considering the similarity between the Nod
factor receptor and chitin receptor, this phenomenon indicates that when legume
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plants recognize rhizobia, plants first treat them as “potential pathogens” with the
induction of defense genes and the production of phytoalexins and do not automati-
cally accept the foreign bacteria into root cells until the plant further recognizes
their symbiotic partners with different machineries such as extracellular lipo-
polysaccharides (EPS) and lipo-polysaccharides (LPS), as well as effector proteins
secreted by TTSS.

3.3 Transporters Involved in the Secretion of Root Exudates

The mechanism by which plant roots secrete phytochemicals was thought to be a
passive process mediated by diffusion and channels. However, recent advances sug-
gest that both primary and secondary transporters are involved in the secretion of
phytochemicals into the rhizosphere. In plants, there are two major transporter families
which are able to transport organic substrates, the ABC transporter family and
multidrug and toxic compound extrusion (MATE) transporter family, which consist
of 123 and 56 genes in Arabidopsis, respectively (Omote et al. 2006; Verrier et al.
2008; Yazaki et al. 2008). It has been shown that some transporters in these families are
also involved in the secretion of root exudates (Loyola-Vargas et al. 2007; Sugiyama
et al. 2007; Badri et al. 2008; Yazaki et al. 2008, 2009). For example, a MATE
transporter of barley was shown to secrete citrate into the rhizosphere, protecting
plant roots from aluminum toxicity (Furukawa et al. 2007; Wang et al. 2007).

In legume—Rhizobium interaction, an ABC-type transporter was shown to be
involved in the secretion of the isoflavonoid genistein, a signal molecule from
soybean to B. japonicum (Sugiyama et al. 2007) (Fig. 1). The genistein transport
activity of the soybean root plasma membrane was inhibited by sodium
orthovanadate, which is a general inhibitor for ABC transporters and P-type
ATPases, but not by other inhibitors of electrochemical gradients such as nigericin,
valinomycin, or gramicidin D which act as ionophores. It has been known that the
synthesis and secretion of genistein is up-regulated under nitrogen deficiency, but
the genistein transport activity of the soybean root plasma membrane remained
unchanged even under nitrogen deficiency. This suggests that transport activity is
constitutively active while the genistein secretion is regulated by the control of the
biosynthesis level (Sugiyama et al. 2007). Furthermore, a pharmacological
approach using subfamily-specific inhibitors such as verapamil and cyclosporine
A, which are often used as general inhibitors of ABCB (P-glycoprotein)-type ABC
transporters, and glybenclamide, a sulfonylurea derivative that acts as an effective
inhibitor of several ABCC-type members, suggested that these transporter members
are unlikely to be responsible for the genistein secretion in soybean. Bioinformatic
analysis was indicative that a PDR (pleiotropic drug resistance)-type (full-size
ABCG-type) ABC transporter is a primary candidate in the secretion of genistein
(Sugiyama et al. 2008).
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Fig. 1 A model of flavonoid secretion from soybean roots and the interrecognition between
soybean and B. japonicum

4 Functions of Root Exudates in Symbiosis with Mycorrhiza

4.1 Symbiosis with Arbuscular Mycorrhizal Fungi

Mycorrhizal fungi are major components of the soil microbial community, aiding in
the transfer of nutrients from the soil to the plants. They are divided into two
groups: endomycorrhiza, such as arbuscular, ericoid, and orchid mycorrhiza, and
ectomycorrhiza, which are found especially in temperate forests. These heteroge-
neous fungi colonize the roots of about 240,000 plant species in a wide range of
terrestrial ecosystems. Among the mycorrhiza, the arbuscular mycorrhiza fungi
symbiotically interact with more than 80% of plant species widely distributed
throughout the plant kingdom (Parniske 2008), but some plant families such as
Brassicaceae and Chenopodiaceae are nonhost plants (Smith and Read 1997).
Interestingly, lupins are also a nonhost for arbuscular mycorrhizal fungi, although
they belong to Leguminosae. Symbiosis with plants results in the formation of tree-
shaped subcellular structures, called arbuscules, within the plant cells. These
structures are thought to be the main site of nutrient exchange between the fungi
and plants. Because the arbuscular mycorrhizal hyphal network reaches to more
than 100 m per cubic centimeter of soil and is positioned to efficiently take up
various nutrients and water from the surrounding soil (Miller et al. 1995), plants can
obtain nutrients such as phosphate and various micronutrients, as well as water, by
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utilizing this hyphal network. Fossil records have revealed that the origin of
arbuscular mycorrhizal symbiosis occurred at least 420-460 million years ago,
which coincides with the appearance of the first terrestrial plants, suggesting that
the colonization of land by plants from the water was assisted by ancestral
arbuscular mycorrhizal fungi (Simon et al. 1993; Remy et al. 1994; Redecker
et al. 2000).

4.2 Signal Molecules Between Legume Plants and Arbuscular
Mycorrhizal Fungi

Because arbuscular mycorrhizal fungi are obligate biotrophs and depend on a living
photoautotrophic host to complete their life cycle, a critical developmental step is
hyphal branching which enables them to make contact with the host’s roots and
establish the symbiosis. In a similar way that flavonoids function as a signaling
molecule for rhizobia, the branching factor is hypothesized to be a plant signal
molecule to trigger hyphal branching (Buee et al. 2000), and these authors have
ruled out flavonoids as candidates for the branching factor because root exudates of
maize mutants deficient in chalcone synthase show branching activity similar to
those of the wild type (Buee et al. 2000). It was also reported that root exudates of
plants grown under phosphate deficient conditions have higher activity than those
under sufficient phosphate nutrition (Tawaraya et al. 1995, 1998). Using root
exudates of L. japonicas, the chemical structure of the branching factor was
identified to be a strigolactone (Akiyama et al. 2005). Strigolactones have been
previously isolated from the root exudates of a variety of plants (Bouwmeester et al.
2003) as a seed germination factor for parasitic weeds such as Striga and Orobanche
(see Sect. 4.3).

It was shown that strigolactones were derived from a carotenoid pathway that is
also induced under phosphate deficiency (Lopez-Raez et al. 2008). Strigolactones
are found in the root exudates of tomato, sorghum, and pea, as well as L. japonicus,
but not in carrot, tobacco, or alfalfa (Garcia-Garrido et al. 2009), suggesting the
presence of other compounds in root exudates that activate hyphal branching. It
should also be mentioned that strigolactones were identified in the root exudates of
both Arabidopsis and lupin which are nonhost plants to arbuscular mycorrhizal
fungi (Goldwasser et al. 2008; Yoneyama et al. 2008). There will be divergent
phytochemicals that function as signals to arbuscular mycorrhizal fungi depending
on the plant species, as is the signals to rhizobia. It was recently shown that lupin
secretes pyranoisoflavones which inhibit hyphal development in arbuscular mycor-
rhizal fungi (Akiyama et al. 2010).

There is a large amount of interest in the molecular identification of signaling
molecules from fungi to plants that induce symbiosis-specific responses in the host
root. These hypothetical compounds are called Myc factors, and the existence of
such factors became evident by using an ENOD1 1-promoter GUS (B-glucuronidase)
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reporter gene fusion in the roots of M. truncatula (Kosuta et al. 2003), because
hyphae from germinating spores produced a diffusible factor that was perceived by
Medicago roots separated by a physical barrier which prevented direct physical
contact. Calcium spiking, which occurs in root hairs within a few minutes after the
Nod factor application, is also observed following the recognition of Myc factors by
plant roots (Navazio et al. 2007). Rapid and transient elevations in cytosolic calcium
ions were observed in response to the culture medium of spores of Gigaspora
margarita, indicating that diffusible molecules released by arbuscular mycorrhizal
fungi are perceived by plant cells. The fungal molecules were found to be heat stable
with a molecular weight of less than 3,000 and partially lipophilic (Navazio et al.
2007). It is still unknown whether the production of Myc factor is induced by
strigolactones or other factors of plants.

4.3 Diverse Functions of Strigolactones

Strigolactones are a group of apocarotenoids and at least nine strigolactones
(strigol, strigyl acetate, 5S-deoxystrigol, orobanchol, orobanchyl acetate,
sorgolactone, epi-orobanchol, solanacol, and sorgomol) have been structurally
characterized from the root exudates of various plant species (Rani et al. 2008).
The function of strigolactones in the rhizosphere had been identified to stimulate
seed germination of harmful parasitic weeds such as witchweed (Striga) and
broomrape (Orobanche) before the identification as a hyphal branching factor for
arbuscular mycorrhizal fungi. Parasitic weeds are noxious root parasites on many
crop species and cause devastating losses of crop yield in many parts of the world
including Africa, India, and the Middle East (Rani et al. 2008). The first step in the
life cycle is the germination of the seeds of these parasitic plants, which resemble
the hyphal branching induced by strigolactones, and both parasitic weeds and
arbuscular mycorrhizal fungi are obligate biotrophs. Strigolactones are short-lived
in the rhizosphere because of a labile ether bond which spontaneously hydrolyses in
water. The fragility of these compounds forms a steep concentration gradient from
the plant roots, and this concentration can be a conscientious indicator for the
distance to the plant roots (Parniske 2005), thereby enabling these obligate
biotrophs to find living plant roots. Considering the fact that the origin of arbuscular
mycorrhizal symbiosis occurred far before the appearance of parasitic weeds, it can
be concluded that they have evolved to utilize this ancient signal of living plants to
parasitize their roots (Fig. 2).

Besides being the signal molecule to arbuscular mycorrhizal fungi and parasitic
weeds, strigolactones have been shown to function as an endogenous phytohor-
mone. It was shown that strigolactone levels were reduced in rice mutants that have
enhanced shoot branching and that application of strigolactones inhibited shoot
branching (Umehara et al. 2008). Another group reported that pea mutants which
have reduced levels of strigolactones and altered axial bud growth have root
exudates that were shown to exhibit a significantly reduced amount of activity in
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Fig. 2 Strigolactone L Arbuscular mycorrhizal fungi
stimulates both hyphal M) »—(J
branching of arbuscular q”ﬂ
mycorrhizal fungi and e i) .
germination of parasitic ﬁ Branching
weeds ) i
— -, °
—
L) - A
Y ()
) —
— 1 = 5-deoxystrigol
—
@ Germination

Parasitic weeds

fungal hyphae branching (Gomez-Roldan et al. 2008). There is no information on
how strigolactone acts as a phytohormone or on the receptor for strigolactone, but
arbuscular mycorrhizal fungi may use the ancestral receptor for strigolactones to
perceive signals of strigolactones in the rhizosphere. Identification of receptors for
strigolactones in plants, as well as in fungi, is an interesting topic for future
research. There also remains an open question on the original physiological role
of strigolactones, i.e., whether strigolactones evolved first as an endogenous phyto-
hormone or as a signal for arbuscular mycorrhizal fungi.

S Functions of Root Exudates in Mineral Acquisition

5.1 Mineral Requirements for Legume Plants

Plants require 17 essential elements to complete their life cycles, and beside C, H,
and O, they absorb mineral nutrients from the soil through their roots. Legume
plants are unique in that they form symbiotic interaction with rhizobia. Symbiosis
with nitrogen-fixing rhizobia enables legume plants to grow under low nitrogen
conditions; however, legume plants require some micronutrients in greater
quantities to maintain the symbiosis. One of the examples of these micronutrients
is molybdenum (Mo). Mo is a cofactor of a few, but important, enzymes such as
nitrate reductase and sulfite oxidase which are involved in nitrogen assimilation and
sulfur metabolism, respectively (Hansch and Mendel 2009). Aldehyde oxidase and
xanthine dehydrogenase are also Mo-containing enzymes. Legume plants need Mo
not only for these enzymes but also for nitrogenase, the most important rhizobial
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enzyme for the fixation of nitrogen. Nitrogenase has a heterometal complex
(FeMoCo) in its active site, and transport of Mo to the bacteroid is required for
the proper function of nitrogenase. Application of molybdenum was shown to
increase the yield and nitrogen content in legume crops in both laboratory and
field conditions (Weeraratna 1980; Yanni 1992; Vieira et al. 1998). It is also
reported that a B. japonicum strain deficient in molybdenum transport showed
impaired nitrogen fixation activity when inoculated to soybean roots (Delgado
et al. 2006).

During the reduction of atmospheric N, by nitrogenase, gaseous H, is produced.
In order to utilize H, as an energy source, a limited number of rhizobia have
hydrogenase that oxidizes H, and generates ATP. This hydrogen recycling was
shown to increase productivity in symbiotic systems such as soybean. Hydrogenase
is a nickel (Ni)-containing enzyme and consists of large and small subunits (HupL
and HupS, respectively). It was reported that the exogenous application of Ni to pea
roots increased the mature Hup proteins and hydrogenase activity in nodules (Brito
et al. 1994), but it is not yet clear how Ni is transported from plant roots into
bacteroids.

Iron (Fe) is an important element in photosynthesis because up to 80% of the
cellular iron is found in the chloroplasts, but in legume plants iron plays an essential
role for leghemoglobin formation, which is the most abundant protein in the
nodules. Leghemoglobin is a hemoprotein that has a high affinity for oxygen
leading to low oxygen content in the bacteroids to protect the oxygen-sensitive
nitrogenase in the nodules (Johnston et al. 2001). Fe is also required for nitrogenase
(Fe-S cluster and FeMoCo active site) and nitrogenase reductase (Fe—S cluster) as
well as cytochromes and other electron donors that have Fe centers. Legume plants,
therefore, need to absorb Fe from soils to meet this high demand, but soluble Fe is
very limited in soils because most of the Fe exists as insoluble Fe**. In fact, Fe
deficiency causes a drastic effect on nodule development (O’Hara et al. 1988).
Gramineae plants, for instance, secrete phytosiderophores into the rhizosphere for
iron acquisition (Takagi 1976), and in legume nodules, rhizobia produce
siderophores to aid the iron acquisition as well. Recently, it was reported that red
clover promotes the growth of siderophore-producing microbes in the rhizosphere
under iron deficient conditions, where phenolic exudates from the red clover roots
were responsible for this phenomenon (Jin et al. 2010). Rhizobial genes involved in
the biosynthesis of siderophores and related Fe uptake have been reported, but the
functions of these genes were studied only in a free-living state (Johnston et al.
2001). In R. lequminosarum, it was shown that the mutation of genes involved in the
synthesis of siderophores has no influence in the symbiotic nitrogen fixation in pea
in which these genes are actually not expressed in the mature bacteroids (Carter
et al. 2002). In contrast, B. japonicum mutant defective in the uptake of the
siderophore have a drastically divergent phenotype in planta, i.e., soybean nodules
without siderophore do not fix nitrogen (Benson et al. 2005), suggesting that
rhizobial siderophores have functions in Fe uptake at least in the soybean—B.
Jjaponicum interaction, while the functions of siderophores in nodules are still to
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be elucidated. It would be the future target of molecular breeding that genes of
rhizobia are modified so that they produce siderophores to help legume plants to
acquire more Fe from soils.

Contrary to Mo, Ni, and Fe that have symbiosis-specific functions in nodules, the
specific relevance of zinc (Zn) for symbiosis is not known; although legume plants
do contain a higher concentration of Zn. Zn is an important trace element for
humans as well as plants, necessary for DNA replication, protein synthesis, and
oxidative stress reduction. In fact, Zn malnutrition affects more than one third of
world’s population (Hess et al. 2009; Hirschi 2009). To overcome this huge
problem, the legume crop lentil has been used for biofortification to increase Zn
concentration in planta (Thavarajah et al. 2009).

5.2 Root Exudates for Phosphorus Acquisition

Phosphorus (P) is one of the major macronutrients in plants, but its availability is
very limited because most P in soil is in insoluble forms such as organic phosphate
or insoluble mineral phosphate. Organic phosphate, which can account for ca. 80%
of the total phosphorus in soil (Li et al. 1997), has to be mineralized to inorganic
phosphate in order to be absorbed by plant roots. As a strategy to acquire phosphate,
plants secrete phosphohydrolases into the rhizosphere, which convert organic
phosphate into inorganic soluble phosphate, e.g., acid phosphatase is secreted in
response to phosphorus deficiency (Lefebvre et al. 1990; Duff et al. 1994). Another
strategy is that plants also secrete protons to acidify the rhizosphere which increases
the phosphates solubility (Staunton and Leprince 1996).

There are some plant species that can survive on infertile soil containing only
limited amounts of available phosphorus: one example of these species is white
lupin, a legume plant that has been extensively studied. In response to phosphorus
starvation, white lupin develops special bottlebrush-like root clusters, called cluster
roots, and secrete protons and a large amount of carboxylates, such as malate and
citrate, which solubilizes the phosphates (Neumann and Martinoia 2002). Secretion
of organic acids follows a spatial and temporal release pattern in the cluster roots of
white lupin: cluster roots secrete low amounts of organic acids, mainly malate in
early stage, while the roots secrete a larger amount of organic acids, mainly citrate
in the mature stage, which is then accompanied by acidification of the rhizosphere
(Neumann et al. 2000). It was also shown that the cluster roots of white lupin
secrete isoflavonoids such as genistein and hydroxygenistein (Weisskopf et al.
2006b), which may act as antimicrobials by inhibiting the growth of soil microbes
to suppress the biodegradation of citrate. In addition, cluster roots secrete antifungal
enzymes, such as glucanase and chitinase, which is thought to prevent the biodeg-
radation of the carboxylates by fungi (Weisskopf et al. 2006a).
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6 Conclusions

This chapter provides an overview of literatures on the functions of root exudates in
plant—microbe interactions and the acquisition of mineral nutrients from the soil.
We have focused on the mutualistic interactions with rhizobia and arbuscular
mycorrhizal fungi because recent research has identified genes and metabolites
involved in these sophisticated interactions; however, there still remains many
plant—microbe interactions in the soil to be analyzed in detail. For example, how
plants recruit PGPR, how plants protect themselves from pathogens using
phytoalexins, and how plants interfere with quorum sensing using N-acyl
homoserine lactone mimics (Teplitski et al. 2000; Keshavan et al. 2005). There
will also be underground multitrophic interactions, which involve both soluble and
volatile root exudates. In maize, (E)-B-caryophyllene is emitted from insect-dam-
aged roots that recruit entomopathogenic nematodes (Rasmann et al. 2005). It is
possible that legume plants have a tri-interaction system mediated by root exudates
including volatiles. Most studies of plant-microbe interactions so far have been
focused on a particular microbe such as Rhizobium and arbuscular mycorrhizal
fungi; however, in nature, legume plants have interactions with many microbes
in the soil. Therefore, the interaction of legume plants with entire microbial com-
munities is of particular interest for future research as we need to expand our
understanding of the plant microbe interactions to the level that could help develop
sustainable agriculture using the various functions of microbes on the soil. There is
no argument that plants influence the soil microbial communities, but root exudates
are not the only key player to the functions of those interactions. For instance,
border cells and other rhizodeposits are nutrient sources and signals for microbes in
soils as well (Dennis et al. 2010). The nature of root exudation enables plants to
actively regulate the rhizosphere microbial communities, and further research on
legume root exudates could open the door to the possibilities of sustainable
agriculture practices utilizing legume crops that actively secrete metabolites to
recruit beneficial microbes and prevent pathogens.
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Strigolactones in Root Exudates as a Signal
in Symbiotic and Parasitic Interactions

Hinanit Koltai, Radoslava Matusova, and Yoram Kapulnik

Abstract Plants produce numerous secondary metabolites, many of which have a
role in their development. The presence of such compounds in the rhizosphere led
other organisms in the course of evolution to recognize these root exudates as
signals for the presence of a host plant. Strigolactones (SLs) were recently
identified as a new plant hormone. However, they were first identified, more than
40 years ago, as germination stimulants of the parasitic plants Striga and
Orobanche, and later as stimulants of hyphal branching of the symbiotic arbuscular
mycorrhizal fungi. In this chapter, we focus on SLs in root exudates as a signal in
these parasitic and symbiotic interactions. The possible evolution of the biological
role(s) of SLs, their essentialness to, and their involvement in determining host
recognition by parasitic plants and symbiotic fungi will be discussed.

1 Introduction

Plants produce numerous secondary metabolites, many of which play a role in their
development. In some cases, these plant products can also be found outside the
plant, by active or passive secretion. In the course of evolution, the presence of such
compounds in the rhizosphere led other organisms to recognize these root exudates
as signals for the presence of a host plant. Moreover, these plant-derived signals
were not only recognized, but in some cases became triggers for physiological
responses in the plant-interacting organisms.
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Strigolactones (SLs) are carotenoid-derived terpenoid lactones (Matusova et al.
2005) which were recently identified as a new plant hormone, and demonstrated to
have a role in plant development (reviewed by Dun et al. 2009; Leyser 2009;
Beveridge and Kyozuka 2010; Waldie et al. 2010). However, they were first
identified, more than 40 years ago as germination stimulants of the parasitic plants
Striga and Orobanche and later, as stimulants of hyphal branching of the symbiotic
arbuscular mycorrhizal fungi (AMF) (reviewed by Xie et al. 2010). These functions
suggest that SLs are important components of plant communication with the soil
biota, which leads to the establishment of plant interactions: either as a harmful
association with parasitic plants or as a beneficial one with symbiotic fungi.

In this chapter, we focus on SLs in root exudates as a signal in these parasitic and
symbiotic interactions. We will also outline SLs’ role in plant development and
their associated pathways. In addition, the evolutionary implications of SL exploi-
tation for plant—host recognition and interactions by parasitic plants and symbiotic
fungi will be discussed.

2 Roles of Strigolactones in Plant Development

2.1 Shoot Development

A particular class of mutants was identified some years ago that displayed a specific
increase in bud outgrowth; this increase could not be entirely explained by the plant
hormones known back then, including cytokinin and auxin. Indeed, using grafting
studies and hormone measurements, it was shown that this class of mutants is defective
in synthesizing or responding to a novel branch-inhibiting signal, SMS, acting as a
long-distance cue. SMS was suggested to be involved in branching control and to be
regulated by auxin and another feedback signal (reviewed by Dun et al. 2009).

SLs, first identified as germinators of parasitic plant seeds (Cook et al. 1972),
were found to fit the characteristics of SMS in their ability to act as long-distance
branching factors that suppress growth of preformed axillary buds (Gomez-Roldan
et al. 2008; Umehara et al. 2008). Hence, SLs were defined as a new group of plant
hormones or their derivatives (e.g., Gomez-Roldan et al. 2008; Umehara et al. 2008;
Brewer et al. 2009; Ferguson and Beveridge 2009; reviewed by Dun et al. 2009).

The presence of SLs has been demonstrated in several plant species, including
cotton (Gossypium hirsutum L.), sorghum [Sorghum bicolor (L.) Moench], maize
(Zea mays L.), common millet (Panicum miliaceum L.), cowpea [Vigna
unguiculata (L.) Walp.], red clover (Trifolium pratense L.), garden pea (Pisum
sativum L.), rice (Oryza sativa cv. Nipponbare), tobacco (Nicotiana tabacum L.),
and tomato (Solanum lycopersicum L.) (reviewed by Xie et al. 2010). Moreover, in
each of the examined species, a mixture of several SL compounds was identified;
the components of this mixture were shown to vary in ratio with plant age, growth
conditions and cultivars, and to overlap between plant species (reviewed by
Yoneyama et al. 2008, 2009).
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SLs were suggested to be derived from carotenoids (Matusova et al. 2005), and
hence to be possible products of carotenoid cleavage dioxygenase (CCD) enzymes
(Umehara et al. 2008). Indeed, several of the hyperbranching mutants identified to
date in several plant species, including Arabidopsis thaliana, rice (O. sativa),
petunia (Petunia hybrida), pea (P. sativum), tomato (S. lycopersicum), and chrysan-
themum (Dendranthema grandiflorum) (e.g., Drummond et al. 2009; Liang et al.
2010; Vogel et al. 2010; reviewed by Dun et al. 2009; Leyser 2009), have been
found to be flawed in CCDs. These include CCD7, also known as MAX3, RMSS5 and
HTD1/D17 (Booker et al. 2004; Johnson et al. 2006; Zou et al. 2006), and CCDS,
also known as MAX4, RMS1, D10, and DADI1 (Sorefan et al. 2003; Bainbridge
et al. 2005; Snowden et al. 2005; Arite et al. 2007). CCD7 and CCDS8 have been
suggested, although not conclusively determined, to sequentially catalyze caroten-
oid cleavage reactions (Schwartz et al. 2004; Auldridge et al. 2006). A cytochrome
P450 monooxygenase, MAX1, was also suggested to be involved in a later SL
biosynthetic step (Booker et al. 2005; Gomez-Roldan et al. 2008). Additional steps
in SL synthesis were anticipated but are still unknown (Matusova et al. 2005).

SLs were shown to be synthesized mainly in the roots. Grafting of wild-type
(WT) roots to a SL-synthesis-mutant shoot was shown, in a variety of species, to be
sufficient to reverse the mutant phenotype to that of the WT. Moreover, interstock
grafting of the WT lower shoot part between mutant roots and shoot was also
sufficient to reverse the SL-synthesis-mutant shoot phenotype to the WT,
suggesting that SLs are synthesized in the lower part of the shoot as well (Napoli
1996; Foo et al. 2001; Booker et al. 2004; Gomez-Roldan et al. 2008; Umehara
et al. 2008; Koltai et al. 2010a; reviewed by Dun et al. 2009). It was also suggested
that SLs, their metabolites, or other unknown secondary messengers move in the
root-to-shoot direction (Napoli 1996; Beveridge et al. 1997, 2000; Koltai et al.
2010a; reviewed by Dun et al. 2009) to confer a significant reduction in shoot
branching (Foo et al. 2001; Brewer et al. 2009; Ferguson and Beveridge 2009).

Although a receptor for SLs has not yet been identified, MAX2, the over-
shooting mutant of which is flawed in an F-box protein, was suggested to be a
component of SL signaling. It was further suggested that it might act as a receptor
for SLs and function in ubiquitin-mediated degradation of as yet unknown protein
targets (Stirnberg et al. 2007; Umehara et al. 2008).

Several lines of evidence suggest a connection between SL pathways and light
(Waldie et al. 2010). The SL-signaling mutant max2 was found to be hyposensitive
to both red (R) and far-red (FR) light-induced seed germination, whereas several
light-harvesting-associated genes were found to exhibit a slower rate of induction in
max2 mutants relative to the WT upon R light exposure (Shen et al. 2007).

SLs were suggested to be potentially positive regulators of plant light-harvesting
components, based on SL-induced gene transcription profiling and a reduced level of
chlorophyll in SI-ORTI1 (Mayzlish-Gati et al. 2010); SI-ORT! is a tomato mutant
deficient in SL biosynthesis (Dor et al. 2010; Koltai et al. 2010a). Furthermore, a
recent study has demonstrated that some light-signaling genes are positive regulators
of SLs, whereas SLs were suggested to regulate the nuclear localization of COP1
ubiquitin ligase, which partially controls the level of light regulators, including HYS,
thereby mimicking light-adapted seedling growth (Tsuchiya et al. 2010).
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A large number of studies suggested a cross talk between SLs and other
regulators of shoot branching. For auxin, it was suggested that SL is an auxin-
promoted secondary messenger that moves up into the buds to repress their
outgrowth (Brewer et al. 2009; Ferguson and Beveridge 2009; reviewed by Dun
et al. 2009). Alternatively, it was suggested that restrained bud outgrowth results
from a SL-mediated reduction in the shoot of the capacity for polar auxin transport
from the apical meristem, leading to inhibition of polar auxin transport from the
buds (e.g., Bennett et al. 2006; Mouchel and Leyser 2007; Ongaro and Leyser 2008;
Leyser 2009, 2010). It was suggested that for the coordinated control of axillary
branching, both auxin and SLs have the ability to change each other’s levels and
distribution in a dynamic feedback loop (Hayward et al. 2009).

2.2  Root Development

SLs have also been shown to affect root development. Based on analysis of mutants
flawed in SL biosynthesis or signaling, and the treatment of seedlings with GR24
(a bioactive, synthetic SL; Johnson et al. 1981), SLs were suggested to control
lateral root formation and to have a positive effect on root-hair elongation; both root
responses to GR24 were shown to be mediated via the MAX2 F-box (Kapulnik
et al. 2011; Ruyter-Spira et al. 2011). Moreover, auxin-efflux carriers were shown
to be involved in SLs’ effect on root growth and root-hair elongation (Koltai et al.
2010b), suggesting, in agreement with the findings of SLs-auxin cross talk in shoot
(reviewed by Dun et al. 2009), possible cross-talk junctures between SLs and auxin
in controlling root development.

2.3 Seed Germination

At the basis of host recognition in several parasitic plant species (e.g., within
the Orobanchaceae) is the ability to respond to SLs as seed-germination
factors (reviewed by Westwood et al. 2010 and discussed further on). Although
an extensive role for SLs in the regulation of seed dormancy and germination in
plants has yet to be established, their ability to break seed dormancy was
also demonstrated in nonparasitic plant species, including lettuce (Lactuca sativa),
wild oats (Avena fatua) (Bradow et al. 1988, 1990), and A. thaliana, in which the
involvement of SLs in enhancement of seed germination was demonstrated (Nelson
et al., 2011; Tsuchiya et al. 2010).
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3 Strigolactones as Signals for Plant Interactions

Even before the identification of SLs as plant hormones, they were identified as
germination stimulants of the parasitic plants Striga and Orobanche (e.g., Cook
et al. 1972; Yokota et al. 1998; Matusova et al. 2005; Akiyama and Hayashi 2006;
Xie et al. 2007, 2008a, b, 2009a, b; Goldwasser et al. 2008; Gomez-Roldan et al.
2008; recently reviewed by Xie et al. 2010). SLs were also identified as stimulants
of hyphal branching in AMF (e.g., Akiyama et al. 2005; Besserer et al. 2006, 2008;
Gomez-Roldan et al. 2008; Yoneyama et al. 2008; reviewed by Akiyama and
Hayashi 2006; Bouwmeester et al. 2007; Garcia-Garrido et al. 2009; Xie et al.
2010). Hence, two seemingly unrelated biological systems of plant—fungus and
plant—plant associations emerged to include SLs as signals for host recognition,
while taking advantage of a plant hormone produced by the plant roots. Below, we
present each of these plant—fungus and plant—plant biological systems, and discuss
SLs as important communication signals in these plant interactions.

3.1 Mycorrhizal Symbiosis

The arbuscular mycorrhizal (AM) symbiosis is an association between the roots of
higher plants and the soil AMF. AMF are members of the fungal phylum
Glomeromycota (Redecker and Raab 2006), which contains 10 genera of AMF:
Glomus, Gigaspora, Scutellospora, Acaulospora, Entrophospora, Pacispora,
Diversispora, Archaeospora, Geosiphon, and Paraglomus (Redecker and Raab
2006 and references within). AM symbiosis has been suggested to be the most
prevalent symbiosis on earth; under suitable conditions, symbiotic associations are
formed with most terrestrial vascular flowering plants (Smith and Read 1997). AM
symbiosis is suggested to be an ancient plant association: arbuscules were discov-
ered in an early Devonian land plant, suggesting that mycorrhizae were present by
the Early Devonian (about 400 million years ago), and probably much earlier
(Remy et al. 1994). It is suggested that this symbiosis played an important role in
plants’ ability to colonize the land (Simon et al. 1993).

Two stages can be discerned during the AMF-host association. The first is
the “presymbiotic stage,” in which the fungal spore germinates in the soil and the
hyphae develop but exhibit limited growth. Then, in the presence of a host root, the
hypha starts to branch (Mosse and Hepper 1975; Gianinazzi-Pearson et al. 1989;
Giovannetti et al. 1996; Buée et al. 2000; reviewed by Bécard et al. 2004; Requena
et al. 2007). Once the hypha comes into contact with a host root, the fungus forms
an appressorium, which is a contact structure with the root epidermis, and a
prepenetration apparatus is formed by the host root in a cell-layer-controlled
fashion (Genre et al. 2005; Siciliano et al. 2007). These morphological changes
are likely to necessitate a reciprocal exchange of signals between the fungus and the
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plant, and are necessary to proceed to the second stage of the symbiosis process, the
“symbiotic stage.”

In the symbiotic stage, the fungus penetrates the root epidermis and grows within
the root cortex, where it forms morphologically distinct, specialized structures.
Two morphological types of mycorrhization may be distinguished. One is the
Arum-type, in which short side branches migrate within the root cortex, penetrate
the cortical cell walls, and branch dichotomously to produce characteristic
arbuscules (Fig. 1). Despite penetration through the cell wall, the arbuscular
hypha remains in the apoplastic compartment of the root cortex, surrounded by
an interfacial matrix and the peri-arbuscular membrane. In the second morphologi-
cal type of mycorrhization, the Paris-type, colonization is characterized by the
development of extensive intracellular coiled hyphae, with relatively little intracel-
lular growth (Smith and Read 1997).

The association between the fungi and the plant host is considered beneficial.
During the symbiosis, bidirectional exchange between the two organisms is
established; arbuscules are thought to be the site for nutrient exchange between
symbionts (reviewed by, e.g., Harrison 2005; Paszkowski 2006). The main benefit
to the host is thought to be associated with the ability of AMF to enhance the plant’s
ability to bridge the “depletion zone.” This zone is established in the soil once
mineral concentrations decrease in close proximity to root surfaces; it might be
bridged by AMF hyphae, which potentially provide a greater root surface area to
exploit a larger volume of soil, thereby leading to an increase in the amount of
nutrients available to the plant (Rausch and Bucher 2002). Specifically, the avail-
ability and absorbance of phosphate (Pi) is promoted by the mycorrhitic symbiosis,
not only by the greater root surface provided by the hyphae, but also by their active
import, accumulation, and storage in the fungus vacuoles (Harrison and van Buuren
1995; Maldonado-Mendoza et al. 2001; Rausch and Bucher 2002; Smith et al. 2003,
2004; Benedetto et al. 2005; reviewed by Javot et al. 2007).

Fig. 1 Structure of
arbuscular mycorrhizal
fungus Glomus intraradices
in the root tissues of
snapdragon (Antirrhinum
majus). A arbuscules;

H hyphae. Scale bar: 20 um
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In return, the fungus receives fixed carbon from the host. It has been found that
the fungi may take up glucose, whereas this uptake is estimated at between 4 and
20% of the plant’s total photosynthetic products, and takes place either in the
intracellular hyphae or the arbuscules (reviewed by Douds et al. 2000). It was
suggested that the plant can control the flux of carbon to the root and to the fungi
via jasmonic acid-related pathways (reviewed by Hause et al. 2007). Either glucose
(reviewed by Douds et al. 2000), hexose (Shachar-Hill et al. 1995; Solaiman and
Saito 1997), or sucrose was suggested to be delivered to the mycorrhized root.
Sucrose was suggested to be cleaved in mycorrhitic roots by either symbiosis-
induced sucrose synthases (Hohnjec et al. 2003) or invertases (Schaarschmidt
et al. 2006).

The fungal carbon demand has been shown to affect carbon partitioning in the
plant. The fungi affect the carbon source, e.g., by increasing host leaf area. They
also reduce the root-to-shoot ratio, whereas within the root, mycorrhization affects
the level of root carbon and its distribution between soluble and insoluble forms
(reviewed by Douds et al. 2000). Toward completion of the fungal life cycle, the
fungus produces an extraradical mycelium from which spores are eventually
formed (Smith and Read 1997).

3.2 Strigolactones as Signal Molecules of AM Symbiosis

It has been suggested that the evolutionary success of AMF in entering into
symbiotic associations indicates that they evolved strategies to increase the proba-
bility of meeting their host’s roots (Harrison 2005). One of these strategies might be
AMF hyphal branching in response to root exudates, reflecting communication
between the host and fungi to enhance successful mycorrhization (Koske and
Gemma 1992).

Despite spore germination and limited development of the fungal hyphae in the
absence of a host, AM hyphae only undergo extensive branching in the presence of
host roots (Buée et al. 2000). Moreover, root exudates were shown to be sufficient to
induce hyphal branching (Giovannetti et al. 1996). These branching factors were first
found to be a group of lipophilic compounds (Nagahashi and Douds 2000), and later
specified to be SLs; it was shown that both SLs purified from root exudates of Lotus
Jjaponicus and synthetic SLs are capable of inducing hyphal branching of Gigaspora
margarita at subnanogram levels (Akiyama and Hayashi 2006; Akiyama et al. 2005).
The synthetic SL GR24 was shown to effectively induce AMF branching at 10~ M
(Gomez-Roldan et al. 2008). In addition, reduced AMF hyphal branching was found
in the presence of root exudates of SL-deficient mutants of pea and tomato compared
to the WT root exudates (Gomez-Roldan et al. 2008; Koltai et al. 2010a).

Moreover, SLs were shown to induce mitosis in the AMF Gigaspora rosea, as
well as mitochondrial activation; the latter was also demonstrated in Glomus
intraradices (Besserer et al. 2006, 2008, 2009). SLs were shown to induce rapid
changes in the shape, density, and motility of the mitochondria (within an hour), as
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well as in NADH concentrations and dehydrogenase activity, and ATP content
(within minutes) in G. rosea hyphae, suggesting that SLs rapidly enhance the
fungus’ energy metabolism; 5 days later, they also led to gene-expression activation
in this fungus (Besserer et al. 2006, 2008).

Interestingly, it was suggested that AMF negatively interfere with the production
of SLs: the mycorrhized plants were suggested to produce and/or exude less SLs,
since they showed reduced susceptibility to Striga or Orobanche due to a lower
level of induction of seed germination (Lendzemo et al. 2007; Fernandez-Aparicio
et al. 2010). Moreover, strigolactone production was shown to be significantly
reduced upon AM symbiosis in tomato (Lopez-Réez et al. 2011). Hence, SLs
may be negatively regulated by AMF via a feedback loop: SLs induce AMF
colonization, and AMF colonization then leads to a reduction in SL synthesis or
exudation.

It is not yet clear if SLs have any role during the symbiotic stages of AM
symbiosis. Moreover, it is not clear whether SLs are essential for the AMF
interaction or whether they specify it. These issues are further discussed later.

3.3 Parasitic Weeds

Parasitic plants belonging to the family Orobanchaceae are the most economically
important parasitic weeds, as they have a devastating impact on the production of
many crop species. Parasitic witchweed (Striga spp.) and broomrape (Orobanche
and Phelipanche spp.) are obligate root parasites. These plant pathogens attack their
hosts underground and most of the damage is done before the parasites become
visible aboveground. Several Striga, Orobanche, and Phelipanche species nega-
tively affect crop production on many millions of hectares, with an estimated billion
dollars (US) in crop losses each year (Parker 2009). According to the Food and
Agricultural Organization of the United Nations (FAO) (http://www.fao.org/),
Striga infests the cereal-producing areas of sub-Saharan Africa and causes a 50%
yield loss in maize and sorghum. Distribution and estimated crop losses caused by
individual parasitic weed species around the globe were recently summarized by
Parker (2009).

The broomrapes (Orobanche and Phelipanche) include about 170 species world-
wide (Rumsey and Jury 1991). The root-holoparasitic angiosperm Phelipanche
ramosa (L.) Pomel (syn. Orobanche ramosa L.) attacks economically important
crops such as the rapeseeds, tomato, tobacco, potato, carrot, and hemp. Phelipanche
aegyptiaca (Pers.) Pomel (syn. Orobanche aegyptiaca Pers.) parasitizes members
of the Solanaceae, Cruciferae, Umbelliferae, Compositae, and Papilionaceae
(Eizenberg and Joel 2001). The parasitic plant Orobanche crenata Forsk. damages
faba bean, pea, lentil, vetches, grass, pea, and other legumes in the Mediterranean
region (Rubiales 2001). Some legumes are attacked by Orobanche foetida Poir. as
well. Orobanche minor Smith parasitizes a broad range of plant families, with
preference for members of the Fabaceae and Asteraceae (Rumsey and Jury 1991).
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Orobanche cumana Wallr. is known for its high host specificity, parasitizing
sunflower exclusively (Eizenberg and Joel 2001). All of these species are consid-
ered serious threats to crop production, mainly in the Mediterranean region, and
warm temperate regions of Europe, North America, and India.

Parasitism not only causes quantitative crop losses, it also influences crop
quality. For example, parasitism of Phelipanche ramosa causes reductions in
tomato fruit weight, mesocarp thickness, sugar and ascorbic acid contents and
firmness, as well as changes in fruit color (Longo et al. 2010). The hemiparasitic
genus Striga (witchweed) comprises 28 species and 6 subspecies in Africa
(Mohamed et al. 2001). Of these species, S. hermonthica (Del.) Benth., S. asiatica
(L.) Kuntze, S. aspera (Willd.) Benth., and S. gesnerioides (Willd.) Vatke cause
significant agricultural yield losses in sub-Saharan Africa. S. hermonthica has the
largest geographical distribution and causes the greatest crop damage.
S. hermonthica, S. asiatica, and S. aspera parasitize grasses and cereals such as
maize, sorghum, rice, and proso millet. S. gesnerioides parasitizes broad-leaf
plants, including cowpea and tobacco (Mohamed et al. 2001; for review Joel
et al. 2007 and Parker 2009).

The life cycles of Striga, Phelipanche, and Orobanche species are very similar
and tightly linked to the life cycles of their host plants. This coordinated develop-
ment ensures that parasitic weeds do not germinate at the end of their host’s
growing season without conditions to finish their life cycle. The communication
between parasites and host plants strongly depends on signaling molecules exuded
from the roots of host (and nonhost) plants at different stages of development.
Among them, the compounds inducing germination of the parasitic plants have
been the most studied due to their crucial role in parasite germination. The tiny
seeds of weedy parasitic plants contain only a small amount of energy reserves, for
the parasitic plant’s short autonomous growth period (Joel et al. 1995); within a few
days they must attach to a host to acquire nutrients or they die.

Parasitic plants have therefore developed safety mechanisms to prevent germi-
nation in the absence of a host plant. Seeds start to germinate upon recognition of
some compound(s) (i.e., germination stimulant) exuded from the roots of the host
plant. Moreover, the seeds are able to perceive these signaling molecules after
incubation for a specified period of time in a warm and moist environment to
release dormancy. This period is called conditioning or preconditioning. Optimal
temperature during the conditioning period varies among species, corresponding to
the temperature at the beginning of their host plant’s growing season. During the
first few days of conditioning, metabolic activity involving intense respiration,
protein synthesis (Bar-Nun and Mayer 1993), carbohydrate metabolism (Bar-Nun
and Mayer 2002), and gibberellin synthesis (Zehhar et al. 2002) was observed in
Phelipanche seeds. In S. hermonthica, there was evidence of ethylene biosynthesis
during conditioning (Sugimoto et al. 2003). Respiration activity and protein syn-
thesis decreased when the seeds became responsive to the germination stimulant
(Bar-Nun and Mayer 1993).

Dormancy release and reinduction in parasitic weed seeds are highly dependent
on the conditioning temperature and conditioning period. Upon longer conditioning
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or in the absence of germination stimulant, secondary dormancy develops and seeds
lose their responsiveness to the germination stimulant. This safety mechanism
prevents germination of seeds in the absence of their host plant or at the end of
its growing season (Matusova et al. 2004).

Once parasitic weed seeds germinate, they must attach to the root of a host plant
or die. Germinated seeds attach to and invade the roots of the host plant via a
specialized organ called haustorium. The haustorium forms the morphological and
physiological bridge between the parasite and the host plant root. It develops from
the radicle tip (Joel et al. 2007) to form a globular structure covered by hair-like
structures. The latter are more obvious in Striga spp. than in Orobanche or
Phelipanche spp. Haustorium formation is induced by specific secondary
metabolites that are released into the rhizosphere by the roots of the host plant.
Haustorium-initiation factors have been well studied in the facultative parasite
Triphysaria versicolor (Albrecht et al. 1999; Tomilov et al. 2004) and include
simple phenolics, flavonoids, or quinones. Similar molecules have been identified
for Striga and Agalinis (Riopel and Timko 1995). Haustorium formation in
germinating S. asiatica seeds was induced by 2,6-dimethoxy-p-benzoquinone
(2,6-DMBQ) (Wolf and Timko 1991) or ethylene (Rich and Ejeta 2007). Attach-
ment of the parasite to the host root does not appear to be specific. P. ramosa
attaches to host or nonhost roots (Zehhar et al. 2003). After attachment to a host, the
haustorium penetrates the host root and establishes connections with the host
vascular system, from which it obtains the water and nutrients needed for growth
(Parker and Riches 1993). Outside the root the parasite forms a tubercle — a swollen
structure that accumulates nutrients (Joel 2000). The tubercle develops under-
ground for several weeks and then shoot outgrowth is initiated. Shoots emerge
from the soil, flower, and produce tens of thousands of seeds. Seeds enter into
primary dormancy and the next season’s life cycle of parasitic plants is launched.

3.4 Strigolactones as Signal Molecules of Parasitic Weeds

Many plants have evolved safety mechanisms (e.g., sensitivity to light, tempera-
ture, CO, level) to ensure suitable conditions for their germination and develop-
ment. The angiosperm parasite’s strategy involves tight coordination of early
developmental stages with chemical signals from the host plant. Induction of
germination by compounds exuded by the host plant’s roots ensures that the
seeds of the parasitic plant will germinate near the host root and that the parasite
will be able to reach the host root within several days, attach to it and develop
further. Several compounds have been found to stimulate germination of parasitic
plant seeds under laboratory conditions. Chemicals found in smoke and coumarin
promote germination of the parasitic weed P. aegyptiaca (Bar-Nun and Mayer
2005) or ethylene for S. hermonthica (Eplee 1975).

In nature, parasitic plants have learned to sense specific chemical molecules
exuded by the roots of potential host plants at extremely low concentrations. It is
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interesting that the parasitic Striga, Orobanche, and Phelipanche spp. require
structurally similar signaling molecules to induce germination. Three types of
isoprenoid compounds have been described that stimulate germination of root-
parasitic plants: dihydrosorgoleone, the sesquiterpene lactones, and the SLs
(Bouwmeester et al. 2003). Most of the germination stimulants identified to date
have been SLs.

Strigol and strigyl acetate were the first naturally occurring germination
stimulants for Striga isolated from the false host cotton (Cook et al. 1966, 1972).
In 1993, Siame et al. (1993) detected strigol in root exudates of the true Striga hosts
maize, sorghum, and proso millet. Hauck et al. (1992) described sorgolactone as a
major Striga germination stimulant from sorghum root exudates and alectrol from
root exudates of cowpea (Miller et al. 1992). The name “strigolactones” was
proposed for these strigol-related compounds (Butler 1995). In the following
years, the SL orobanchol was isolated from red clover (Yokota et al. 1998),
sorgomol from sorghum (Xie et al. 2008b), and 5-deoxystrigol from L. japonicus
(Akiyama et al. 2005), sorghum, maize, pearl millet (Awad et al. 2006), and several
Fabaceae species (Yoneyama et al. 2008). Many other SLs from host plants and root
exudates of the nonhost plant white lupin (Yoneyama et al. 2008) or root culture of
Menispermum dauricum (Yasuda et al. 2003) were reported. According to
the proposed SL biosynthetic pathway (Matusova et al. 2005), 5-deoxystrigol
might be a common precursor for SL. Indeed, conversion of 5-deoxystrigol
to sorgolactone with the intermediate precursor sorgomol was suggested (Xie
et al. 2008b).

The growing evidence of SLs’ presence in diverse plant species in recent years
indicates their wide distribution in the plant kingdom (Bouwmeester et al. 2003;
Yoneyama et al. 2006). Today, more than 14 SLs have been identified and
characterized in root exudates of many host and nonhost plant species (Yoneyama
et al. 2009). The SLs identified so far contain a tricyclic SL backbone (ABC part)
coupled to butenolide (D-ring) via an enol ether bridge (Yoneyama et al. 2010). The
D-ring may have a key function in SL’s biological activity (Wigchert and
Zwanenburg 1999). The SLs are active at extremely low concentrations (on the
order of 1077-107"> M; Joel 2000). A variety of natural SLs have been able to
induce germination of Q. minor from 10 pM SL (for orobanchol, 2'-epiorobanchol,
and sorgomol) to 10 nM for 7-oxoorobanchol. The synthetic analog GR24 is 100-
fold less active than natural SLs (Kim et al. 2010). Advances in chromatography
and mass spectometry are enabling the discovery and characterization of novel SLs.

3.5 Other Rhizosphere Organisms

It is quite surprising that among the multitude of organisms in the rhizosphere that
interact with plants, only two (i.e., AMF and parasitic weeds) have acquired the
ability to recognize their host through SLs. Hence, a search is being conducted for
other soilborne fungi that may recognize and respond to SLs. So far, no effect of SLs
on hyphal branching has been recorded in soilborne fungi, including Rhizoctonia
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solani, Fusarium oxysporum, and Verticillium dahlia (Steinkellner et al. 2007).
However, a role was discovered for SLs in rhizobia nodulation (Foo and Davis,
2011; Soto et al. 2010).

4 Strigolactone Secretion and Stability in the Soil

Root-secreted secondary metabolites are used to regulate the rhizosphere. They are
either used to the detriment of neighboring plants through allelopathy or are
exploited by other plants and microorganisms to initiate their development. How-
ever, despite the ecophysiological significance of plant-secreted compounds and the
large number of compounds produced by plant roots, very little is known about the
molecular mechanisms involved in the regulation of root exudation.

Several reports suggest a higher secretion of SLs when mycotrophic plants are
exposed to low Pi levels relative to plants exposed to higher Pi levels (Yoneyama
et al. 2007a, b; Lopez-Raez and Bouwmeester 2008; Lopez-Réaez et al. 2008).
Yoneyama et al (2007a) showed that under limited supply of Pi (and N), SL
contents in both sorghum root tissues and root exudates increase, suggesting that
low Pi and N conditions increase both SL production and secretion; once produced
in the roots, SLs appear to be rapidly secreted. In addition, under Pi deficiency, the
exudation of SLs in red clover was significantly stimulated (Yoneyama et al.
2007b).

However, reports suggest that root exudation of amino acids and reducing sugars
is also greater for plants grown under Pi deficiency vs. those grown under high Pi
conditions. This increase in root exudation was suggested to be a result of changes
in the membrane permeability of Pi-deficient roots, rather than of changes in the
content of these compounds in the root (Graham et al. 1981).

Moreover, the mechanism for Pi inhibition of AM formation was associated with
a membrane-mediated decrease in root exudation. Furthermore, it was
demonstrated that subsequent mycorrhizal infection was highly correlated with
initial differences in root exudation (Ratnayake et al. 1978). These biological
findings can now be explained, at least in part, by SL availability in the rhizosphere:
the suggested higher AMF infection under low Pi conditions may correlate with an
increase in SL availability in the rhizosphere, due to higher membrane permeability
of the root cells under these conditions. Hence, one cannot exclude the possibility
that the higher SL exudation to the rhizosphere under low Pi conditions is the result
of increased membrane permeability, rather than of a well-controlled and specific
mechanism for increased SL secretion.

It is not yet known where exactly along the longitudinal root axis SLs are
exuded. It is widely recognized that the gradual maturation of root tissues along
the root axis is not the only variation in metabolic activity. Yet, from available
information, it can be concluded that the pattern of exudation is not homogeneous
along the root axis. For example, release of phytosiderophores in response to Fe
deficiencies appears to concentrate in the apical root zone (Marschner 1995), while
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release of organic anions follows a heterogeneous pattern along the roots (Hoffland
et al. 1989).

To fulfill a role in plant interactions, following root exudation, SLs have to have
a reasonable level of stability to be recognized by microorganisms or other plants in
the rhizosphere; a critical factor in host location for AMF and parasitic weeds is the
lifetime of individual SLs in the rhizosphere. Although little is known about SL
stability in soil, some indication of it was revealed by water-degradation
experiments, suggesting that SL stability differs considerably between natural and
synthetic SLs (Akiyama et al. 2010).

S Evolutionary Aspects of Strigolactones

5.1 Evolution of Strigolactones’ Biological Role

Whether SLs were originally produced by the plant to control organogenesis or to
promote symbiosis is still not known. It seems reasonable to assume that they were
not produced by the plant to promote plant—parasitic interactions. On the one hand,
SLs appear to have a pivotal role in determining plant architecture. This role is
crucial for plant survival and productivity. For example, for plants to survive and
produce, their stems must have the ability to respond to damage by growing lateral
shoot branches, which may be induced by alterations in SL levels. Another example
is associated with the plant’s response to light quality and intensity. These two
factors have been shown to affect multiple processes in plants, including the shade-
avoidance response, which includes enhanced apical dominance (Franklin 2008;
Pierik et al. 2009). This relationship between light quality and branching was
suggested to be mediated by effects of light on auxin fluxes and auxin response
(reviewed by Leyser 2009). It might be that SLs, which have been identified as
shoot-branching inhibitors and as mediators of auxin flux (e.g., see review by
Leyser 2010), are involved in this response. Such pivotal roles for SLs may have
been a major force in their evolution, suggesting that the primary role of SLs is
plant morphogenesis.

On the other hand, the involvement of SLs in AMF symbiosis may suggest an
ancient role for SLs as signals in plant—fungus interactions (Wilkinson 2001). AMF
have been dated as far back as 400 million years: an arbuscular fossil was found in
Aglaophytes major, a Devonian plant showing features of both vascular plants and
bryophytes from the early Devonian (Remy et al. 1994). Moreover, fossilized
fungal hyphae and spores that strongly resemble those of the modern genus Glomus
were found in Ordovician rocks in Wisconsin dating back 460 million years; these
fossilized fungi might have been free-living or perhaps they formed mycorrhizal-
like relationships with the bryophytes, the first terrestrial plants, predating the first
vascular plants on earth (Redecker et al. 2000).
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It has been suggested that the first plants were so closely associated with fungi
that they could, in fact, be considered as partly composed of fungus: a blueprint for
terrestrial plants was drawn once an endosymbiotic relationship between a fungus
and an alga was established (Pirozynski and Malloch 1975), implying that the
mycorrhizal mutualism was vital in allowing plants to colonize the land. This
places the symbiotic relationship with AMF as a crucial step in evolution. Hence,
it might be that SLs were produced by primitive land plants very early in evolution
to promote the establishment of a symbiosis that was essential for terrestrial life.
Undoubtedly, characterization of SL production and its role in gymnosperms and
nonvascular plants will shed light on the evolutionary history of SLs, and on their
primary role as either plant morphogen or promoter of an essential symbiosis.

By the same token, understanding the mechanism of SL secretion may provide
more clues to their primary role. Active secretion from the roots by a controlled
transport mechanism may support a primary role for SLs in the establishment of
symbioses; passive SL dispersal, i.e., via diffusion or leakage from the plant root,
may suggest that their primary role is in plant morphogenesis, while the plant
interactors simply exploited a leaking substance from the roots for selection of
their plant host.

The dependence of parasitic weeds on SLs for their germination provides a case
in which a plant substance dedicated to a certain function (i.e., plant development or
symbiosis establishment) may be exploited by another organism, to serve an
alternative function. It is suggested that because SL-mediated regulation of
branching appears to be a fundamental and thus ancient mechanism in angiosperms,
both nonparasitic and parasitic plants shared this signaling pathway. The ability of
SLs to positively affect seed germination was also demonstrated for some nonpara-
sitic species (discussed earlier). Hence, the SL-mediated regulator of germination in
parasitic plants may be derived from a preexisting mechanism of self-regulation of
plant germination and development. However, adaptation of this pathway for host
detection by the parasitic plant species may have necessitated modifications in their
biology. These modifications may have included parasitic species stopping their SL
biosynthesis, either permanently or temporarily, or specification of SL responses
such that the parasitic plants could distinguish endogenous SLs from exogenous
ones, for recognition of a plant host (reviewed by Westwood et al. 2010).

5.2 Does Strigolactone Confer Plant-Interaction Specificity?

Different plant species and even cultivars produce and secrete different
combinations of SLs (reviewed by Xie et al. 2010; Yoneyama et al. 2008).
Hence, SLs may be associated with determination of interaction specificity between
the plant host and the AMF or parasitic weed.

Although many land plants have established symbiosis with AMF, several
families have been reported as non-AMF-host plants; these include the
Chenopodiaceae, the Brassicaceae, and lupins [Lupinus albus, which is an
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exception in the mycorrhizal host family of the Fabaceae (or Leguminosae)] (Smith
and Read 1997). The basis for plants being nonhosts was suggested to be either the
existence of inhibitors of AMF symbiosis in those plants or the lack of a substance
important for AMF symbiosis (reviewed by Giovannetti and Sbrana 1998;
Vierheilig and Bago 2005). Accordingly, root exudates of non-AMF-host plants
were not able to induce AMF hyphal branching (Buée et al. 2000). Since SLs are
known to be promoters of AMF symbiosis, it might be that they are at least partially
responsible for the non-AMF-host phenotype.

Nevertheless, similar SLs were identified in root exudates of AMF host plants
and two non-AMF-host plants — A. thaliana (Brassicaceae) and lupin (Fabaceae)
(Goldwasser et al. 2008; Yoneyama et al. 2008). However, neither phosphorus nor
nitrogen deficiency increased exudation of these SLs in L. albus. This is in contrast
to the mycotrophic Fabaceae plant T. pratense, in which phosphorus deficiency
promoted SL exudation (Yoneyama et al. 2008). Hence, it might be that the
regulation of SL production and/or exudation, rather than their composition, plays
a role in host/nonhost recognition. However, more studies are needed to determine
whether SLs indeed confer host capacity for AM symbiosis.

Similarly, there is no clear evidence for specificity of SLs for parasitic plants.
Many parasitic plants of the Orobanchaceae have a broad host range. For example,
P. ramosa parasitizes tobacco in which (+)-orobanchol, 2’-epi-orobanchol,
solanacol (a tetradehydrostrigol isomer), and a didehydrostrigol isomer were
identified (Xie et al. 2007). Tomato is producing orobanchol, solanacol and two
or three didehydroorobanchol isomers (Lopez-Raez et al. 2008), and Arabidopsis is
producing orobanchol (Goldwasser et al. 2008). These host plants differ in the
composition and quantity of SLs produced, with no proof of different SL functions
in parasitic weed germination and/or development. The difficulty is caused by
the complex mixture of molecules exuded by plant roots and other factors in the
rhizosphere that influence the germination of parasitic plants and cannot be omitted
in evaluating SLs’ effects on parasitic plant development underground. Another
problem is the extremely low production of SLs by individual plants, making their
isolation difficult for studies of natural SLs. Eleven naturally occurring SLs induced
germination of O. minor seeds, but the number of germinated seeds depended on
lipophilicity and stability of the SL. molecules (Kim et al. 2010). Lower efficiency
of sorgolactone and 5-deoxystrigol in germination-stimulating activity on O. minor
seeds could be explained by a lack of oxygen-containing substituents on the A/B
ring moiety (Kim et al. 2010). Similar experiments using several parasitic weed
seeds collected from several host plants with known SL production might be very
helpful in determining the potential specificity of different SLs in germination of
parasitic weed seeds.

More data suggest nonspecific behavior of parasitic plants at early stages of their
development. Seed germination can be induced by root exudates of host and
nonhost plants and seeds are able to connect to the roots of host and nonhost plants
(e.g., Zehhar et al. 2003). At a later stage, multiple layers of compatibility/incom-
patibility may contribute to host specificity in parasitic plants (Yoshida and Shirasu
2009; Thorogood and Hiscock 2010).
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Interestingly, determination of differential SL activity on the AMF G. margarita’s
hyphal branching suggested structural requirements for induction of hyphal branching
which are similar, but not identical, to those required for root-parasitic weeds
(Akiyama et al. 2010). This may suggest that each organism, i.e., parasitic plants
and AMF, developed the ability to exploit the host SLs independently, leading to
similar but not identical requirements for their interaction.

5.3 Are SLs Essential Components of Plant Interactions?

SLs may not be an essential signal for AMF. Both spore germination and some
degree of hyphal development and branching occur even without the host or its root
exudates in the vicinity (reviewed by Giovannetti et al. 2010). Chance encounters
between the developing hyphae and the host root, even in the absence of SLs, occur.
If SLs are associated only with the presymbiosis steps of AM symbiosis (and this
remains to be determined), they may not be essential for mycorrhization.

On the other hand, SL is an essential signal for parasitic weeds. Other
compounds can induce germination of parasitic plants (Eplee 1975; Bar-Nun and
Mayer 2005; Daws et al. 2008), but these compounds do not ensure their germina-
tion in the presence of host plants, which is a prerequisite for the existence of plants
that are fully dependent on nutrients acquired from the host. Perception of SLs,
compounds produced by plants in very low quantities, guarantees germination in
the presence of, and close to only host roots.

6 Concluding Remarks

SLs fulfill several key roles in plant development and interactions; these are
summarized in Fig. 2. SLs’ role as regulators of shoot morphology and root
development suggest a pivotal role for these hormones in the regulation of an
array of plant responses, some of which are essential for plant survival and
reproduction. It is likely that as SL-related research progresses, more developmen-
tal roles will be unveiled for SLs, as well as their mode of integration into the
hormonal network for coordinated regulation of plant development.

Despite the suggested essential nature of AM symbiosis to the evolution of
terrestrial life, it appears that SLs are not essential for this symbiosis. Rather,
they may be considered enhancers of this interaction, which may take place even
without them. Whether SLs evolved to serve as enhancers of AM symbiosis or as
regulators of plant development remains to be determined. On the other hand, it is
likely that SLs’ pivotal role in weed plant parasitism reflects exploitation of a
preexisting plant substance which was either actively or passively exuded from
the host roots, and used by the parasite to select its host. It is possible that SLs affect
additional soil microorganisms; this, however, remains to be determined.
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Fig. 2 An illustration of the presently known biological functions of strigolactones (SLs). SLs
play a role in plant development: Aboveground, SLs repress shoot branching (1) but potentially
enhance plant light harvesting (2). In roots, SLs are suggested to control lateral root formation (3)
and have a positive effect on root-hair elongation (4). SLs are released from the roots to the
rhizosphere (5), where they induce arbuscular mycorrhiza hyphal branching (6) and parasitic weed
seed germination (7); the latter is an essential step in the establishment of parasitic weed—host
associations (8). Whether SLs have a role in the symbiotic phase of mycorrhizal associations,
however, remains to be determined (9). Figure illustrated by Omer Koltai

Today, additional roles and functions for SLs are being revealed. It is expected
that we will soon know more on SLs’ biological role, on the components involved
in SL signaling and synthesis, and on SL evolution.
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Proteoid Roots and Exudation of Proteases
by Plant Roots

Bartosz Adamczyk, Aino Smolander, Veikko Kitunen,
and Mirostaw Godlewski

Abstract Among the numerous strategies for improving P or N uptake by plants,
development of proteoid roots and exudation of proteases can be found. Proteoid
roots, which develop as a response to P deficiency during exudative burst secrete
carboxylates and acid phosphatase, which improves P uptake. Proteoid root mor-
phology and anatomy, factors that influence development and their role in plant
nutrition, are described. In addition, this chapter summarizes our knowledge of the
recently discovered phenomenon of protease secretion by intact plant roots, includ-
ing their biochemical characterization and their potential role in the nitrogen
nutrition of plants.

1 Proteoid Roots

Plants possess numerous strategies for improving their ability to survive in adverse
conditions. One of the crucial points for survival is the need to obtain enough
nutrients for growth and development. The number of plant adaptations for acquir-
ing nutrients from the environment is impressive. The broad set of strategies for
improving nutrient uptake includes formation of mycorrhiza, carnivory, cluster
roots formation, formation of N,-fixing nodules, and exudation of low and high
molecular mass compounds. This section deals with proteoid roots (also called
cluster roots) and their secretome.
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1.1 History and Distribution of Proteoid Roots
in the Plant Kingdom

In 1894, Adolf Engler observed atypical, clustered roots of plants in the family
Proteaceae, but it was Helen M. Purnell who first called such specific roots
“proteoid roots” (the term “proteoid roots” was made from the family name of
these plants) (Purnell 1960). Plants in the genus Persoonia are an exception in that
they do not create proteoid roots, as do the rest of the Proteaceae (Lamont 1982).
Apart from the Proteaceae, proteoid roots were also found in some of the
Betulaceae, Casurinaceae, Cucurbitaceae, Cyperaceae, Eleagnaceae, Leguminosae
(Fabaceae), Mimosaceae, Moraceae, Myricaceae, and Restionaceae (Skene 1998;
Neumann and Martinoia 2002; Shane and Lambers 2005). As these roots are not
present only in the Proteaceae family, some authors called them cluster roots
(Skene 1998). The geographical distribution of plants having cluster roots is very
wide, covering all continents and even some Pacific islands. Although plants able to
develop proteoid roots can be found worldwide, they usually occupy ecosystems
with low levels of nutrients.

1.2  Morphology, Anatomy, and Development of Proteoid Roots

Proteoid roots can easily be recognized, because they are extensively branched and
covered with densely grouped absorption hairs (Watt and Evans 1999). The mor-
phology of proteoid roots is strongly dependent on the plant species. Clusters can
form on roots singly (e.g., Lupinus albus) or be more complex, with a root within a
cluster becoming the axis for another cluster. More complex, mat-like structures
can also be observed (e.g., Banksia spp.) (Watt and Evans 1999) (Fig. 1a, b). It is
striking that plants able to form cluster roots usually do not form mycorrhizal
symbioses. However, plants from the family Casuarinaceae, for example, can
form N,-fixing nodules, develop mycorrhiza and develop cluster roots in response
to nutrient deficiency (Diem et al. 2000).

Some plants in the family Cyperaceae develop dauciform roots (also called
carrot-shaped) instead of cluster roots. The function of dauciform roots is exactly
the same as that of cluster roots (see Sect. 1.3), but their structure is different
(Fig. 1c). Dauciform roots are swollen lateral roots with an abundance of long dense
root hairs (Davies et al. 1973), and they like cluster roots can exudate carboxylates
and acid phosphatase (Playsted et al. 2006).

Proteoid roots increase the root surface area substantially, for example, Hakea
obliqua proteoid roots extended the surface area of the roots by about 25 times (Dell
et al. 1980). However, if the root-hair area is included in the comparison, this
estimate increases to 140 times (Lamont 2003). Depending on plant species, mature
cluster roots may be physiologically active for several days (Shane and Lambers
2005). During that period, they undergo “exudative burst,” during which many
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Fig. 1 Morphology of cluster roots and dauciform roots. (a) Proteoid roots (compound type) of
Banksia prionotes (Proteaceae), scale bar 13 mm; (b) Proteoid root (simple type) of Hakea
prostrata; (Proteaceae) scale bar 4 mm; (c¢) Dauciform roots of Lepidosperma squamatum
(Cyperaceae) scale bar 2 mm (produced by Dr Michael W Shane, taken from Lambers et al. 2006)

compounds, including organic acids, phenolics, and acid phosphatases, are released
(Watt and Evans 1999); after that the clusters senesce (Shane and Lambers 2005).

The meristems of rootlets arise from the pericycle cells located over the proto-
xylem poles, which is similar to the development of regular branch roots (Shane and
Lambers 2005). Appearance of clusters is stimulated in conditions of P deficiency
(Dinkelaker et al. 1995) and in some species in Fe deficiency (Arahou and Diem
1997), N deficiency (Lamont 1972), or K deficiency (Liang and Li 2003). More-
over, external factors are also involved. It was shown that cluster-root formation
can be stimulated in nutrient-rich patches (Skene 1998) and in the soil organic layer
(Lamont 1973). However, the influence of other factors such as the constituents of
dissolved organic matter and microbial factors should be taken into consideration.
Moreover, species-to-species differences in the pattern of cluster-root formation
cannot be excluded (Neumann and Martinoia 2002).

Cluster-root formation is tightly controlled by auxin—cytokinin interactions. It
has been shown that auxin promotes cluster formation, and that auxin antagonists
and cytokinins inhibit cluster formation (Neumann and Martinoia 2002). Skene and
James (2000) induced formation of cluster roots in L. albus with auxin, even when P
was supplied at a level that inhibits their development. Watt and Evans (1999)
suspected that ethylene may also be involved in the auxin signal for cluster-root
formation. According to the studies of Zhou et al. (2008), sugar signaling mediates
cluster-root formation in L. albus. In spite of multiple factors inducing the develop-
ment of cluster roots and the wide array of their structures in different species,
cluster roots seem to be devoted mainly to one function — improving nutrient uptake.

1.3 Role of Proteoid Roots in Plant Nutrition

According to the current stage of knowledge, proteoid roots improve the uptake of
nutrients by plants. Studies were done on improving uptake of P by exudation of
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huge amounts of carboxylates, phenolics, mucilage, acid phosphatase, and phytase
(e.g., Tarafdar and Claassen 2001; Lambers et al. 2006). Uptake of P can be
significantly improved by formation of cluster roots. The uptake rate of P was
2-13 times higher in cluster roots than in ordinary roots (Lamont 1982).
Carboxylates (e.g., acetate, cis- and trans-aconitate, citrate, fumarate, lactate,
malate, maleate, malonate) mobilize inorganic and organic forms of phosphorus
by complexing metal cations that bind to P (Gardner et al. 1982; Roelofs et al.
2001). Carboxylates can also displace phosphate from the soil matrix by ligand
exchange (Shane and Lambers 2005). Tricarboxylates release inorganic P through
ligand exchange or complexation of metal ions more effectively than mono- and di-
carboxylates do (Dinkelaker et al. 1989), therefore citrate has a greater affinity for
trivalent and divalent metals Fe>* and Ca* than, e.g., malate does (Shane and
Lambers 2005). Along with carboxylates via the plasma membrane, ATPase
protons are exuded to maintain charge balance (Hinsinger 2001; Hinsinger et al.
2003). In P-deficient conditions, proteoid roots can also exude phenolic compounds
(e.g., isoflavonoids) that can mobilize P by reducing phosphates that are bound to
minerals (Shane and Lambers 2005). Moreover, mucilage can also act similarly to
carboxylates (Neumann and Romheld 2001).

Roots are able to adjust exudation of certain carboxylates to the source of P in
the soil. When P was supplied as aluminum phosphate, cluster roots of Banksia
grandis were exuding di- and tricarboxylates, but when P was supplied as iron
phosphate, mainly monocarboxylates were exuded (Lambers et al. 2002). Root
clusters also modify their secretome depending on the type of deficiency — in
conditions of Fe deficiency, cluster roots of lupin (L. albus) secreted mainly malate
in conditions of P deficiency, mainly citrate (Liang and Li 2003).

After mobilization, inorganic phosphorus can easily be taken up by roots, but
organic phosphorus needs to be hydrolyzed before that (George et al 2002). Acid
phosphatases (EC 3.1.3.2) and phytases (hydrolyzing phytate) (EC. 3.1.3.26) are
secreted by soil microbes (Tarafdar and Claassen 2001) but also by plant roots, with
or without cluster roots (Adams and Pate 1992; Li et al. 1997; Tarafdar and
Claassen 2001, 2005). The role of secreted enzymes in plant P nutrition could be
highly relevant, because organic P accounts for 30-80% of the total P in soil
(Tarafdar and Claassen 1988). Secretion of acid phosphatase from lupin roots is
induced by P deficiency (Wasaki et al. 2008). Wasaki et al. (2003) showed that acid
phosphatase is secreted from whole lupin roots, not only cluster roots; however,
cluster roots secreted a vast amount of this enzyme in P-deficient conditions.
Wasaki et al. (2003) proposed an interesting mechanism for the response of lupin
roots to different levels of phosphorus: (1) in conditions of sufficient P, acid
phosphatase is synthesized at low level and localized on the epidermis of the
roots, (2) in conditions of slight P deficiency, acid phosphatase from the epidermis
is secreted immediately, (3) in P deficient conditions, cluster roots are developed;
and the expression and secretion of acid phosphatase to the soil increase
substantially.

Acid phosphatase, secreted by lupin roots, was precisely characterized by Miller
et al. (2001), who found that secreted acid phosphatase is a glycoprotein having a
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31-amino acid presequence that targets it outside the cell. The molecular mass of
the processed protein was about 49 kDa. Expression of genes encoding this enzyme
is induced in conditions of P deficiency and is specific to cluster roots (Miller et al.
2001). Ozawa et al. (1995) showed that acid phosphatase secreted by cluster roots
of lupin has a broad substrate specificity and stability at pH 4-9 (Ozawa et al. 1995).
Acid phosphatase secreted by cluster roots seems to be very stable in the soil
solution as its half-life is about 14 days (Tadano et al. 1993).

Cluster roots improve P uptake not only by increasing the amount of easily
accessible P but also by improving P uptake directly, because they possess in the
plasma membrane high density of high affinity P transporters (Neumann et al. 2000).
According to the studies of Liu et al. (2001), one of the P transporters from lupin
(LaPT1I) is expressed only under P deficiency and mainly in cluster roots.

It has been suggested that proteoid roots also improve the ability of plants to use
soil organic nitrogen as N source. Paungfoo-Lonhienne et al. (2009) showed that
the roots of H. actities did not develop cluster roots in P-deficient conditions, but in
conditions where there was lack of N, they observed numerous cluster roots. A
growth-limiting supply of inorganic nitrogen or glycine resulted in production of a
small number of small cluster roots, and supplementation with protein (bovine
serum albumin) resulted in numerous small cluster roots. Such a morphological
difference as a response to varying N supply indicates that cluster roots are also
included in the plant strategy for obtaining N. For L. albus (Hawkins et al. 2005)
and H. actities (Schmidt and Stewart 1997), uptake of glycine by cluster roots was
higher than uptake by regular roots. Moreover, Schmidt and Stewart (1997)
suggested that H. actities cluster roots can exude proteases, which was then proven
by Paungfoo-Lonhienne et al. (2008). Cluster roots of H. actities possess amino
acid transporters (Schmidt et al. 2003) and also peptide transporters (Paungfoo-
Lonhienne et al. 2009), which point to their possible role in increasing N uptake.
Wasaki et al. (2005) suggested that even chitinase (EC 3.2.1.14) may be secreted by
cluster roots of white lupin. Such chitinase could potentially play a role in antifun-
gal plant—pathogen interactions but also might improve N accessibility by digestion
of chitin from the soil organic layer.

The proven ability of cluster roots to mobilize nutrients, especially P, can be
used effectively in agriculture. Dinkelaker et al. (1995) showed that wheat
intercropped with L. albus increased not only P uptake but also N and Mn uptake.
Soybean intercropped with L. albus increased uptake of Cu, Fe, and Zn but not that
of P (Braum and Helmke 1995). Plants of Zea mays grown after Brassica napus or
Beta vulgaris took up more P in the presence of the previous crop’s residue
(Dessougi et al. 2003).

Cluster roots, extensively branched and covered with densely grouped absorp-
tion hairs, are developed in some plant families (e.g., Proteaceae) in response to
nutrient deficiency. Morphology of proteoid roots is determined by plant species,
but also depends on environmental conditions. A large proportion of plants able to
develop cluster roots cannot produce mycorrhizal associations, and proteoid roots
are somehow an alternative product. Improvement of P uptake by cluster roots is
their best-known function. Cluster roots secrete a vast amount of carboxylates that
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mobilize both inorganic and organic forms of phosphorus. Moreover, acid phos-
phatase secreted by cluster roots digests organic phosphorus, thus creating an easily
accessible pool of P. P-deficient conditions activate P transporters in cluster roots,
making them effective P suppliers. According to the latest studies, cluster roots can
also improve N uptake by taking up organic nitrogen (amino acids) more inten-
sively than regular roots and by exudation of proteases. Cluster roots, a remarkable
example of plants’ ability to adapt to unfriendly conditions, require more study.

2 Secretion of Proteases by Plant Roots

In traditional soil science it was assumed that plants can take up only inorganic
forms of N (i.e., ammonium and nitrate). However, studies from the last two
decades clearly showed that certain plants can take up not only inorganic N
forms but also amino acids. Effectiveness of the use of amino acids from the soil
depends on many factors, e.g., plant species, soil concentration of amino acids,
competition with microorganisms and mycorrhizal associations (reviewed by
Lipson and Nasholm 2001; Nasholm et al. 2009). According to the latest findings,
H. actities and Arabidopsis thaliana can take peptides up in intact form (Rentsh
et al. 2007; Paungfoo-Lonhienne et al. 2009). However, the most substantial part of
N is present in the soil in the form of proteins (Kaye and Hart 1997). To break down
this rich source of N, proteolytic activity is needed. Proteases present in the soil are
secreted by microorganisms (Elfstrand et al. 2007; Nannipieri et al. 2000). Secre-
tion of proteases by plant roots was observed a few years ago by Professor Mirostaw
Godlewski (University of £.6dz, Poland). In a study concerning a different problem,
photographic film (exposed, fixed, and developed) was immersed in the sterile
medium of hydroponically cultivated seedlings. After a few days of incubation,
the film (containing gelatin) was digested. This effect was observed for several
plant species (Adamczyk et al. 2004). In the following years, studies of the exuda-
tion of proteases by plant roots continued (Godlewski and Adamczyk 2007,
Adamczyk et al. 2008a, 2009a, 2010a, b; Paungfoo-Lonhienne et al. 2008).

In this section of the chapter, we will present results showing that roots of several
plants are also able to secrete proteases, and that they can improve their N budget by
secretion of proteases as if they are improving the P budget using root-secreted acid
phosphatase (see Sect. 1.3). Moreover, we will also present the biochemical
characteristics of root-secreted proteases.

2.1 Secretion of Proteases by Different Plant Species

Secretion of proteases by roots seems to be prevalent in many plant species, both
agricultural and wild species (Adamczyk et al. 2008b, 2010b; Godlewski and
Adamczyk 2007; Paungfoo-Lonhienne et al. 2008); however, tree species have
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not been studied. Crucial differences were found in the level of proteolytic activity
of such root-secreted proteases; thus this activity seems to be species dependent.
Differences between two cultivars of Cucumis sativus (Hela vs. Julian) indicate that
the level of activity of root-secreted proteases may also be cultivar dependent
(Godlewski and Adamczyk 2007). In addition, environmental factors can also
influence proteolytic activity of root-secreted proteases, e.g., availability of differ-
ent sources of N (Adamczyk et al. 2008a, 2010a).

2.2 Potential Role of Root-Secreted Proteases
in Plant Nitrogen Nutrition

2.2.1 Biochemical Characteristics of Root-Secreted Proteases

To understand the role of root-secreted proteases it is important to study their
biochemical characteristics. Contrary to the well-known endogenic plant proteases
relatively little information on the biochemistry of plant-secreted proteases is
available. Until now we know only the pH preferences, the class to which these
proteases belong and their mode of action on substrate.

Proteases secreted by roots of Allium porrum, Helianthus annuus, and Z. mays
showed activity in the pH range 4-8, with maximum activity close to neutral pH
(Godlewski and Adamczyk 2007). Such a pH range is characteristic for soil: from
high pH, which can be found in agricultural soil (sometimes even 8 pH — as found by,
e.g., Floch et al. 2009), to low pH, which is typical for boreal forest soils (sometimes
even less than 4 pH; Tamminen and Derome 2005). Moreover, such a pH range for
protease activity (pH 4-8) is typical for cysteine proteases (Nduwimana et al. 1995).
In further studies, has been confirmed that root-secreted proteases belong to that
protease family (Godlewski and Adamczyk 2007). Root-secreted proteases showed
substantial inhibition of activity after preincubation with inhibitors of this class —
iodoacetamide and E-64 (N-(frans-epoxysuccinyl)-L-leucine 4-guanidinobutylamide)
and lack of inhibition, or poor inhibition after preincubation with inhibitors of other
classes (Godlewski and Adamczyk 2007). Moreover other studies also suggest that
this protease belongs to the cysteine protease family; identification of protease with
LC-MS (liquid chromatography-mass spectrometry) and PEAKS online software
showed that root-secreted protease of A. porrum has amino acid sequence similar
to that of A. thaliana cysteine proteinase (Adamczyk et al. 2009a).

The ability of root-secreted proteases to digest proteins to a size that can be taken up
by plant roots is a crucial factor for the role of root-secreted proteases in plant nitrogen
nutrition. In LC-MS studies it was shown that the digestion products of bovine serum
albumin and casein, which are mainly low molecular mass fragments, are released by
A. porrum root-secreted proteases (Adamczyk et al. 2009a) (Fig. 2). Such a pattern of
digestion can be explained by the endopeptidase activity of root-secreted proteases.
Proteases, on the basis of their mode of action, are usually divided into two groups:
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Fig. 2 Chromatograms of the degradation products of proteins (BSA, casein) by root-secreted
proteases. (a) Casein incubated with denatured root-secreted protease (no digestion), (b) casein
incubated for 1 h with root-secreted protease (taken from Adamczyk et al. 2010a). Above peaks

there are molecular masses of peptide fragments

endopeptidases (digesting peptide bonds within the polypeptide chain) and
exopeptidases (which remove the last or first amino acid residue from a polypeptide
chain) (Nduwimana et al. 1995). Studies of the degradation products of the B-chain of
insulin suggested that A. porrum root-secreted proteases possess mainly endopepti-
dase activity and preferentially cleave a peptide bond that has aromatic or hydrophobic
amino acid at the P2 position and polar amino acid at the P1 position, which enhances
the cleavage susceptibility of the peptide bond (Adamczyk et al. 2009a).
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Such degradation products of proteins by root-secreted proteases can potentially
act as an easily accessible pool of N for plants. It has already been shown that low
molecular mass peptides and amino acids can be taken up by the roots of certain
plant species with amino acids or peptide transporters (Delrot et al. 2001; Lee et al.
2007; Ortiz-Lopez et al. 2000; Paungfoo-Lonhienne et al. 2009).

2.2.2 Seedling Growth and Root-Protease Secretion
with Different Sources of Nitrogen

According to the preceding section (see Sect. 2.2.1), plants can potentially use
proteins as N source. Studies conducted on Triticum aestivum seedlings, obtained
from embryos isolated from grains, indicate that plants can even compensate the
lack of inorganic nitrogen with organic nitrogen, supplied as protein. Hydroponic
sterile cultures of T. aestivum, cultivated on Murashige and Skoog medium in
which inorganic nitrogen was replaced by protein (casein), reached an even higher
biomass compared with seedlings cultivated on medium with inorganic nitrogen
(Fig. 3). The improved growth was explained as being due to creation of an
accessible pool of amino acids by digestion of proteins by root-secreted proteases.
Such improvement in growth was also explained by concomitant uptake of organic
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Fig. 3 Fresh weight of shoot (gray columns) and proteolytic activity (black columns) in the
culture medium of seedlings cultivated on different media (means + standard error of the mean,
n = 6). Azocasein was used as a substrate for proteases. MS Murashige and Skoog medium, MS-
IN Murashige and Skoog medium without inorganic nitrogen, FW fresh weight. This figure is a
combination of two figures already published in Adamczyk et al. (2010a, b)
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nitrogen and organic carbon originating from digestion of protein in the medium
by root-secreted proteases (Adamczyk et al. 2008a). Moreover, higher
concentrations of amino acids in the medium can induce expression of amino
acid transporters in the rhizodermal cells of A. thaliana, improving uptake of
amino acids (Hirner et al. 2006).

However, in natural conditions both forms of nitrogen, inorganic and organic
(including amino acids and proteins) can be found (Kaye and Hart 1997). Studies
conducted with hydroponic cultures of T. aestivum, growing on inorganic nitrogen,
organic nitrogen (casein), or a mixture of both, suggested that the highest growth
can be obtained with medium containing both sources of nitrogen in the proper
proportion (Adamczyk et al. 2010a). In such medium, i.e., having both sources of
nitrogen, the activity of root-secreted proteases was also found to be the highest
(Adamczyk et al. 2010a) (Fig. 3). A similar result for growth of seedlings was
obtained by Paungfoo-Lonhienne et al. (2008) for A. thaliana.

2.2.3 Role of Root-Secreted Proteases in Plant Nitrogen Nutrition
in Field Conditions

All the above-mentioned studies, which were conducted in sterile conditions,
mainly on agricultural species, showed the ability of certain plants to secrete
proteases and, using them, to improve the N budget, but we know nothing about
this phenomenon in field conditions. Moreover, no experiment has been able to
properly quantify the extent to which plants utilize organic N in a specific ecosys-
tem, even though the existence of such process has been shown in laboratory and
field conditions (Gardenas et al. 2010). In field conditions, proteolysis may be
driven mainly by microbial enzymes, as they are also secreting proteases (e.g.,
Nannipieri et al. 2000). However, microorganism communities depend on numer-
ous factors (Wieland et al. 2001) and soil is not homogenous, which can strongly
influence the proteolysis process. There are patches of organic nitrogen, originating
from plants or animal residues (Hodge et al. 2000), but also from organic fertilizers.
In such patches, rich in organic nitrogen (also as proteins), the amount of substrate
can exceed the digestive abilities of microbial proteases.

The next problem in understanding the role of root-secreted proteases is the
mycorrhizal status of the plant. Plants that do not create symbioses with
ectomycorrhizal and ericoid mycorrhizal fungi (secreting proteases; Bending and
Read 1996) could improve proteolysis in the soil by secreting proteases from the
roots. In such a case, root-secreted proteases could substitute for mycorrhizal
secreted proteases (Paungfoo-Lonhienne et al. 2008). However, plants which can
develop mycorrhizal symbioses are also able to secrete proteases through the roots
(Godlewski and Adamczyk 2007).

Last, but not least, is the problem of the form in which organic N is present in the
soil. Some of the organic nitrogen in soil is in the form of recalcitrant complexes,
e.g., with polyphenols (Bending and Read 1996). Moreover, tannins, an important
group of phenolic compounds, can also decrease the activity of proteases directly,
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slowing proteolysis (Adamczyk et al. 2009b). Complexation of proteases and
proteins with tannins may strongly influence soil proteolysis. There is a need to
study proteolysis processes in the soil, keeping in mind that strong interactions
between proteins (both substrates and enzymes) and soil constituents exist.

The ability of plants to support their nitrogen budget by the use of root-secreted
proteases can be used in agricultural practice. In current fertilization practice,
inorganic nitrogen fertilizers are used, commonly in excess. Inorganic nitrogen
fertilizers, mainly nitrates, may undergo leaching because of their high mobility in
soil (Jones et al. 2005), which can cause eutrophication of water reservoirs (Huang
et al. 2003). Organic nitrogen seems to be more stable in the soil than inorganic
nitrogen is (Jones et al. 2005), so organic nitrogen fertilizers seem to be more
environment friendly than inorganic nitrogen fertilizers. Moreover, as was shown
for sterile cultures of T. aestivum, the highest growth was obtained on medium with
both inorganic nitrogen and organic nitrogen compared with inorganic nitrogen
alone (Adamczyk et al. 2010a), so the best way to improve yield seems to be a
mixture of both N sources. The ability to exude proteases and digest proteins from
organic nitrogen fertilizers without microbial assistance could be of great impor-
tance in developing sustainable agriculture based on sources of organic nitrogen.

Secretion of proteases by roots, a newly discovered plant behavior, can change
our view on nitrogen cycling in the soil — plants can potentially be involved directly
in the turnover of organic N in the soil. Secretion of proteases seems to be common
in the plant kingdom; however, the level of their activity is species dependent.
These proteases are active in the pH range 4-8, they belong to the cysteine protease
family, and they operate mainly as endopeptidases, digesting proteins to low
molecular mass products, which can be taken up by plant roots. Plants, as was
shown for wheat, can use these proteases to digest proteins in order to obtain
nitrogen. The highest yield can be acquired after cultivation of a plant on a mixture
of inorganic and organic sources of N. Protease secretion by roots needs more
study, especially in field conditions, where factors like competition with soil
microorganisms or accessibility of soil proteins are important.
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Unity Is Strength: The Power of Border Cells
and Border-Like Cells in Relation with Plant
Defense

Azeddine Driouich, Marc-Antoine Cannesan, Flavien Dardelle, Caroline
Durand, Barbara Plancot, Sophie Bernard, Marie-Laure Follet-Gueye,
and Maité Vicré-Gibouin

“If you want to go far and win the battle of your lives, stay together, stay strong, unite
peacefully for the interest of your people. . . .vous savez bien que I'union fait la force!” A
highly respected man.

Abstract Production and release of root border cells and border-like cells are
fundamental processes for plant survival and development. Both types of cells are
viable components of the root system that regulate its interactions with living
microorganisms of the rhizosphere. Border cells are released as individual cells,
whereas border-like cells remain attached to each other into small groups or as
sheets after their release from the root tip. So far, border-like cells have been
observed only in species belonging to the Brassicaceae family including
Arabidopsis. Border cells have been largely studied in the legume species pea; in
contrast, relatively little information is available on border-like cells so far due to
their recent discovery. In this chapter, we present and discuss the release, organiza-
tion, and the role of these cells in root protection.

1 Introduction and Definition

Plant roots invest a lot of energy in the formation and release into the rhizosphere of
a population of living cells at their tips. These cells are programmed to detach from
the cap during root growth either as border cells or border-like cells and represent a
vital biotic boundary between the root and the rhizosphere. Border cells are
experimentally defined as cells that disperse into suspension individually within
seconds when the root tip is put into water (Hawes et al. 2000). The number of
border cells released can vary considerably from a few hundreds to several
thousands and it is generally conserved for plant species within a given family.
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The organization of the root apical meristem (RAM) is highly correlated with the
production of root border cells. In eudicotyledonous angiosperm plants, RAM can
be classified into three different organizations: closed RAM (composed of highly
organized tiers of cells), basic-open RAM (with cells not clearly organized into
distinguishable tiers), and an intermediate-open RAM (Chapman et al. 2003; Groot
et al. 2004). Hamamoto et al. (2006) demonstrated that roots with open apical
organization released high numbers of individual border cells: 4,500 and 10,000
cells have been reported to be released respectively by pea and cotton roots.

Unlike border cells, border-like cells do not detach as isolated cells and are
therefore defined as cells that do remain attached to each other into small groups or
as sheets after their release from the root tip (Vicré et al. 2005; Driouich et al. 2007).
Such cells are very clearly observed in Arabidopsis thaliana (Fig. 1a), but they have
also been found in other Brassicaceae members including canola, radish, and
cauliflower (Driouich et al. 2007; see also Fig. 1c, d). In terms of number, after a
week of growth under laboratory conditions, radish root produces more border-like
cells (907 £ 75) than does Arabidopsis (116 £ 10) or canola (375 % 137) roots.
So far border-like cells have not been observed in other families such as the
Leguminoseae, the Solanaceae, or cereal species (see Hawes et al. 2003).

Border cells and border-like cells (Fig. 1) originate from the root-cap meristem
whose cells undergo a series of divisions and differentiation giving rise successively to
gravity sensing columella cells and root peripheral cells. How the release of such cells
is regulated is not very well understood, but it seems to rely on developmental and
environmental signals. Border cell formation and release can be switched off and on
independently of root development and removal of the cells was reported to stimulate
mitosis in the root-cap meristem within a few minutes (Brigham et al. 1998). In
relation with this observation, it has been reported that a soluble factor (named factor
B), secreted into the external medium by pea border cells, is able to control cell
division in the root-cap meristem, thereby influencing border cell production and
release (Brigham et al. 1998; Hawes et al. 2000). The factor is sensitive to protease
hydrolysis suggesting its protein nature. Also, analysis of the Arabidopsis mutant fez
has demonstrated that the release of border-like cells can be genetically controlled by
an NAC-domain transcription factor (named FEZ) that is active in root-cap initials.
The activity of FEZ in the epidermal/lateral root-cap cell initials has been shown to
promote the formation of root-cap cells including the production of border-like cells
(Willemsen et al. 2008). Whereas FEZ and its own negative regulator SOMBRERO
are required for root-cap cell division (Willemsen et al. 2008), root-cap differentiation
seems to be under the control of four transcription factors: PLETHORA 1-3 and
BABYBOOM (Aida et al. 2004; Boutilier et al. 2002). These transcription factors are
under the control of the hormone auxin via the action of auxin responsive factors.

As for environmental factors, temperature, carbon dioxide, soil-based mechani-
cal stress, aluminum, and invasion by microorganisms have been shown to influ-
ence border cell formation, morphology, and number (Miyasaka and Hawes 2001;
Curlango-Rivera et al. 2010).

It should be noted that border-like cells and border cells are not dead, unwanted
“garbage” cells that are thrown away by the root into the surrounding environment.
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Fig. 1 Border cell and border-like cell morphology. Light and electron microscopy images of
border-like cells of Arabidopsis (Arabidopsis thaliana) (a, b) or radish (Raphanus sativus) (c, d, e)
and border cells released from pea (Pisum sativum) root tips (f, g, h). a, ¢, d, f, and g: light
microscopy images of border-like cells from Arabidopsis (a) and radish (c, d) and border cells of
pea (f, g). Unlike border cells (f, g), border-like cells (a, ¢, and d) remain attached to each other
into small groups or as sheets after their release from the root tip. In d border-like cells released
showing distinct morphologies: elongated versus ball-shaped (*) cells. Calcofluor staining of pea
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They are released from the root tip by a controlled process as viable and metaboli-
cally active cells that survive for weeks within the soil environment and even for
months under laboratory conditions (Vermeer and Mc Cully 1982; Hawes et al.
2000; Vicré et al. 2005). It is, therefore, fotally wrong (as it is indicated in certain
recent publications) to consider A. thaliana as a species that does not produce viable
border-like cells.

2 Attachment and Organization Patterns of Border-Like Cells

The production of border-like cells from the root tip of A. thaliana is dependent on
the stage of root development. We have observed that the release of border-like
cells does occur only when seedlings are 4-5 days old and that the number of cell
layers increases over time (Vicré et al. 2005). Two types of cells were observed in
terms of morphology, namely ball-shaped cells, which are located at the very tip of
the root and elongated cells found on the margins of the cluster (see Fig. 1c, d).
Shape and size of border cells and border-like cells seem to vary depending on the
species as well as on RAM organization (Table 1 and Fig. 2). Ultrastructural
observations using transmission electron microscopy of high-pressure frozen/
freeze-substituted cells have revealed that they notably contain a large number of
mitochondria and Golgi-derived vesicles indicative of a high secretory activity at
the time of their release. Similar observations were also made for radish border-like
cells as well as for border cells of pea (Fig. 1b, e, h). Indeed, using immunofluores-
cence microscopy, it has been possible to show that border-like cells of Arabidopsis
are active in secreting high amounts of polysaccharides and proteoglycans into their
cell surface. Carbohydrate epitopes associated with pectins, xyloglucan (XyG), and
arabinogalactan-proteins were abundant at the surface of border-like cells of
Arabidopsis and radish (Figs. 3 and 4). One interesting observation made on
Arabidopsis border-like cells is that XyG epitopes (recognized by CCRCMI anti-
body) were not only associated with the cell wall but can also be seen detaching
from the cell wall along the entire cell, forming “hairy branches” at the cell surface
(Fig. 4e). Also, XyG branches can be seen bridging two neighboring cells. Such
XyG bridges suggest the involvement of this polysaccharide in connecting cells
together, thereby contributing to their attachment to each other (make cells adhere
to each other). However, in a study aimed at investigating the role of cell wall
polymers in border-like cells attachment, it has been shown that mutants with

<
<

Fig. 1 (continued) border cells (f). b, e, and h: electron micrographs of border-like cells from
Arabidopsis (b) or radish (e) and border cells from pea (h). BLC as well as BC contain a large
number of mitochondria and Golgi stack units indicative of a high secretory activity. BC border
cells, BLC border-like cells, CW cell wall, ER endoplasmic reticulum, G Golgi stacks, m
mitochondria, p plastids, PM plasma membrane, RT root tip, V vacuole. Bars: 50 pm (a, c, d, f,
and g); 1 um (b, e, and h)
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Fig. 2 Morphological phenotypes of root tips showing border cells or border-like cells of species
representative of the families presented in Table 1. (a) Humulus japonicus; (b) Spinacia oleracea;
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altered XyG biosynthesis (murus 2 and murus 3) (Vanzin et al. 2002; Madson et al.
2003) have normally attached border-like cells, suggesting that alteration of XyG
structure does not cause any modification of border-like cell organization and
morphology (Durand et al. 2009). However, the XyG in both mutants is altered in
the side chain structure not the backbone, and therefore it would be of interest to
examine the organization and morphology of border-like cells in a mutant with an
altered XyG backbone structure or a mutant that has no XyG such as the xxt/xxt2
double mutant (Cavalier et al. 2008).

A similar investigation using the qual mutant has clearly demonstrated that the
pectic polysaccharide homogalacturonan is responsible for border-like cell attach-
ment. In gual mutant border-like cells are converted into border cells and this
conversion is accompanied by secretion of abundant mucilage released by the
cells themselves while the root is growing (Fig. 4a, b and also Driouich et al.
2010). This self-produced mucilage embeds border cells allowing them to remain
close to each other, a mucilage that controls unity. The composition of the mucilage
is not fully known, but studies using different antibodies have shown that it is
enriched in xylogalacturonan and arabinogalactan-protein epitopes (Durand et al.
2009). We have termed such an association of cells and mucilage in gual mutant “a
border cell biofilm” (Driouich et al. 2010) by comparison with microbial biofilms
that form in response to various stress factors and that are usually composed of
polysaccharides, proteins, and extracellular DNA (exDNA) (Davey and O’Toole
2000). We hypothesize that such a switch to the biofilm mode in gual mutant is
linked to a specialized metabolic function of border cells required for the protection
of the root meristem against biotic and abiotic stress. As for bacteria, border cell
mucilage might not only hold the cells together but could also protect them and
facilitate cell-to-cell communication particularly during pathogen invasion of the
root tip. Such a thick mucilage, which can be considered as a mucilage of unity and
protection, may also have the capacity to attract and agglutinate microorganisms. It
is therefore challenging to investigate whether border cells exchange specific sig-
naling molecules and whether the mucilage has antimicrobial properties (including
secreted defense proteins or peptides) as found in bacterial biofilms. Border cells and
exudates from qual root can be easily collected or microdissected and analyzed
using proteomics, transcriptomics, and glycomics. Root mucilage isolated from
many plant species has been described to be composed of up to 95% sugars and
little amino acids (5%) (Bacic et al. 1986; Chaboud and Rougier 1984). Also,
purified pea mucilage has been analyzed and shown to contain material similar to
arabinogalactan-proteins (Knee et al. 2001). More recently, it has been shown that
pea root mucilage has exXDNA and antidefense proteins (Wen et al. 2007, 2009; see

<
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Fig. 2 (continued) (¢) Penstemon royalis; (d) Acacia pycnantha; (e) Papaver rhoeas; (f) Pelar-
gonium zonale; (g) Cactus sp.; (h) Ipomoea violacea; (1) Linum usitatisimum; (J) Amaranthus
caudatus; (K) Millepertuis calycinum; (1) Myosotis sp.; (m) Primula vulgaris; (n) Solanum
melongena; (0) Petroselinum crispum; (p) Lactuca sativum; (q) Fragaria sp.; (r) Thymus vulgaris;
(s) Zea mays; (t) Carex sp.; (u) Impatiens glandulifera. Bars = 100 um (a and d) or 50 pm ((b-g,
i-t) or 20 pm (h and u)
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Fig.3 Immunofluorescence labeling of border-like cells and border cells with anti-extensin (LM1),
anti-arabinogalactan-protein (JIM14), and anti-pectin (LM8 and JIMS5) antibodies. (a, b, ¢, and d)
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below). Also, unlike pea border cells and unlike border cells of gual mutant, border-
like cells of wild-type Arabidopsis do not secrete as much mucilage as it is secreted
by pea border cells.

Extending on cell wall structure of border-like cells, monosaccharide com-
position of the cell wall of such cells in radish and Brassica napus revealed
the presence of a significant content in arabinose and galactose (Fig. 5; Cannesan
et al. Submitted); two sugar residues that are mainly found in rhamnogalacturonan-I,
arabinogalactan-proteins, and extensin. Further analysis of radish border-like cells
using immunofluorescence labeling showed that extensin epitopes — recognized by
LM1 or JIM11 antibodies — are strongly expressed at the cell surface of radish
border-like cells (Fig. 3a, b). Thus, these cells seem to constitutively synthesize and
secrete high levels of extensin that is likely to play a role as a molecular network
barrier against pathogen penetration. Extensin may even be upregulated in these
cells upon pathogen attack. It is well established that extensin accumulates in the
cell wall of plant cells as a response to pathogen invasion (Esquerré-Tugayé and
Lamport 1979; Merkouropoulos and Shirsat 2003). Also, it has been reported that
both elicitor treatment and wounding lead to a rapid in muro insolubilization of
extensin by oxidative cross-linking via isodityrosine motifs (Bradley et al. 1992;
Brady and Fry 1997). We speculate that this might happen in the cell wall of radish
border-like cells, thus creating a cross-linked protective network by the action of
peroxidase and reactive oxygen species (ROS) as occurs in the cell wall of other
tissues. Indeed, oxidative burst involving ROS production, established as one of the
earliest response of plant cells to pathogen invasion, does occur in border-like cells
of Arabidopsis treated with elicitors (Plancot et al. unpublished).

3 Border Cells Are Involved in the Protection of the Root
Meristem

Border cells are fundamental to plant-microbe interactions. Within the rhizosphere,
border cells are not only important in assisting the growing root to penetrate the
soil, but they also provide a protecting cover surrounding the root tip against
pathogens) (Gunawardena and Hawes 2002; Wen et al. 2009). Various studies
have provided compelling evidence that border cells contribute significantly to
the protection of the root and consequently of the entire plants. First, the number
of border cell increases in response to pathogens (Cannesan et al. 2011). Second,
border cells are capable of attracting, avoiding, or repelling pathogenic

Fig. 3 (continued) Radish border-like cells stained with the monoclonal antibodies LM1 (a) and
JIM11 (b) specific extensin epitopes, LM8 specific for xylogalacturonan epitopes (¢), or JIM5
specific for homogalacturonan epitopes (d). (e, f, and g) Pea border cells labeled with the
monoclonal antibodies JIM14 (e) and JIMS (f and g). RT root tip, BLC Border-like cells,
BC Border cells. Bars: 25 pm (d); 50 um (a, b, ¢, e, f, and g)
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qua2-1

Fig. 4 Morphological phenotypes of border-like cells and polysaccharide immunostaining of cell
wall epitopes in the wild-type (WT) and quasimodo mutants of Arabidopsis. Wild-type Columbia
(a) and quasimodo 1-1, qual-1 (b) are shown. Note that in qua /-1, border-like cells are converted
into border cells (not attached to each other anymore) that are embedded in a thick mucilage (M).
Wild-type Columbia (¢, e) and gua 2—1 mutant (d, f) border-like cells are immunostained with the
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microorganisms. It has been shown that exposure of pea root to the pathogen
Nectria haematococca results in the formation of a sort of mantle that covers the
root tip (Gunawardena and Hawes 2002; Gunawardena et al. 2005). Under the
microscope the mantle was shown to consist of a mixture of both border cells and
fungal hyphae, and once the mantle is removed, the root tip remains free of
infection indistinguishable from nontreated roots. Here, the root development and
growth were unchanged from nontreated root, indicating that the apical meristems
were still active and functional even with the presence of the pathogen in the
surroundings. In such a case, border cells seem to fool the pathogen by acting as
a decoy allowing the protection of the root tip and the apical meristems against
infection. Similar observations have also been reported showing attraction and
infection of cotton border cells by the fungus Pythium dissotocum (Goldberg
et al. 1989). Border cells can also repel pathogenic bacteria by means of their
secreted mucilage.

Third border cells are also capable of producing antidefense molecules. Border
cells of legumes and cereals have been shown to secrete a large number of
antimicrobial proteins including chitinases, peptidases, and glucanases, whose
profile is modified in response to pathogenic bacteria (Wen et al. 2007; De-la-Pefia
et al. 2008). In addition to defensive proteins and enzymes, it has recently been
shown that secretions of pea root border cells contain exDNA (Wen et al. 2009).
This component is likely to exert a protective function within the secretome of
border cells (Wen et al. 2009). The authors have clearly demonstrated that degra-
dation of exDNA via nucleases (DNAse I or BAL31) resulted in an increased
infection of root tips by N. haematococca supporting a role of this component in
the immune response of root cells. In this regard, exDNA has long been known in
many biological secretions including bacterial biofilms, snail mucigels, and white
human blood cell matrices where it localizes with a number of antimicrobial
peptides and proteins (Fahy et al. 1993; Allesen-Holm et al. 2006). In the case of
human neutrophils, such a complex called also the NET “neutrophil extracellular
trap” is capable of protecting the cells against pathogens at the sites of infection
(Wartha et al. 2007; Guimaraes-Costa et al. 2009). The discovery of exDNA in root
tip secretions is highly exciting, but it is not easy to explain how exDNA exactly
inhibits/reduces pathogen infection. This novel component of plant root secretions
deserves further attention and careful investigations to unravel its mechanism of
action on pathogenic microorganisms.

Another interesting role of border cells is that they have the capacity to attract and
immobilize parasitic nematodes, thus limiting infection of the root. The chemical
signal responsible for such an attraction is not known, but it is a heat-stable, polar
fraction found in border cell secretions (Hawes et al. 2000). Also root border cells
could contribute to inhibit penetration and invasion of cyst nematodes, thus limiting

Fig. 4 (continued) monoclonal antibodies, JIMS5 (¢, d) or CCRCM1 (antixyloglucan antibody)
(e, ). In e, the white arrowhead indicates xyloglucan “fibers” at the cell surface of border-like
cells. BLC border-like cells, qua quasimodo, M mucilage, RT root tip, WT wild type. Bar: 50 um
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Fig. 5 Monosaccharide composition of cell walls extracted either from isolated border-like cells
(BLC) or the root apex free of border cells (Apex) from radish. Note the high content of arabinosyl
and galactosyl residues. Ara arabinose, Fuc Fucose, Gal galactose, GalUA galacturonic acid, Glc
glucose, GlcUA glucuronic acid, Man mannose, Rha rhamnose, Xyl xylose

considerable loss of food crops. In this context, transgenic plants (including rice and
potato) expressing protease inhibitors were shown to reduce the invasion and
migration inside the root of several nematodes species (Fuller et al. 2008). For
instance, transgenic potato plants that secrete a specific peptide interfering with
nematode chemoreception under the control of CaMV35S promoter were able to
significantly reduce the invasion by the cyst nematode Globodera pallida (Liu et al.
2005). Whether this peptide is expressed and secreted by root border cells in potato
was not investigated. Targeting of such peptides specifically to border cells was
recently reported by Lilley et al. (2010). The authors have identified a gene from
Arabidopsis (MDK4-20; At5g54370) that possesses sequence homology to several
genes expressed in maize root-cap cells. The promoter of this gene was then
successfully used to direct expression of a nematode repellent peptide specifically
to root caps, root border cells, and border-like cells of potato and Arabidopsis (Lilley
etal. 2010). The MDK4-20 promoter was shown to remain active for a longer period
of time than the constitutive CaMV35S promoter in detached border cells and
border-like cells of the transgenic plants studied. Furthermore, the study has
shown clearly that the targeted peptide reduced the establishment of the nematode
G. pallida on root tissues. This is also an interesting discovery which paves the way
to further investigations aimed at enhancing defense capabilities of border cells/
border-like cells. Thus, using the same promoter and approach, it is possible to
express various antimicrobial peptides or proteins specifically in border cells and
border-like cells to target specific soilborne pathogens.
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4 Conclusions and Future Prospects

Two centuries ago Charles Darwin (1880) highlighted in his book the importance of
the root apex (including the root cap) for plant life when he wrote . . . the tip of the
radicle acts like a brain”. Indeed, the root cap plays a vital role in plant root growth
and health. It protects the root meristems. Both apical and root-cap meristems
(stem-like cells of the root system) are fundamental in providing new cells that
form new tissues for plant growth and survival. Also, it is worth noting that the root
cap is the only plant organ that can be regenerated after its removal.

It is well known that the root apex absorbs all the resources (water and nutrients)
required for the plant to grow from the soil. It is also well established that root tips
have the capacity to develop local resistance to infection when other parts of the
root are invaded by a given pathogen. Nowadays, root diseases caused by soilborne
pathogens are of increasing concern as chemical pesticides are withdrawn from use
in agriculture due to their high toxic effects on the environment and human health.
Alternative strategies are thus required for crop protection. One of such strategies is
to make use of natural molecular mechanisms of root resistance to develop novel
protective compounds. Studies on border cells of the legume species pea and others
have clearly shown that these are able (1) to secrete various defense molecules and
(2) to confer a protective effect against pathogens. There are at least two strategies
that can be used to enhance the protective capacity of root-cap cells including
border cells and border-like cells. One strategy is transgenic expression of defense
proteins or peptides specifically in root-cap cells. For instance, this can be done by
introducing a transgene in a background of partial natural resistance to provide
added protection to the plant. Studies have shown that it is possible to target genes
against nematode parasitism to root tissues (Lilley et al. 2010). However, the
production of transgenic crop plants is not very welcomed, especially in Europe.
The other strategy is to stimulate the immune system of root cells by treatment
with natural elicitors (e.g., chitin and peptidoglycans). This sort of plant “immuni-
zation” by natural stimulating agents is already used for grapevine and winter wheat
protection using lodus 40, a natural oligosaccharidic-elicitor isolated from
Laminaria digitata, or Stifenia, an active extract from fenugreek seeds. This is
probably the most preferred strategy as it is environmentally friendly and more
cost-effective. Thus, crop protection along with environment protection in the con-
text of an increasing world population is an exciting challenge for root biologists
among other plant scientists.
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Plant Volatiles and Other Specialized
Metabolites: Synthesis, Storage,
Emission, and Function

Vasiliki Falara and Eran Pichersky

Abstract Each plant species produces a set of specialized metabolites that interact
with its biotic and abiotic environment to optimize plant fitness. The major classes
of specialized metabolites are terpenoids, phenylpropanoids and alkaloids as well
as a few classes of fatty acid and other amino acid derivatives, and they serve to
protect the plants against herbivores and pathogens and attract beneficial organisms
such as pollinators. These compounds are often synthesized and stored in, or
emitted from, specific cells or structures that might occur in all aerial and under-
ground parts of the plants. Here we review the limited knowledge we have about
storage and emission of such compounds.

1 Introduction

Plants are primary producers — they harvest light energy, minerals from the soil and
carbon dioxide from the air to synthesize carbohydrates, fats, proteins, and
vitamins. Organisms higher on food chain, including humans, consume plants in
order to survive. Plants have also been the source of many other compounds that
humans find useful — spices, scents, and medicinal. Such compounds are usually
designated as ‘“secondary metabolites,” ‘“natural products,” “botanicals,” or
“phytochemicals.” People have known since antiquity that different plant species
make, store, and emit different sets of such compounds. Work by early German
ecologists in the late nineteenth century (reviewed in Hartmann 2008) showed that
these compounds are made as an adaptation by a plant species to the particular
challenges it confronts in its specific niche, such as attracting a specific pollinator or
warding off specific pest. This knowledge was temporarily lost in the early
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twentieth century, and for some time the predominant scientific opinion was that
such compounds were simply “waste,” by-products of biochemical reactions that
had to be secreted out of the plant to cleanse the plant of such toxic compounds.

Since the 1950s, we have gained a renewed appreciation of the ecological roles
of such compounds (Fraenkel 1959). We now have many examples of how specific
compounds help plants survive and thrive in specific ecological situations. We also
know many more such compounds — tens of thousands of such compounds have
already been identified, and many more are awaiting discovery — and it has become
clear than each plant species synthesizes only a small fraction of this repertoire.
Because each species makes a distinct array of such compounds, and because they
serve distinct roles, these compounds have now been designated as “specialized
metabolites.” In the last few years, much work has been devoted to understanding
where and how specialized plant compounds are synthesized (Pichersky et al.
2006). Less attention has been devoted to how these compounds are stored and
how they are emitted. This chapter attempts to briefly summarize our knowledge of
where and how specialized compounds are synthesized, and the little knowledge we
have gained on where these compounds are stored or emitted from.

Specialized metabolites occur in every part of the plants — roots, stems, leaves,
flowers, fruits, and seeds. Moreover, within each organ they may be produced in
just one type of cells or in multiple cells. When specialized metabolites are
discussed, it is customary to divide them into chemical groups, and we will follow
this approach to introduce them. However, in this chapter we are primarily
concerned with the location in which they are synthesized, stored, and released,
so we will devote more space to a discussion of these aspects, which will be divided
along spatial boundaries.

1.1 The Major Classes of Specialized Metabolite
and Their Biosynthetic Pathways

1.1.1 Terpenoids

There are tens of thousands of known terpene structures from plants. Terpenes are
built from blocks of five carbons. The simplest terpene is isoprene, a 5-carbon
compound that is synthesized from dimethylallyl diphosphate (DMAPP) and is
emitted in large amounts from the leaves of many trees (Wilkinson et al. 2006;
Singh et al. 2007; Schnitzler et al. 2010). Monoterpenes are volatile, 10-carbon
compounds that are synthesized from the condensation of DMAPP and its isomer,
isopentenyl diphosphate (IPP). Monoterpenes such as linalool and limonene are
constituents of many floral bouquets (Dudareva et al. 1996; Deng et al. 2004; Giuliani
et al. 2009). Sesquiterpenes are 15-carbon compounds made from one DMAPP
molecule and two IPP molecules, are also volatile, and are found in scents as well as
in leaf tissues as defense compounds (Schnee et al. 2002; Huber et al. 2005). Finally,
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the 20-carbon diterpenes are less volatile and often toxic, and are synthesized from one
DMAPP and three IPP molecules. The synthesis of all these terpenes is catalyzed by a
series of structurally and evolutionarily related enzymes called terpene synthases
(Trapp and Croteau 2001; Martin et al. 2004). Both IPP and DMAPP are made in
both the cytosol and the plastids, and there are terpene synthases that are active in the
cytosol and some that are active in the plastids.

1.1.2 Phenylpropanoids

This is also a very large group of specialized metabolites in plants. They share a
common origin from the amino acid L-phenylalanine (Phe), which itself is derived
from the shikimic acid pathway that operates in the plastids. Once phenylalanine is
made, however, it is transported to the cytosol and all other subcellular
compartments of the cell. The phenylpropanoids are believed to be synthesized
mostly in the cytosol. The first step in phenylpropanoid biosynthesis is the conver-
sion of Phe to cinnamic acid by the enzyme PAL (phenylalanine ammonia lyase)
(Yu and Jez 2008). Cinnamic acid is then converted to 4-hydroxycinnamic acid, and
then linked to CoA. 4-Hydroxycinnamoyl-CoA then serves as a precursor to most
of the phenylpropanoids (Yu and Jez 2008; Tanaka et al. 2008).

Extension of the 4-hydroxycinnamic acid backbone by various polyketide
synthases leads to the production of various flavonoids, compounds with a basic
structure of three-ring, conjugated bond system. Such compounds include the
isoflavones found in legumes (e.g., genistin, daidzin) and the anthocyanin pigment
molecules found throughout flowering plants. Some flavonoids have been shown to
be secreted from roots and to attract mycorrhiza (Harrison 1999, 2005). Other
phenylpropanoids are synthesized via a shorter polyketide extension that gives
rise to a two-ring system (e.g., resveratrol) (Lanz et al. 1991). Another class of
phenylpropanoid specialized compounds are synthesized via a reduction of the
propenoate side chain to give rise to chavicol, eugenol, and related compounds
(Gang et al. 2001; Vassao et al. 2006). Shortening of the propenoate side chain of
cinnamic acid or 4-hydroxycinnamic acid gives rise to benzoic acid and
4-hydroxybenzoic acid, respectively (Orlova et al. 2006). The function of many
of the phenylpropanoids is still not clear, but some are involved in defense and
many of the small ones are found as components of floral scent (Bednarek et al.
2005; Oyama-Okubo et al. 2005; Tan et al. 2006; Mellway et al. 2009).

1.1.3 Alkaloids

A large group of specialized compounds in plants are called alkaloids. However, the
alkaloids do not all issue from the same basic set of biochemical pathways. Rather,
what they have in common is the presence of nitrogen inside at least one ring.
Typically, the synthesis of an alkaloid compound begins with the decarboxylation
of an amino acid such as tyrosine or tryptophan. The resulting amine is further
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elaborated to create additional rings with various functionalities, and moieties
derived from other pathways (such as terpenoids) may be added as well. The result
is often an extremely elaborated molecule such ajmaline, berberine, and morphine
(Facchini et al. 1996; Stockigt and Panjikar 2007; Ziegler et al. 2009). In general,
alkaloids are toxic to animals in one way or another and are believed to serve as
defense compounds in plants.

1.1.4 Other Types of Specialized Metabolites

Beside these three large groups of specialized compounds, there are many others
that are derived from various starting points anchored in primary metabolism. Some
are derived from fatty acids, such as the methylketones (Fridman et al. 2005). Many
others are derived from catabolism of amino acids, and they may contain nitrogen
(but usually not as part of a ring) or sulfur (Nafisi et al. 2007). Many such
compounds are volatile and impart a strong smell directly or after further decom-
position. For example, onion and garlic plants contain many sulfur-containing
compounds derived from cysteine (Challenger and Greenwood 1948; Jones et al.
2004) that undergo further decomposition upon damage, and Brassicaceae plants
produce glucosinolates, which are derived from various amino acids which are
oxidized, sulfated, and glycosylated and also decompose to give both toxic and
volatile compounds upon injury to the tissue (Halkier and Gershenzon 2006).

2 Site of Synthesis, Storage and Emission

Plants have developed specific cell types and structures to support specialized
metabolism at the sites where the produced metabolites are needed to play their
physiological role. Since these metabolites are often toxic to the plant tissues
themselves, particularly if they accumulate at high levels, plants have evolved
mechanisms to sequester such compounds or otherwise protect themselves from
adverse effects. Therefore, in this section discussion of examples of specialized
metabolism will be organized according to the site of synthesis and the specific
structures that facilitate storage, exudation, and emission.

2.1 Roots

Several other chapters in the book cover secretion from roots, so this topic will not
be described in detail here. However, the roots are the sites of synthesis of many
specialized metabolites that are then stored there or transported to the aerial parts of
the plant. Examples of several classes of secondary metabolites secreted from roots
have been described. The best-studied cases are the alkaloids produced from roots
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of Solanaceae species like nicotine, hyoscyamine and scopolamine (Hakkinen et al.
2005). Other alkaloids produced in the roots are emetine and cephaeline in
Psychotria ipecacuanha (Nomura et al. 2008) and camptothecin in Camptotheca
acuminate (Lorence et al. 2004). Most of these compounds were initially isolated
and studied because of the use of root remedies in traditional medicine rather than
their physiological role in the plant. Other classes of compounds are also produced
in the roots of various species: fatty acid derivatives (Wu et al. 2009),
naphthoquinones (Brigham et al. 1999), diterpene ginkolides (Nakanishi 2005)
and labdane diterpenes (Munesada et al. 1992). An interesting example is nicotine,
which is made in the roots of tobacco. Most of it stays in the roots but some is
transported to the aerial parts after herbivory. There it can be further modified into
the various nicotine derivatives isolated from the leaves of the plant (Siminszky
et al. 2005, and see below). Since research on specialized metabolism in roots has
been rather limited, so far no specific cells or structures have been found as the site
of production. Nevertheless accumulation of pigments has been detected in root
epidermal cells as well as their cell walls (Brigham et al. 1999).

2.2 Leaves and Stems

The most active site of synthesis and storage of specialized metabolism is often the
trichomes (Fig. 1). Trichomes in general are epidermal appendages found on the
aerial parts of a plant — leaves, stems, and flowers (Wagner et al. 2004; Schilmiller
et al. 2008). Some trichomes are not metabolically active, and such trichomes are
usually simple and unicellular (e.g., cotton fibers). Other trichomes, on the other
hand, are typically multicellular. Their morphology is varied. Some include a
“gland,” or an enlarged subcuticular area, where specialized metabolites accumu-
late, and other secrete the compounds they synthesize instead of (or in addition to)
storing them, often causing the plant surfaces to become “sticky” with the exuded
material. The glandular trichomes may also release the material they store upon
rupture, brought about by chewing insects and other herbivores, as observed for
example in Mentha piperita (Turner et al. 2000).

It is estimated that 30% of the angiospermous plant have some type of trichomes
on some parts of their aerial parts (Wagner et al. 2004). In many plants, multiple
types of glandular and nonglandular trichomes are present, often on the same part of
the plant. For example, plants in the Solanaceae, which include tobacco and wild and
cultivated tomato species, have at least five different types of trichomes, including
metabolically nonactive trichomes as well as storage and secreting ones (Antonious
et al. 2005) (Fig. 1a). One type is responsible for the secretion of acyl sugars, while
another type synthesizes and stores methyl-ketone and terpenoid derivatives
(Fridman et al. 2005; Schilmiller et al. 2010). Mint, basil (Fig. 1d) and other
Lamiaceae species also contain two types of glandular trichomes, called capitate
and peltate (Gang et al. 2001). The capitates glands contain mostly hydrocarbons.
The peltate glands in mints synthesize mostly terpenoids (Lange et al. 2000). In
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Fig. 1 Specific cells and structures for specialized metabolism synthesis. (a) Ditferent types of
trichomes on tomato leaf. (b) Resin secreting trichomes of Cistus creticus. (¢) Resin-ducts on Pinus
sylvestris stem. (d) Peltate and stellate trichomes on Ocimum basillicum leaf. (e) Conical cells of
Antirrhinum majus petal epidermis. The individual frames in this figure first appeared in the
following papers, and are printed by permission. (a) Kang J-H, Shi F, Jones AD, Marks MD,
Howe GA (2010). Distortion of trichome morphology by the hairless mutation of tomato affects leaf
surface chemistry. J Exp Bot 61:1053-1064; (b, e): Pichersky E, Noel JP, Dudareva N (2006)
Biosynthesis of plant volatiles: nature’s diversity and ingenuity. Science 311: 808. (c) http://sols.
unlv.edu/Schulte/BI0426/StudentImages/Xylem/Xylem.html (d) Ioannidis D, Bonner L, Johnson
CB (2002) UV-B is required for normal development of oil glands in Ocimum basilicum L. (Sweet
Basil). Ann Bot 90:453-460

basil, these glands produce and store both phenylpropanoids and terpenoids, and the
synthesis and storage of such compounds follow different developmental
trajectories (Gang et al. 2001). In addition, differences among different basil
chemotypes in the synthesis and accumulation of these two classes of compounds
and of individual compounds are observed in genetically distinct cultivars (Xie et al.
2008).

Terpenoids and flavonoids are common constituents found in trichomes.
Flavonoids are not typically volatile so when the trichomes are ruptured they
remain on the surface of the leaves and stems. On the other hand, monoterpenes,
sesquiterpenes, and some diterpenes are volatile, so when the trichomes burst they
are released and quickly evaporate from the surface. Some sesquiterpene and
diterpenes are further oxidized, and these compounds when released can form a
stick substance on the surface that physically traps insects and protects the plants
from herbivores. For example, the trichomes of the Mediterranean shrub Cistus
creticus (Fig. 1b) and the sage Salvia divinorum produce labdane-type and
neoclerodane diterpenes, respectively (Siebert 2004; Falara et al. 2008).

Other types of metabolites found in glandular trichomes include acylated sugars
in Solanaceae species (Schilmiller et al. 2010), fatty acyl glycosides with cyclic
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structures in Silene gallica, glycosylated fatty acids from [Ibicella lutea and
Proboscidea louisiana, and fatty acid amides from Medicago sativa (Ranger et al.
2005; Asai and Fujimoto 2010; Asai et al. 2010).

Alkaloids have also been found to accumulate in glandular trichomes. As men-
tioned above, nicotine is produced in the roots of Nicotiana species (Saunders and
Bush 1979). It is transported to the aerial parts of the plant, including the trichomes,
particularly after the plant has been injured, and there it undergoes demethylation to
form nornicotine (Siminszky et al. 2005). Neither nornicotine nor nicotine is
secreted. However, in the trichomes nornicotine is N-acylated and then secreted
on the leaf surface where it plays its defensive role against herbivores (Laue et al.
2000). Similarly, the alkaloid camptothecin accumulates in high concentrations in
the glandular trichomes and secretory canals of leaves and stems of C. acuminate. It
is thought that its biosynthesis occurs in the root and the compound is then
transported to various other organs (Liu and Wang 2004).

Not all specialized compounds are synthesized and stored in glands. The “lem-
ony” scent in lemongrass (Cymbopogon spp.) is due to the presence of the isomers
geranial and neral (collectively called “citral””). However, these plants, in contrast
to most other aromatic species, lack any type of glandular trichomes. Instead, they
posses characteristic oil cells located inside the leaf blade. These cells are
parenchymatic cells and are found on the adaxial side of the leaf. They are
characterized by a high degree of lignification which protects the rest of the leaf
tissue from the toxic citral synthesized and stored inside these cells (Lewinsohn
et al. 1998).

In the Brassicaceae family, which includes the model plant species Arabidopsis
thaliana, the sulfur- and nitrogen-rich glucosinolates are synthesized and stored in
special cells in the stems and the flower stalks called S-cells (Koroleva et al. 2000)
and at the periphery of the phloem parenchyma in the leaf (Shroff et al. 2008). Cells
with high levels of myrosinases, the enzymes that convert glucosinolates into toxic
thiocyanates, isothiocyanates and nitriles, surround these thin cell-walled S-cells.
This cell-architecture helps the plant keep myrosinases and glucosinolates separate.
However, when the tissue is physically crushed, or when a sucking insect such as an
aphid inserts its proboscis through the myrosinase cells and the S-cells and toward
the phloem, the contents of the two cells mix together and the toxic degradation
products of glucosinolates are formed (Shroff et al. 2008).

A similar strategy with compartmentation of biosynthetic pathways in different
cell types, ultimately leading to a dimeric compound, has been adapted by
Catharanthus roseus, the source of vinca alkaloids, vinblastine and vincristine
used in cancer chemotherapies (Noble 1990). The monomeric precursors of these
compounds are catharanthine and vindoline. Catharanthine has been found in
the surface wax of the leaves, while vindoline accumulates within specialized
mesophyll cells, idioblasts and laticifers (Roepke et al. 2010). The biosynthesis of
one of the early precursors of both compounds, the monoterpene secologanin, is
initiated in internal phloem parenchyma cells, while the final biosynthetic steps,
including the elaboration of secologanin and tryptamine, the other precursor,
happens in the epidermal cells (Facchini and De Luca 2008). However, the exact
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mechanism responsible for covalently linking catharanthine and vindoline to pro-
duce the final alkaloid compound upon herbivory or wounding is still unclear.

2.3 Stems-Specific Specialized Metabolites

In species that bear secreting or glandular trichomes on their stems, trichome
development and chemical composition follow a similar pattern with the equivalent
structures on the leaves. Nevertheless, trichomes are not the only known structures
recruited to specialized metabolism in the stem tissues. A well-studied example is
the traumatic resin ducts in conifers (Fig. 1c). These are large canals restricted to
the bark (phloem, cortex, periderm) of the main trunk and older branches that are
lined up with terpene-synthesizing cells, leading to constitutive accumulation of
terpenoid-based resin consisting mostly of monoterpenes and diterpenes but
containing also lower levels of sesquiterpenes. Mechanical wounding, insect feed-
ing, fungal elicitation, ethylene, and methyl-jasmonate causes additional axial
traumatic resin ducts to appear within the developing xylem (Hudgins and
Franceschi 2004; Byun-McKay et al. 2006; Hudgins et al. 2006; McKay et al.
2003). As in trichomes, many of the resin diterpenes are further oxidized, causing
them to be less volatile and more “sticky”. When trunks and branches are physically
damaged, for example by boring insects, or broken, the mixture of terpenes will
ooze out of the open area. The volatile monoterpenes and sesquiterpenes eventually
evaporate, leaving the broken area (and sometimes the insects that bore into the
bark), covered with the viscous, toxic diterpenes that harden further over time. The
resin thus serves as both chemical and physical barrier. In addition, the emitted
monoterpenes and sesquiterpenes could be detected by carnivorous insects that will
attack the insects causing the damage to the tree in the first place (Pichersky and
Gershenzon 2002).

2.3.1 Flowers

As the reproductive structures of plants, the flowers of animal-pollinated species
have evolved many strategies to attract pollinators. Among the various floral
characteristics, flower morphology (color and shape), scent and nectar rewards
play critical roles. Specialized metabolites are the key elements in these processes:
anthocyanins, carotenoids and betalains are the usual pigments responsible for the
color, small usually lipophilic molecules contribute to the flower odor, while
specialized metabolites in the nectar have recently been found to have repelling
properties against unwanted pollinators (Grotewold 2006; Kessler and Baldwin
2007; Junker and Bluthgen 2010).

Terpenoids (monoterpenes and sesquiterpenes), phenylpropanoids and
benzenoids as well as fatty acid derivatives and metabolites containing sulfur or
nitrogen are among the broad range of chemicals found in floral bouquets. While
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the synthesis of such compounds has recently been given renewed attention and is
covered briefly above, our knowledge on the site of floral volatile biosynthesis in
flowers is still quite limited. Initial study of floral scent in orchids identified
“osmophores”, or “scent glands”, as the site of synthesis and emission of volatiles
(Stern et al. 1986; Vogel 1990). The term “osmophore” originally referred to a
region on the epidermis that was characterized by the selective uptake and retention
of the neutral red stain, specific for lipophilic material. However, whether the
stained cells in such regions were the actual site of biosynthesis or just facilitated
storage was not determined, nor the actual identity of the compounds that bound the
dye. When genes and enzymes for scent biosynthesis were finally identified (in
other species), it was shown in a few cases, for instance by in situ RNA
hybridization or immunolocalization experiments, that the biosynthesis of volatile
compounds is typically restricted to cells of the epidermal layers of petals and
sometimes in a few other flower parts like the stigma and the style (Dudareva et al.
1996, 1998; Kolosova et al. 2001).

It was also shown that in some scented flowers, the epidermal cells of the petals
have a characteristic conical shape that is thought to facilitate enhanced light
absorption by pigments and to increase the surface for volatile emission (Fig. le)
(Kolosova et al. 2001; Whitney et al. 2009). In many cases, adaxial and abaxial
epidermal layers are morphologically and functionally distinct, with only the
surfaces facing the potential pollinators engaged in insect attraction. Usually
additional epidermal appendages (unicellular trichomes) are present that are meta-
bolically active, providing chemical guideposts for the insect to find the nectar in
order to increase pollination efficiency (Kolosova et al. 2001).

Orchids, with their sexually deceptive and food-deceptive strategies for pollina-
tion attraction, are among the plant species with the most fascinating pollinator
attraction systems. Pollination by sexual deception always involves the emission of
volatiles that mimic the sex pheromone of a female insect, while morphological
similarity of the flower to the female insect may or may not be complete (Schiestl
et al. 2000; Ayasse et al. 2003; Schiestl et al. 2003; Brodmann et al. 2009). The
structures that mimic the physical appearance of the female insect, situated on the
petals or the sepals, are typically the site of both scent synthesis and emission.
Separating the scent-emitting parts from the rest of the flower has been shown to
diminish attraction of pollinators (Peakall 2007).

2.3.2 Fruits

Fruit is an organ where plants invest a lot of energy on metabolic processes related
with specialized compounds, since it is directly linked to plant fitness through seed
dispersal. The presence of specialized metabolites as flavor ingredients is believed
to have evolved as an aid in attracting animals that consume the fruit and deposit the
seeds (sometimes after passage through the digestive system). In addition,
specialized compounds with antimicrobicidal properties protect the fruit from
spoilage. The most common classes of specialized metabolites found in fruit
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include the flavonoids, which contribute to their color and antioxidant capacity, as
well as the terpenes and the phenylpropanoids, which impart to aroma and flavor
(Goff and Klee 2006). The accumulation of metabolites in the fruit changes in a
spatio-temporal pattern. Studies describing such patterns have so far focused on
species with high commercial value (Schwab et al. 2008), while the molecular and
biochemical mechanisms behind the changes in those patterns have been examined
in only a few species. Even more limited is our knowledge about specific cells or
structures in the fruits related to their biosynthesis.

Strawberry (Fragaria X ananassa) fruit accumulates cinnamoyl glucose esters,
which are the precursors of volatile specialized metabolites such as the flavor
constituents methyl cinnamate and ethyl cinnamate (Lunkenbein et al. 2006). The
other major volatile of strawberry fruit is linalool, while its red color is caused by an
accumulation of anthocyanidins as well as flavonols that act as copigments
(Aharoni et al. 2004; Griesser et al. 2008). Another group of flavonoids accumulate
to protect the fruit from pathogens that first affect the flower but are quiescent until
ripening is almost completed (Halbwirth et al. 2006). Another example of fleshy
fruit that serves as a model system for climacteric fruit ripening is tomato where
volatiles, flavonoids and pigments all play a major role in fruit quality. Similar
metabolite profiles have been found among several cultivated tomato species tested,
while for a single cultivar a spatio-temporal specificity in the presence of specific
metabolites was evident in different fruit tissues and the different stages of devel-
opment (Moco et al. 2007).

An interesting example of what appears to be a defensive compound is seen in the
fruit of the vanilla orchid. Mature green vanilla pods accumulate 4-O-(3-methoxy-
benzaldehyde)-B-p-glucoside (glucovanillin). This intermediate is then hydrolyzed by
an endogenous B-glucosidase to produce vanillin, the major aroma component of
vanilla beans (Odoux and Brillouet 2009). Another profound example of aromatic
seeds is the seeds of Carum carvi and Anethum graveolens, which contain large
concentrations of limonene, carvone and carveols (Bouwmeester et al. 1995). In
Arabidopsis, 3-benzoyloxypropylglucosinolate and 4-benzoyloxybutylglucosinolate
are glucosinolates that preferentially accumulate in higher concentrations in develop-
ing seeds (Graser et al. 2001).

3 Conclusions

While a great deal of progress has been made identifying genes and enzymes
involved in the synthesis of specialized metabolites in plants, and determining the
site of synthesis of these compounds, the location and processes of storage and
emission have received less attention. Progress in this area will depend in part on
the development of methods to identify specific metabolites in situ. In addition,
transport processes need to be investigated and the cellular machinery involved
identified. Such knowledge will contribute to further understanding of plant eco-
logical interactions as well as facilitate plant metabolic engineering.
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Lignocellulose Decomposition by Microbial
Secretions
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Abstract Carbon storage in terrestrial ecosystems is contingent upon the natural
resistance of plant cell wall polymers to rapid biological degradation. Nevertheless,
certain microorganisms have evolved remarkable means to overcome this natural
resistance. Lignocellulose decomposition by microorganisms comprises an essen-
tial step in closing the loop of the global carbon cycle as it facilitates the recycling
of carbon reposited in the form of structural polymers in plant cell walls. The
significance of microbial decomposition of lignocellulose has recently risen to
greater heights with the revisitation of the potential of lignocellulosic biomass as
a valuable and abundant feedstock for the renewable energy and bioproducts
industry. The scope of this chapter is to succinctly touch upon the composition of
lignocellulosic biomass, the major enzymes involved in decomposing lignocellu-
losic biomass, and the fungi and bacteria that secrete these enzymes.
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1 Lignocellulose Decomposition by Microbial Secretions

Land plants sequester carbon from the atmosphere through photosynthesis and store it as
organic matter, primarily in the form of lignocellulose. The term “lignocellulose” refers
to plant cell wall derived biomass such as shoots, leaves and stems of living plants,
wood, agricultural residues, and forest litter. Irrespective of its source, lignocellulosic
biomass is composed of three major components — lignin, cellulose, and hemicelullose.
Together, these polymers provide structural integrity to plants while also serving as
reservoirs for carbon storage. The carbon locked up in lignocellulose is recycled back to
the atmosphere by several processes — autotrophic respiration by land plants, heterotro-
phic respiration by microbes that oxidize soil organic carbon originating from sources
such as fallen trees or plant litter, and forest and agricultural waste fires (Falkowski et al.
2000). Fires usually oxidize large amounts of organic matter in a very short time span,
compared to the respirative processes. Global carbon recycling from terrestrial
ecosystems is regulated by the interplay between the inherent recalcitrance of lignocel-
lulosic biomass and the ability of certain microorganisms to overcome this barrier.
The unique degradative mechanisms developed by such microorganisms to
release the carbon preserved in lignocellulosic biomass are thus extremely signifi-
cant. Knowledge regarding these mechanisms is important not only in terms of
understanding factors that affect the global carbon cycle, but also in terms of
enhancing human utilization of plant cell wall polysaccharides for industrial
applications that include timber for construction, fibers for textiles, cellulose for
paper, and more recently, lignocellulosic biofuels. This chapter aims to provide an
overview of some aspects of the very large and rapidly growing field of microbial
lignocellulose decomposition. It begins with a brief overview of lignocellulosic
biomass composition and then describes the major microbial secretions that have
evolved to degrade the individual components of lignocellulosic biomass.

2 Lignocellulosic Biomass

Plant cell walls constitute about 70% of the 130 billion tons of terrestrial biomass
estimated to be produced annually, worldwide, representing an abundant natural
resource (Duchesne and Larson 1989). Understanding the chemistry of lignocellulosic
biomass is fundamental to effective utilization of this resource. Initially, growing plant
cells lay down primary cell walls comprised principally of cellulose, which allows the
cells to elongate under turgor pressure as the fibrils slip past each other. Cellulose in
plants occurs as bundles of unbranched individual glucan chains called elementary
fibrils or microfibrils, which are its fundamental structural unit (Haigler et al. 1980).
These microfibrils are intricately entwined with hemicelluloses, a heterogeneous group
of branched polysaccharides. The cellulose and hemicelluloses are enveloped in a
hydrated matrix made up of pectins, another class of highly branched heterogeneous
acidic polysaccharides. Inter- and intrachain hydrogen bonding between these diverse
polysaccharides holds the cell wall components together. The hydrophilic nature of the
pectins and hemicelluloses also help retain water in the plant cell wall of living cells, a
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critical aspect of cell viability. In addition to the networks of pectins and hemicelluloses,
primary cell walls contain 2-10% structural glycoproteins, some enzymes, and have
1-5% ionically and covalently bound minerals (O’Neill and York 2003).

After cessation of plant cell elongation, secondary walls are deposited inside
primary walls, usually in a number of layers (McCann and Carpita 2008). Secondary
walls contain cellulose and hemicelluloses but differ from primary cell walls as
they also contain lignin, a three-dimensional phenyl propane polymer, in addition to
the hydrated matrix. Despite an apparent overall uniformity in terms of components,
plant cell walls are inherently extremely diverse. Different proportions of cellulose,
hemicelluloses, and lignin amid different species, differences in compositions of the
hemicelluloses and lignin polymer, growth stage, growth conditions, and different cell
types even from different parts of a single plant contribute to the incredible diversity of
plant cell walls (Pauly and Keegstra 2010). Typical proportions found in most ligno-
cellulosic materials are in the range of 40-50% cellulose, 15-35% hemicellulose, and
12-30% lignin, with percentages expressed in terms of dry weight relative to total
biomass. This diversity of structure and composition can significantly impact the
usefulness of various biomass types in biofuels production.

2.1 Cellulose

Cellulose molecules consist of linear condensation polymers made up of
p-anhydroglucopyranose units linked by B-1,4-glucosidic linkages. Simply stated,
cellulose is a polymer made up of glucose, although, as the -1,4 linkage results in
every other glucose being inverted, cellobiose is more correctly cited as the
repeating unit. One end of the cellulose chain is termed the reducing end, as
the hemiacetal ring is open, exposing the reducing aldehyde. The other end of the
chain is called the non-reducing end because the C1 carbon in the hemiacetal is
involved in the -1,4-bond, preventing ring opening. This property provides direc-
tionality to cellulose chains. The anhydrocellobiose repeating unit for cellulose also
results in the major structural difference between cellulose and starch. As each
anhydroglucose unit is rotated 180° with respect to its nearest neighbor, cellulose
chains are very flat, unlike helical starch chains.

A cellulose fiber contains crystalline and amorphous regions, with crystalline
regions being more resistant to enzymatic degradation. X-ray diffraction data of
pure crystalline cellulose from various sources have indicated that cellulose crystals
are made of chains arranged in layered sheets (Gardner and Blackwel 1974). Within
each sheet, the chains align parallel to each other and are linked by hydrogen bonds
while the sheets are stacked by Van der Waals interactions. The hydrophobicity of
cellulose sheets makes cellulose resistant to chemical hydrolysis because of the
formation of a dense aqueous layer near the hydrated cellulose surface (Matthews
et al. 2006) while the strong intra- and interchain hydrogen bonding networks
make crystalline cellulose resistant to enzymatic hydrolysis (Nishiyama et al. 2002).
The fine details of cellulose structure and the impact of these properties on the
formation and deconstruction of cellulose is slowly being worked out, primarily
through computational modeling techniques (Beckham et al. 2011a, b; Matthews
etal. 2011).
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2.2 Hemicellulose

The term “hemicellulose” is used to describe a group of branched heteropolysac-
charides of the plant cell wall that is distinct from cellulose and pectin, and made up
of a backbone of B-1,4-linked hexoses as well as pentoses. Classically they have
been defined as the part of the plant cell wall that can be extracted with alkali but not
with hot water, chelating agents or dilute acid, though this definition does not always
hold (Scheller and Ulvskov 2010). Pentosans or xylans are the hemicelluloses made
up of p-xylose while hexosans or mannans are the hemicelluloses made up of
D-glucose and p-mannose (Kuhad et al. 1997). Polysaccharides such as galactans,
arabinans, and arabinogalactans which are sometimes referred to as hemicelluloses
are essentially a part of pectin, at least during initial synthesis of plant cell wall
polysaccharides and, strictly speaking, may not be included among the
hemicelluloses (Decker et al. 2009; Scheller and Ulvskov 2010).

Hemicelluloses can be differentiated from pectins by the fact that hemicelluloses
usually have shorter side chains, are not as heavily branched, are extensively cross
linked to other cell-wall components, and are, in general, not much acidic (Decker
et al. 2009). Unlike cellulose and lignin, hemicelluloses are soluble and hygro-
scopic. They are closely associated with lignin through cinnamate acid ester
linkages and with cellulose through extensive hydrogen bonding. They are also
cross linked with each other through covalent and hydrogen bonding. Functionally,
hemicellulose, in conjunction with cellulose and lignin, provides rigidity as well as
flexibility to the plant cell wall. Because of their hydrophilic nature, they also tend
to retain water in the cell wall.

In a recent review, Scheller et al. (Scheller and Ulvskov 2010) grouped
hemicelluloses into xyloglucans, xylans, mannans and glucomannans, and -
(1 — 3,1 — 4)-glucans. Xyloglucans are very similar to cellulose in that they
have a backbone made up of B-1,4-linked anhydroglucopyranose units, but are
distinguished by the highly repetitive substitutions with side chains of a-p-xylose
units. The xylose residues may be further derivatized by galactose and fucose
moieties. Xylans are characterized by the presence of substituents such as L-arabi-
nose, 4-O-methyl-p-glucuronic acid, or acetyl groups on a backbone of B-1,4-linked
xylopyranose units. Mannans and galactomannans comprise hemicelluloses
that have backbones made up entirely of [-1,4-linked mannopyranose units
while glucomannans and galactoglucomannas have a backbone made up of
mannopyranose and glucopyranose units in a nonrepeating sequence.

2.3 Lignin

The name lignin has been coined from the Latin word “lignum” which literally
means wood (Sarkanen and Ludwig 1971). Lignin is not a well-defined uniform
chemical compound but is a complex mixture of aromatic heteropolymers made up
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of phenyl propane units derived primarily from three aromatic alcohols, namely,
p-coumaryl, coniferyl, and sinapyl alcohol, termed monolignols. Lignin is synthesized
by the enzyme-mediated dehydrogenative polymerization of these three
monolignols (Boerjan et al. 2003; Buranov and Mazza 2008). The monolignols
form structural elements when incorporated into the lignin polymer and are called
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) moieties, respectively. During
the process of lignification, a complex three-dimensional polymer is produced
through radical coupling of the moieties via B-O-4, a-O-4, B-5, B-1, 5-3, 4-O-5
and B-p linkages that do not form regular and ordered repeating units as found in
cellulose (Argyropoulos et al. 2002; Froass et al. 1996; Kukkola et al. 2004). The
amount and composition of lignin varies among different cell types, different taxa,
and between individual cell wall layers. Lignin in plant cell walls can be broadly
divided into three types: gymnosperm or softwood lignin, angiosperm or hardwood
lignin, and graminaceous or grass lignin (Pearl 1967).

Hardwood lignins principally contain G and S units, with traces of H units,
softwood lignins mainly consist of G units and low levels of H units, and grass
lignins contain H, G, and S units in significant amounts at varying ratios (Boerjan
et al. 2003). From a functional point of view, lignin provides stiffness and mechan-
ical strength to the plant, enables transport of water and nutrients through the
vascular systems, and provides resistance to the plant against biotic stresses such
as plant pathogens and abiotic stresses such as changes in humidity.

3 Cellulose Decomposition by Microbial Secretions

As mentioned earlier, the crystalline nature of cellulose renders it highly resistant to
enzymatic decomposition. Accessibility to cellulose in plant cell walls is further
obstructed by the fact that non-cellulosic biopolymers are extensively hydrogen
bonded to the surface of cellulose microfibrils and form a complex physical barrier
protecting it from external biotic attack (liyama et al. 1994). Despite its natural
intractability, certain microorganisms, insects, and animals have evolved the capa-
bility to degrade cellulose. The majority of cellulose from fallen trees and plant
litter in soil is degraded by aerobic fungi and bacteria using cellulose-degrading
enzymes termed cellulases. Termites and some other insects have indigenous
cellulolytic symbionts in their digestive tracts while a few others have also been
found to produce cellulolytic enzymes different from those produced by their gut
microflora (Hess et al. 2011; Warnecke et al. 2007; Watanabe and Tokuda 2001).
Mollusks such as snails, slugs, and shipworms have also been found to produce
cellulose-degrading enzymes. Mastication of forage by herbivores such as cows,
deer, and sheep also plays a significant role in the degradation of plant biomass in
their rumen as it helps in size reduction and conditioning of the fibrous material
ingested. The plant fiber is retained in their digestive tracts for a sufficiently long
time and is digested by the ruminal, anaerobic bacteria and fungi (Desvaux 2006).
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3.1 Cellulases

Cellulases are enzymes that catalyze the hydrolysis of the B-1-4-glycosidic linkage
in cellulose. Though all cellulases share the same chemical specificity for the B-1,
4-glucoside bonds of cellulose, they have evolved different specificities toward
the more macroscopic properties of cellulose such as crystallinity and degree of
polymerization. Aerobic fungi and bacteria produce mixtures of extracellular
individual cellulases that are capable of completely degrading crystalline cellulose.
These cellulases are made up of a minimum of two structural domains, the catalytic
domain (CD) and the cellulose binding module (CBM), while additional domains
may also be present. The CD and the CBM are usually joined together by a short
linker peptide.

The CD contains an active site where the hydrolysis of a single glucan chain takes
place. Using amino acid sequence alignment of CDs, cellulases have been classified
into families such that all members of a family share the same basic three-dimensional
structure and have the same stereochemistry for cleavage of the B-1,4-glucosidic
linkage (CAZy (Carbohydrate Active EnZymes database), (Henrissat 1991). Two
stereochemically different mechanisms, namely the inverting and retaining
mechanisms, are possible for cellulose hydrolysis (Beguin and Aubert 1994). By the
retaining mechanism, enzymes carry out transglycosylation, producing cellobiose
as the B anomer while in the inverting mechanism the first formed cellobiose is an
o anomer. Despite the fact that cellulose is an unbranched homopolymer of anhydro-
glucose, cellulases occur in a widely varied array of structures, mechanisms, and
sequences. Currently, cellulases have been found to belong to as many as 14 families,
according to the CAZy database. This considerable diversity in the types of cellulases
can be attributed to the complexity and diversity of plant cell wall structure that
cellulases have to overcome in order to gain access to cellulose as well as to the
complexity and recalcitrance of cellulose itself (Wilson 2009).

One of the main functions of CBMs is to tether the cellulase to the insoluble
cellulose surface to bring the CD close to the glucan chains (Boraston et al. 2004;
Hashimoto 2006). As with the CDs, CBMs have also been classified into families
based on sequence comparison, with family I CBMs being limited to fungi and
family II CBMs only produced by bacteria (Tomme et al. 1996). Fungal CBMs are
small, usually made up of 33—-36 amino residues, whereas bacterial CBMs are larger
consisting of about 100 amino acids (Wilson and Irwin 1999). Although structurally
different, the CBMs of the first two families are all made up of -sheets and have a
flat face containing several aromatic and potential hydrogen-binding residues that
are spaced in such a way as to stack against the glucose residues on the cellulose
(Din et al. 1994; Tormo et al. 1996). These hydrophobic interactions increase
binding stability. Flexible polypeptide linkers connect the CDs and CBMs,
allowing them to function independently to a certain extent, while keeping them
together. Linkers are found to be glycosylated, particularly in fungal cellulases
while low levels of glycosylation have been detected in some aerobic bacterial
cellulases (Wilson and Irwin 1999).
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In order to understand the mechanism of enzymatic hydrolysis of cellulose and
to simplify analyses, most biochemical studies use model substrates that are
relatively free of non-cellulosic plant cell-wall-associated components (Tomme
etal. 1995). Assays have been developed to characterize and differentiate cellulases
based on their activity on different model substrates (Teeri 1997). On the basis of
their modes of action, cellulases can be functionally classified into three different
types: endocellulases, exo-cellulases or cellobiohydrolases, and the more recently
discovered processive endocellulases (Wilson and Irwin 1999). Cellulose polymers
that have been rendered soluble by chemical substitution, such as carboxymethyl
cellulose (CMC), are model substrates that are readily degraded by endocellulases,
resulting in a rapid decrease in the degree of polymerization (DP) and viscosity of
the substrate (Shen et al. 1996; Wood 1968). While acting on CMC, exocellulases
seem to be limited by the availability of unsubstituted chain ends on the substrate
and hence do not decrease their DP or viscosity. Thus, endocellulases are thought to
attack the cellulose chain randomly at internal sites on amorphous regions in the
cellulose chain releasing oligosaccharides and new chain ends. A fourth group, the
B-glucosidases, hydrolyze soluble cello-oligomers to glucose. They typically do not
have CBMs and are thought to be membrane-associated.

Exocellulases are thought to attack chain ends on crystalline regions of cellulose,
cleaving off cellobiose or glucose units, depending on which enzyme is being
examined. Exocellulases can be of two different types, based on their stereospeci-
ficities, with one type attacking the cellulose chain from the reducing end and the
other type attacking the chain from the non-reducing end (Barr et al. 1996). An
important characteristic of some cellulases that can efficiently degrade crystalline
cellulose is their “processivity” (Li et al. 2007; Teeri 1997; Varrot et al. 1999).
Processivity is the ability of a cellulase molecule to adsorb to a cellulose chain,
perform hydrolytic cleavage, slide along the same chain, and continue to cleave
bonds without dissociating until an obstruction or the end of the chain is reached.
Early evidence for this processivity was based on product formation and synergy
with other endos and exos. More recently, direct visual evidence of the processivity
of Trichoderma reeseii celTA has been obtained using high-speed atomic force
microscopy (Igarashi et al. 2009). The exo-cellulases, specifically those of the
reducing end specific glycosyl hydrolase family 7, are the heavy lifters in the fungal
cellulase systems. The great majority of cellulose solubilization results from cello-
biose production by the family 7 exo-cellulases.

In contrast to the fungal systems, bacterial cellulose degraders do not produce
GH7 or other exo-cellulases. This limitation necessitates alternative strategies for
cellulose solubilization such as oligomer uptake, cellulosome-directed hydrolysis,
or utilization of what have come to be referred to as processive endocellulases
(Watson et al. 2009). While processivity is considered almost dogma for exo-
cellulases, processive endocellulases have only recently reached the mainstream
of cellulase research (Cohen et al. 2005; Parsiegla et al. 2008; Reverbel-Leroy et al.
1997; Watson et al. 2009; Zverlov et al. 2005). The functional mechanisms
of processive endo-cellulases, such as those of exo-cellulases, are not yet
understood.
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Long before the establishment of separation, purification, and cloning methods
to yield high-purity cellulases, researchers recognized the fact that efficient hydro-
lysis of cellulose required a complex mixture of cellulases (Reese et al. 1950; Wood
1968). The ability of two or more cellulases to work more effectively when added
simultaneously rather than in succession is termed synergism (Irwin et al. 1993;
Walker et al. 1993), and it is an important characteristic of the enzymatic hydrolysis
of cellulose. Synergy can be found between endos and exos, as endos open up more
internal chain sites for exo binding and activity, and for reducing- and non-reducing
end exos, as each operates in a separate mechanism.

As cellulose is insoluble, adsorption of soluble cellulases to cellulose is a
prerequisite to any hydrolytic activity, whether cleaving internal chain linkages or
releasing soluble products from the chain terminus. Soluble sugars produced by
enzymatic hydrolysis of cellulose range in size from monomeric glucose up to
about cellohexose with size being dictated by the type and ratio of cellulases being
produced by the hydrolytic microbe. The solubility of these products decreases
significantly with the degree of polymerization and which oligomer (or monomer)
is transported into the cell for metabolism varies by species.

3.1.1 Cellulases Secreted by Fungi

Fungi are renowned for their ability to degrade organic matter by secreting a battery
of extracellular cellulases. Basidiomycota, Ascomycota, and Deuteromycota are
known to have innumerable species capable of degrading wood. The most well-
known genera include Trichoderma, Aspergillus, Cladosporium, Fusarium,
Geotrichum, Myrothecium, Paecilomyces, and Penicillium among the
Deuteromycetes, Phanaerochaete, Poria, Schizzophyllum, Serpula, and Coriolus
among the Basidiomycetes, and Chaetomium, Bulgaria, and Helotium among the
Ascomycetes (Lynd et al. 2002). The most primitive group of cellulolytic fungi
belongs to the anaerobic chytridomycetes, which typically inhabit the digestive
tracts of herbivorous animals.

Most commercial cellulase preparations are developed from the extracellular
cellulases secreted by the mesophilic filamentous fungus Hypocrea jecorina, better
known by its original name, Trichoderma reesei (Vinzant et al. 2001). Trichoderma
reesei cellulases display efficiency in degrading crystalline cellulose and secrete
prolific amounts of cellulases, with cellulase production yields up to as much as
50-100 g/1 (Rabinovich 2006). The culture filtrate of T reesei contains a multitude of
cellulose-degrading enzymes because of the existence of several isoenzymes and
proteolytic fragments (Kubicek 1992). To date, seven T. reesei genes encoding
cellulases have been cloned: Cel7A, an exocellulase or cellobiohydrolase (formerly
CBHI), comprising roughly 60% of the supernatant; Cel6A, another exocellulase
(formerly CBHII), comprising about 20% of the supernatant; and five endocellulases
Cel7B, Cel5A, Cel12A, Cel61A, Cel45A, and two B-glucosidases which make up the
rest of the culture fluid (Shoemaker et al. 1983). All T. reesei cellulases, except for
Cell12A and the glucosidases, have a two-domain structure with a catalytic domain
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and a cellulose-binding domain joined together by a highly glycosylated linker
peptide (Kubicek 1992). Cel7A, an exocellulase with preference for the reducing
end of the cellulose chain and Cel6A, an exocellulase with preference for the non-
reducing end, can synergistically achieve complete, though slow, hydrolysis of
crystalline cellulose, even in the absence of endocellulases (Teeri 1997).

Humicola insolens is another fungus that is used for the industrial production of
cellulases (Schulein 1997). Other fungi whose cellulases have been extensively
studied include Aspergillus aculeatus, Talaromyces emersonii, Chrysosporium
lucknowense, Agaricus bisporus, Aureobasidium pullulans, Cochlibolus carbonum,
several Fusarium species, several Penicillium species, several Aspergillus species,
Pleurotus ostreatus, and Thermoascus aurantiacus (Wilson 2009).

3.1.2 Cellulases Secreted by Bacteria

Cellulolytic bacteria can be divided into two main categories based on their oxygen
requirements. The aerobic cellulolytic bacteria are found predominantly in the order
Actinomycetales and the anaerobic are found mostly in the order Clostridiales. These
two categories have distinctly different strategies for degrading cellulose. While
aerobic cellulolytic bacteria secrete a constellation of individual extracellular
cellulases, the anaerobic Clostridia combine the essential glycosyl hydrolases,
namely the cellulases, hemicellulases, and carbohydrate esterases onto extracellular,
localized, membrane-associated, multi-enzyme complexes called cellulosomes
(Lamed and Bayer 1988). The membrane-associated cellulosome is also tightly
bound to the crystalline cellulose substrate, creating proximity between the bacte-
rium and the cellulose substrate and thus minimizing diffusional losses of hydrolysis
products (Lamed et al. 1987; Mayer et al. 1987). Since this chapter is about microbial
secretions, cellulosomes will not be discussed in greater detail but the reader is
referred to comprehensive reviews on this topic (Bayer et al. 2004; Ding et al. 2008).

The aerobic cellulolytic prokaryotes include the Gram-positive bacteria
Cellulomonas and Thermobifida and the gliding bacteria Cytophaga and
Sporocytophaga (Lynd et al. 2002). Most of the cellulase genes cloned so far to
aid the determination of the organization and regulation of these genes have been
obtained from bacterial sources as a result of the relative ease of cloning of
bacterial genes. Though bacteria produce cellulases at ten times lower yields
compared to fungi, a major advantage of the former is their higher growth rates
and resistance to more severe growth conditions such as higher temperature and pH
(Rabinovich 2006).

One of the aerobic bacterial species whose cellulases have been extensively
studied is Thermobifida fusca (Wilson 2004). Thermobifida fusca YX (formerly
Thermomonospora fusca) is a thermophilic soil bacterium belonging to the order
Actinomycetales. It is a filamentous aerobe that degrades cellulose and hemicellu-
lose. It is usually found in heated plant residues such as compost piles, decaying hay,
manure heaps, and paper mill waste, and it has an optimal temperature for growth
ranging from 48°C to 55°C (Wilson 2004). The extracellular crude cellulase mixture
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from a protease-deficient mutant has been purified and characterized and is now
known to contain six different cellulases, two small cellulose-binding modules and a
xylanase (Irwin et al. 1993). An intracellular -glucosidase and an extracellular
xyloglucanase have also been isolated and characterized (Irwin et al. 2003;
Spiridonov and Wilson 2001). Though T. fusca secretes an exocellulase, Cel6B,
similar to T. reesei Cel6A, it lacks a homolog of the potent processive Cel7A
exocellulase. Other well-studied aerobic bacterial cellulases include those secreted
by Cellulomonas fimi, Acidothermus cellulolyticus, Cytophaga hutchinsonii,
Caldibacillus cellovorans, Bacillus pumilus, Cellulomonas flavigen, Cellvibrio
fulvus, Sporocytophaga myxococcoides, Rhodothermus marinus, Streptomyces ret-
icule, Micromonospora chalcae, and Saccharophagus degradans (Lynd et al. 2002).

3.2 Oxidative Enzymes for Cellulose Degradation

Wood-rotting Basidiomycetes and Ascomycetes have been found to possess two
different strategies to degrade cellulose: one hydrolytic and one oxidative (Baldrian
and Valaskova 2008). Brown-rot fungi typically secrete extracellular cellulases for
hydrolytic cleavage of cellulose. In addition to cellulases, white-rot fungi, so called
because of the bleached appearance of the degraded biomass, secrete extracellular
oxidative enzymes such as cellobiose dehydrogenase (CDH) to oxidatively enhance
degradation of biomass by cellulases (Henriksson et al. 2000; Mansfield et al.
1997). Cellobiose dehydrogenases use electron acceptors such as quinones,
phenoxy radicals, Fe**, Cu?t, cytochrome ¢ or tri-iodideions, but not molecular
oxygen, to oxidize cellobiose, soluble cellodextrins, mannodextrins, and lactose to
their corresponding lactones (Henriksson et al. 2000; Zamocky et al. 2006).

CDH displays unprecedented specificity for binding to cellulose as compared to
other CBDs which usually also bind to other polysaccharides (Henriksson et al.
1997). CDH is currently hypothesized to reduce Fe** to Fe** or Cu** to Cu* by
oxidation of cellobiose. The reduced species, in the presence of H,O, which is
generated by CDH itself, are thought to produce hydroxyl radicals that modify and
degrade plant cell wall polymers such as cellulose, xylan, and lignin (Baldrian and
Valaskova 2008; Henriksson et al. 2000). The CDH oxidative system does not
require energy in the form of NADH or other compounds, but its oxidative capacity
is limited by the availability of cellobiose as well as suitable electron acceptors.
Many white-rot fungi and bacteria secrete CDH in conjunction with cellulases
(Henriksson et al. 1997).

4 Hemicellulose Decomposition by Microbial Secretions

Hemicelluloses, with their multifarious branches and side groups, coupled with
their hydrogen bonds to cellulose and covalent linkages to lignin, form a complex,
heterogeneous, and robust network that provides structural integrity to the plant cell
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wall. Conversely, these very same properties render them difficult to degrade.
Though hemicelluloses, unlike cellulose, are soluble, their branched heteropolymer
nature necessitates the need for several enzymes to act in conjunction with effective
degradation.

4.1 Hemicellulases

Enzymes capable of degrading the hemicellulose component of plant cell walls are
collectively designated “hemicellulases.” Hemicellulases are produced by fungi,
terrestrial and marine bacteria, microbes inhabiting the rumen, yeast, and marine
algae. Although most hemicellulases of fungal and bacterial origin are secreted
extracellularly, some intracellular and cell-bound hemicellulases have also been
reported (Kuhad et al. 1997). Like cellulases, hemicellulases are also modular
proteins made up of catalytic domains (CDs) and cellulose-binding modules.
Hemicellulases that hydrolyze glycosidic linkages are classified as glycoside
hydrolases, whereas those that hydrolyze ester linkages of acetate or ferulate side
groups are grouped under carbohydrate esterases. The CAZy database provides the
most up-to-date information on the classification of these enzymes (Carbohydrate
Active EnZyme Database, URL http://www.cazy.org/).

From a functional point of view, hemicellulose-degrading enzymes have been
classified into depolymerizing and debranching enzymes (Decker et al. 2009).
Depolymerizing hemicellulases hydrolyze linkages on the hemicellulose backbone
and can be endo-acting if they hydrolyze the chain randomly somewhere in the
middle and/or exo-acting if they attack the chain from the ends. Thus, xylanases are
hemicellulases that depolymerize the B-1,4-xylopyranose backbone of xylans. The
xylooligomers released by the above enzymes are further broken down into mono-
meric sugars by P-xylosidases. Similarly, mannanases hydrolyze the [-p-1,
4-mannopyranosyl linkages in the backbone of mannans and other hemicelluloses
containing polymeric mannose such as glucomannans and galactoglucomannans.
The degree of substitution, glucose to mannose ratio, and distribution of the
substituents have a profound impact on the rate and extent of hydrolysis (McCleary
1991). Manno-oligomers released by the hydrolysis of these polysaccharides are
further acted upon by [B-mannosidases and B-glucosidases. The cellulose-like
backbone of xyloglucans, with glucopyranose units having xylose attached to
their C-6 position, is depolymerized by endoglucanases, xyloglucan endotransgly-
cosylases, and exoglycosidases such as a-fucosidases and [-galactosidases.
Recently, glucanases specific to xyloglucan, named xyloglucanases, have been
reported to cleave the xyloglucan chain at the substituted glucose residues
(Grishutin et al. 2004).

Debranching hemicellulases, which are also called accessory enzymes, cleave
branches, and side chains from the backbone of hemicelluloses. Some debranching
enzymes can only act on short chain oligomers released by the action of
depolymerizing hemicellulases whereas others can directly break off branches
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and side chains from hemicelluloses with intact backbones. o-Glucuronidases
hydrolyze the linkages between the xylan backbone and glucuronic acid or 4-O-
methyl glucuronic acid. a-Arabinofurnosidases hydrolyze arabinose side chains
from the xylan backbone while o-p-galactosidases cleave ao-galactosyl branches
from the backbone consisting of mannan units. The latter enzyme is essential for
degradation of galactomannans and galactoglucomannans (Ademark et al. 1998).
Esterases such as acetyl xylan esterases remove acetyl substituents from the
hemicellulose backbone while those such as ferulic or coumaric acid esterases
cleave hydroxycinnamic acid substituents.

Acetyl xylan esterases act on acetyl groups that occur mainly in xylan and
galactoglucomannan, normally in the O-2 or O-3 position. The hydrolysis of acetyl
groups results in a lowering of pH as well as decreasing the solubility of the
polymer. Ferulic acid esterases release ferulate side chains that are ester-linked to
xylan and found in cereal and hardwood xylans, serving as cross linkers to another
substituted xylan or lignin. More recently, glucuronyl esterases that de-methylate
4-O-methyl glucuronic acids have also been described from several sources
(Duranova et al. 2009; Spanikova and Biely 2006). When considered with some
novel putative acetyl esterases that appear to act on sugars acetylated at positions
other than O-2 or O-3, the role of acetylation in biomass may be more complex than
previously thought (Biely et al. 2011; Li et al. 2008; Topakas et al. 2010). Break
down of hemicelluloses requires the concerted and balanced action of appropriate
depolymerizing and debranching enzymes. Rapid debranching of intact chains that
have not been depolymerized causes chains to stick together, forming insoluble
aggregates that precipitate, making them difficult to depolymerize (Christov and
Prior 1993; Tenkanen 1998). Conversely, depolymerizing enzymes are hindered by
the branches and sides chains on the backbone and effective hydrolysis requires
debranching. Hemicellulose hydrolysis is found to be rapid and complete only
under the simultaneous action of both types of enzymes (Christov and Prior 1993;
Smith and Hartley 1983).

4.2 Hemicellulases Secreted by Fungi

Aerobic fungi such as Aspergillus niger and Trichoderma reesei secrete copious
amounts of several hemicellulases, all of which act synergistically to completely
decompose the hemicelluloses into mono- or disaccharides that become available to
any surrounding microorganisms (de Vries et al. 2000). Other predominant fungi
that secrete hemicellulases include Fusarium oxysporum, Aspergillus wentii,
Trichoderma koningii, Neurospora crassa, Corticum rolfsii, Penicillium
wortmanni, Agaricus bisporus, Pleurotus ostreatus, Aspergillus awamori, and
Polyporus sulphureus (Kuhad et al. 1997). Secretion of these hemicellulases is
usually accompanied by cellulase production, and the two systems are often co-
induced. One notable exception is the thermophilic fungus Thermomyces
lanuginosus, which produces an array of hemicellulases, but no cellulases.
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4.3 Hemicellulases Secreted by Bacteria

Aerobic bacteria such as those from the genera Bacillus and Cellvibrio secrete a
relatively moderate amount and a number of mainly depolymerizing hemicellulases
that result in large soluble oligosaccharide products. These products are transported
into the cell where their degradation is completed by membrane-bound or intracellu-
lar enzymes (Beylot et al. 2001; Shulami et al. 1999). The advantage of this
degradation scheme is that the large oligosaccharide products, though available to
surrounding microorganisms, can only be utilized by if they also possess the appro-
priate transport and hemicellulolytic capabilities (Shallom and Shoham 2003).
Anaerobic bacteria produce hemicellulases along with cellulases as part of their
cellulosomes. In their case, the hemicellulases are thought to serve the purpose of
exposing the cellulose embedded within the hemicellulose network. Bacteria that are
known to possess hemicellulase genes include Bacillus halodurans, Bacillus subtilis,
Cellulomonas  fimi, Cellvibrio japonicus, Geobacillus stearothermophilus,
Agrobacterium tumefaciens, Bifidobacterium longum, Caulobacter crescentus,
Streptomyces coelicolor, and Xanthomonas campestris (Shallom and Shoham 2003).

5 Lignin Decomposition by Microbial Secretions

Lignin in plant cell walls is always present in association with the cell wall
polysaccharides, particularly hemicellulose, via covalent linkages, forming
lignin—carbohydrate complexes (Buranov and Mazza 2008). The three-dimensional
structure of lignin, its composition, hydrophobicity, and the formation of a dense
network of lignin—carbohydrate complexes make lignin degradation extremely
challenging. Notwithstanding these challenges, certain microorganisms such as
the white rot fungi have figured a way out to overcome the bulky structure of lignin
and are capable of mineralizing lignin into carbon dioxide while releasing the
entrapped carbohydrate polymers for utilization by themselves and surrounding
microorganisms. Three major enzymes — lignin peroxidases, manganese
peroxidases, and laccases — have been found to be key catalytic tools used by
lignin-degrading microbes. Some accessory extracellular enzymes such as glyoxal
oxidases and aryl alcohol oxidases are also secreted and have been found to play a
significant role in maintaining a steady supply of hydrogen peroxide, a key cofactor
in peroxidase catalysis.

The discovery and characterization of lignin-degrading peroxidases by the white
rot fungus P. chrysosporium lead to a breakthrough in the understanding of oxida-
tive biodegradation of lignin which has been referred to as “enzymatic combustion”
(Kirk and Farrell 1987). Heme peroxidases belong to a superfamily of enzymes that
are responsible for a plethora of biosynthetic and degradation reactions and are
divided into three classes based on their sequences and catalytic properties
(Welinder 1992; Zamocky et al. 2006). Class I includes prokaryotic and
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organelle-localized eukaryotic heme peroxidases and catalase-peroxidases, class II
includes all extracellular fungal heme peroxidases, and class III comprises all
secreted plant heme peroxidases. Lignin peroxidases, manganese peroxidases,
and versatile peroxidases fall under the umbrella of class Il heme peroxidases.

5.1 Lignin Peroxidases (LiPs)

LiPs catalyze the hydrogen peroxide-dependent one-electron oxidation of phenolic
and non-phenolic compounds and are capable of depolymerizing lignin. These
enzymes are nonspecific in nature and are usually secreted as a family of isozymes
whose relative composition and isoelectric points vary depending on the growth
medium and nutrient conditions (Vicuiia 2000). Their catalytic cycle resembles the
catalytic mechanism common to all peroxidases. In each cycle, the heme cofactor is
activated by hydrogen peroxide to form compound I which yields compound II
through one-electron oxidation of one substrate molecule. The compound II further
reacts with a second substrate molecule simultaneously returning the enzyme to its
normal resting state to initiate a new catalytic cycle (Martinez et al. 2009).

A wide variety of reactions can be catalyzed by LiPs including oxidation of
phenolic compounds such as ring and N-substituted anilines, cleavage of C,—Cp and
aryl C, bonds, aromatic ring opening, and demethylation (ten Have and Teunissen
2001). Although the catalytic mechanism of LiPs is similar to that of horseradish
peroxidase and other peroxidases, LiP is unique in several aspects. It has the ability
to oxidize substrates of high redox potential, it has a low pH optimum and is
sensitive to excess hydrogen peroxide (Wong 2009). As the structure of the plant
cell wall prevents penetration by large 38—46 kDa globular enzymes such as LiPs,
one of the strategies that ligninolytic peroxidases have been thought to develop
to attack the intractable, complex structure of lignin is the use of redox mediators.
The formation of organized arrays of lignin subunits in wood has been found to
serve as pathways for electron transfer, suggesting that free radicals generated at the
external surface of lignin can diffuse deeper into the polymer through a cascade of
intramolecular electron-transfer reactions (ten Have and Teunissen 2001). This
process is called mediation and the small aromatic compound that is oxidized for
the generation of radical ions is called a mediator. Veratryl alcohol is one such
mediator compound that serves as a substrate for LiPs and is produced by the
ligninolytic microorganism as a secondary metabolite (de Jong et al. 1994). Besides
its role as a mediator for electron-transfer reactions, it has also been found to prevent
the inactivation of LiP by excess hydrogen peroxide (Collins et al. 1997).

5.2 Manganese Peroxidases

Manganese peroxidases (MnPs) are another group of heme peroxidases whose
primary catalytic activity involves the hydrogen peroxide-dependent oxidation of
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Mn?* to Mn3+, which in turn oxidizes a variety of phenolic compounds. Like LiPs,
MnPs are also secreted into the culture supernatant in the form of several isozymes,
and the catalytic cycle of MnP oxidation is similar to that of LiP. Native MnP is
oxidized to compound I in the presence of hydrogen peroxide, compound I is
reduced by Mn** and phenols to produce compound II and compound II is reduced
back to its resting state by another Mn** ion (Wong 2009). The presence of certain
aliphatic organic acids such as lactate, oxalate, and malonate has been found to
enhance the rate of catalytic oxidation by MnPs. These organic acids, which are
often synthesized de novo by white rot fungi, chelate Mn** to form stable
complexes that can diffuse freely and oxidize phenolic substrates by one-electron
oxidation of the substrate, yielding phenoxy radical intermediates. The complexed
Mn>* is only capable of oxidizing the phenolic portions of the lignin polymer and
cannot independently oxidize the nonphenolic parts (Hammel et al. 1993). In the
presence of mediators such as glutathione, oxidation by the Mn**—chelator complex
of the mediator compounds yields highly reactive species that further undergo non-
enzymatic reactions with non-phenolic parts of lignin to produce a varied mixture
of end products. Mn-dependent generation of hydrogen peroxide by the oxidation
of glyoxylate and oxalate has also been demonstrated (Kuan and Tien 1993). MnP
differs from other peroxidases in the structure of its binding site (ten Have and
Teunissen 2001).

A third type of peroxidases, designated versatile peroxidases (VPs), has been
reported to consist of enzymes that have both Mn-mediated as well as Mn-indepen-
dent oxidative capabilities. VPs can not only act on Mn**, such as MnPs, but can
also oxidize phenolic and non-phenolic compounds such as veratryl alcohol and
methoxybenzes that are typically substrates of LiPs (Mester and Field 1998;
Moreira and Filho 2008). This catalytic versatility of VPs allows them to be used
for oxidation of a wide variety of both high- and low redox potential substrates
(Martinez et al. 2009; Wong 2009).

5.3 Laccases

Laccases are enzymes belonging to a class of multi-copper oxidases that catalyze
the four-electron reduction of dioxygen to water with the concomitant one-electron
oxidation of four substrate equivalents (Baldrian 2006; Morozova et al. 2007;
Reinhammer 1984). They have the ability to catalyze reactions that run the gamut
from degradation of polymers, oxidative coupling of phenolic compounds, and
functionalization of polymers to ring cleavage. The active site of laccases consists
of highly conserved features and is made up of four copper ions. The type 1 (T1)
site has a mononuclear, paramagnetic, “blue” copper ion that imparts a characteris-
tic light blue color to the laccase. The distinguishing property of this copper ion is
its pronounced electronic absorption at a wavelength of 600 nm (Solomon et al.
1996). The type 2 (T2) site is a mononuclear paramagnetic, “non-blue” copper that
is invisible in the electronic absorption spectrum but displays an ultrafine splitting



140 N. Santhanam et al.

in the EPR spectrum (Quintanar et al. 2005; Solomon et al. 1992, 1996). The type 3
(T3) site consists of a binuclear, diamagnetic spin-coupled pair of copper ions
which make this site invisible in the EPR spectrum but visible in the UV region
as a shoulder at 330 nm (Messerschmidt and Huber 1990; Solomon et al. 1996). The
T2 and T3 sites together form what is referred to as a trinuclear cluster.

The mechanism of catalysis in laccases has been studied extensively (Lee et al.
2001; Yoon et al. 2007) but the exact details of the electron transfer pathway within
the enzyme are not yet completely understood (Morozova et al. 2007; Skalova et al.
2009). The main steps in the catalytic cycle involve the oxidation of the substrate at
the T1 site, the transfer of electrons from the T1 site to the trinuclear cluster, and the
reduction of molecular oxygen to water at the trinuclear cluster. As in the case of
LiPs, the oxidation of some laccase substrates yields high potential intermediates
that serve as redox mediators. Mediators serve to expand the natural range of
compounds that can be oxidized by laccases (Shleev et al. 2006).

5.4 Peroxide-Regenerating Enzymes

Glyoxal oxidase (GLOX) is an enzyme that is secreted into the culture supernatant
of wood-rotting fungi concomitantly with other ligninolytic enzymes and is thought
to perform the primary function of generating hydrogen peroxide (Cullen and
Kersten 2004). Common substrates of GLOX include simple glycoaldehydes, o-
hydroxycarbonyl compounds, and a-dicarbonyl compounds which may, poten-
tially, be derived by the peroxidase-catalyzed oxidation of lignin (Hammel et al.
1994). Sequential oxidations of glycoladehyde by GLOX produce oxalate along
with several equivalents of hydrogen peroxide. GLOX undergoes reversible inacti-
vation when it is not coupled with a peroxidase system (Whittaker et al. 1996). LiP
and nonphenolic substrates are capable of reactivating GLOX while phenolic
compounds are found to prevent the activation by LiP. These observations indicate
that GLOX secretion is regulated by a mechanism that is sensitive to peroxidase,
peroxidase substrates, and peroxidase products (Cullen and Kersten 2004). Spec-
troscopic investigations have revealed that GLOX has an active site that contains a
free-radical-coupled copper atom.

Aryl alcohol oxidase (AAO), also known as veratryl alcohol oxidase, is another
extracellular enzyme in certain fungal species that is responsible for the regenera-
tion of hydrogen peroxide in the supernatant (de Jong et al. 1994). AAO is an FAD-
dependent enzyme that acts on chlorinated anisyl alcohols that are synthesized by
the fungus, de novo from glucose.

5.5 Lignin Degradation by Fungi

Wood decay fungi have been found to be the most efficient degraders of lignin,
owing to the extravagant array of oxidizing enzymes secreted by them in response
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to the recalcitrance of lignin (Hatakka 2005; Kirk and Cullen 1998; Kirk and Farrell
1987; Lundell et al. 2010; Orth et al. 1993; Tuor et al. 1995). On the basis the
distinctive chemical and morphological features of decay resulting from their
activities, wood decay fungi have been divided into three categories by Blanchette
namely white-rot, soft-rot, and brown-rot (Blanchette 1995). The white-rot fungi,
characterized by their ability to degrade cellulose, hemicelluloses, and lignin, are
classified as Basidiomycetes. Among the white-rot fungi, two distinct patterns of
decay are observed (Kirk and Cullen 1998). The first involves the simultaneous
decay of cellulose, hemicellulose, and lignin. While degrading wood, the hyphae of
white-rot fungi originating from spores or nearby colonies attack and invade wood
cells along the lumen walls resulting in cell wall erosion. Fungal mycelia eventually
fill the large voids that are created when the eroded zones in cell walls collapse and
coalesce. The second pattern of decay among white-rot fungi involves selective
delignification. Species such as Phellinus pini, P. nigrolimitatus, and Inonotus
dryophyllus that are predominantly involved in this kind of decay preferentially
remove lignin and hemicellulose leaving behind white zones of delignified wood
(Blanchette 1995). There is considerable variation among species and even among
strains within species in their ability to degrade the three major cell wall
components, and the type of decay often depends on the concentration and type
of lignin. Usually, the syringyl units of lignin are degraded more preferentially than
the guauicyl units.

Soft-rot fungi are characterized by their occurrence in wet environments and are
classified as Ascomycetes and Deuteromycetes. They are also of two distinguish-
able types. Type I soft-rot fungi are found within secondary walls in the form of
distinct biconical or cylindrical cavities. Type II soft rot occurs when the entire
secondary wall has been slowly degraded. Only the middle lamellae remain
undegraded while the rest of the secondary wall decays, distinguishing soft rot
from simultaneous white rot in which everything including the middle lamellae is
degraded (Blanchette 1995). Brown-rot fungi, which are classified under the
Basidiomycetes, differ from the white- and soft-rot fungi by the fact that they
remove all cell wall polysaccharides, leaving behind brown decay that consists of
mainly of lignin that has been chemically modified but essentially undegraded.

On the basis of the combinations of extracellular enzymes they secrete to attack
lignin, white-rot fungi have also been grouped into three major categories by
Hatakka (1994). The lignin-degrading ability of fungi grouped in this manner has
been assessed by the amount of radioactive carbon dioxide released from ring-
radiolabeled synthetic lignin compounds. The first group, consisting of some of the
most efficient lignin degraders, includes those that secrete LiP and MnP, such as
P. chrysosporium and Phlebia radiata. The second group includes the selective
lignin-degrading fungi, those that secrete MnP and laccase, such as Dichomitus
squalens and Rigidoporus lignosus. The third group consists of fungi such as
Phlebia ochraceofulva and Junghuhnia separabilima that secrete LiP and laccase
and show poor degradation of lignin.

The white-rot fungus P. chrysosporium is the most well-known and well-
characterized lignin-degrading microorganism in terms of its physiology and
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biochemistry, genetics, and molecular biology with respect to the degradation of
lignin (Broda et al. 1994; Kirk and Cullen 1998; Kirk and Farrell 1987). It secretes a
suite of cellulases and hemicellulases as part of its primary metabolism and lignin-
degrading enzymes as part of its secondary metabolism. LiPs, MnPs, and hydrogen
peroxide-generating enzymes constitute the extracellular, oxidative lignin-
degrading system of P. chrysosporium. The production of high redox potential
LiPs, in the form of multiple isozymes, is triggered under conditions of carbon,
nitrogen, or sulfur limitation (Kirk et al. 1986; Leisola and Fiechter 1985;
Renganathan et al. 1985). MnPs are produced in the presence of Mn* in the growth
medium (Bonnarme and Jeffries 1990). Readers are referred to exhaustive reviews
on various aspects of this model lignin-degrading organism (Cullen 1997; Eriksson
1993; Gold and Alic 1993; Kirk and Cullen 1998; Kirk and Farrell 1987; Pease and
Tien 1992; Singh and Chen 2008). Recent advances include the whole-genome
sequencing (Martinez et al. 2004), proteome and secretome analyses (Abbas et al.
2005; Sato et al. 2007; Wymelenberg et al. 2005) as well as transcriptome analysis
(Sato et al. 2009) of P. chrysosporium in relation to lignocellulose degradation.
Genome, transcriptome, and secretome analyses of a brown-rot fungus, Postia
placenta, have revealed several new, unique extracellular glycosyl hydrolases
(Martinez et al. 2009). Comparison of P. placenta with the P. chrysosporium
system has provided insights into a possible evolutionary transition from white-
to brown-rot during which the lignin-degrading ability was lost.

5.6 Lignin Degradation by Bacterial Secretions

The intensity and success of efforts channeled into the investigation of lignin
decomposition by wood decay fungi have overshadowed the study of bacterial
decomposition of lignin. The results of early researchers who looked into prokary-
otic degradation of lignin met with mixed reviews because of weaknesses in the
methods they used for the characterization of the lignin-degrading ability of
bacteria (Kirk 1971). It was not until the availability and use of sensitive '*C-lignin
biodegradation assays that the lignin-degrading abilities of bacteria were fully
recognized.

The first study that conclusively showed bacterial modification of lignin was
published by Trojanowski et al. (1977) who found several Nocardia strains that
were capable of releasing '*CO, when grown on '*C-lignins that were specifically
labeled in their side chains or methoxyl components. The Crawford research group
(Crawford 1978; Phelan et al. 1979) showed that numerous strains of Streptomyces
released '*CO, by oxidizing labeled lignins. Bacillus megaterium was another
species that had similarly been shown to have lignin-decomposing ability
(Robinson and Crawford 1978). However, even the most efficient bacteria
exhibited rates that were much lower than those of their fungal counterparts
(Vicuiia 1988). Other, non-radiolabelled, model lignin substrates have also been
used to show degradation of lignin by bacteria in several genera, including
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Pseudomonas, Flavobacterium, Aeromonas, and Xanthomonas (Crawford and
Crawford 1980).

Attempts to understand the mechanism of lignin degradation by bacteria were
mostly based on studies using lignin model compounds such as phenylcoumarans,
cyclic lignans, biphenyls, and compounds with B-1 and B-O-4 linkages
(Zimmermann 1990). Certain bacteria have also been described as having lignin-
degrading abilities based on the morphological changes that they can bring about in
the lignified cell walls of wood (Blanchette 1995). Tunneling, cavitation, and
erosion are the three main morphological changes that can be caused by bacteria.
These are mostly found in wood that is almost saturated with water, leading to
micro-aerobic conditions (Blanchette 1995).

Actinomycetes have been found to possess lignin-degrading ability (Godden
et al. 1992; Kirby 2005; McCarthy 1987; McCarthy and Williams 1992). They
dwell most frequently in soil and in compost piles, are adapted to growth on solid
substrates, with their carbon sources being predominantly insoluble, and are known
to secrete an array of extracellular enzymes that attack lignocellulosic biomass.
Many of them are found to have “mycelia” that are more typical of fungi than
bacteria. However, despite this morphological similarity, experimental conditions
that brought out the lignin-modifying capabilities of P. chrysosporium did not work
well with Actinomycetes, indicating very different mechanisms of physiological
regulation (Ball et al. 1989). Among the lignin-degrading actinomycetes, Strepto-
myces viridosporus T7A has been the most investigated species and has been shown
to secrete a plethora of plant cell-wall-degrading enzymes, including peroxidases,
cellulases, and esterases (Adhi et al. 1989; Borgmeyer and Crawford 1985; Giroux
et al. 1988; Magnuson and Crawford 1992; Ramachandra et al. 1988; Spiker et al.
1992; Yee et al. 1996). Four extracellular lignin peroxidase isoforms have been
characterized and though all the isoforms require hydrogen peroxide as an electron
donor, they differ in their substrate range (Ramachandra et al. 1988). While
P. chrysosporium secretes lignin peroxidase under nitrogen-, carbon-, or sulfur-
deficient growth conditions (Kirk and Farrell 1987), S.viridosporus T7A was found
to secrete lignin peroxidase during growth-associated conditions in nutrient-rich
medium (Korus et al. 1991). Another filamentous actinomycete, Streptomyces
cyaneus CECT 3335, has been characterized and found to possess lignin-degrading
abilities (Berrocal et al. 2000). Several other streptomycete strains have been shown
to degrade lignin under solid-state fermentation conditions (Arias et al. 2005;
Hernandez-Coronado et al. 1997; Trigo and Ball 1994)

Recent developments in methods using mass spectrometry for detection of lignin
degradation products have facilitated more convenient studies of lignin-degrading
bacteria (Hernandez-Coronado et al. 1998; Hernandez et al. 2001; Reale et al.
2004). The relatively recent discovery that bacteria also secrete laccases (Alexandre
and Zhulin 2000; Claus 2003, 2004) has led to an upsurge in the investigation of
bacterial laccases, including application to the pulp and paper industry (Arias et al.
2003; Chandra et al. 2007; Raj et al. 2007).
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6 Factors Affecting Lignocellulose Degradation in Soil

While plant biomass can be degraded in several different habitats, in this chapter we
discuss some of the aspects of lignocellulose decomposition in soil. Current
interpretations of lignocellulose-degrading enzyme activity have been achieved
through the study of the growth and regulation of these enzymes in liquid or solid
media under laboratory conditions. The in-situ behavior of some of the same
enzymes in soil may be very different and complex because of the complex nature
of soil itself and to the presence of a plethora of other microorganisms and plants
that may coexist with the organism being investigated. The lignocellulose-
degrading ability of enzymes in soil is affected by several factors besides the nature
of the microbes that secrete these enzymes, the chemical form of nutrients readily
available to the microbes and the ecosystem in which they exist (Baldrian et al.
2011). Microbial secretions, once released into soil, adsorb onto particulate matter
and become stabilized through complex interactions with soil organic matter or clay
minerals that are governed by soil type and size, enzyme concentrations and
thermodynamics (Wallenstein and Weintraub 2008). While these soil-enzyme
interactions may lead to enzyme stabilization, providing protection against prote-
olysis and denaturation during freeze—thaw cycles, they may also considerably
lower enzyme activity by reducing accessibility to substrates.

Another important factor that regulates enzymatic activity is the soil pH as
enzymes are usually sensitive and responsive to small shifts in pH. Although the
presence of trace amounts of heavy metals such as Cd, Zn, or Mn is necessary for
fungal growth, excess amounts of these or other heavy metals such as Hg, Cu, or Ni
may inhibit microbial growth, and cause morphological and physiological changes.
The resulting shifts in the proportion of fungal to bacterial populations will impact
the secreted enzymatic activity (Baldrian and Snajdr 2011). Microbial secretions
related to lignin and cellulose degradation are transcriptionally regulated by heavy
metals and can also be adsorbed and accumulated by fungal mycelia (Baldrian
2003). However, improved litter loss has been observed in the presence of high
concentrations of Mn>* possibly because of the increased MnP production and in
the presence of high Cu** concentrations, which has been shown to induce laccase
production (Baldrian 2006).

Temperature is another significant factor that affects the production and activity
of enzymes in soil (Eggen and Sveum 1999; Okeke et al. 1996). Owing to different
temperature optima and differences in temperature sensitivities of different
enzymes, seasonal fluctuations in soil temperature usually result in alterations of
the relative rates of decomposition of the different components of lignocellulosic
biomass in soil.

Interspecies interactions leading to lignocellulose degradation between fungi,
bacteria, and other soil-inhabiting organisms must also be taken into consideration.
The possibility and implications of enhanced lignocellulose decomposition in soil
near the litter-generating parent plant should also be accounted for.
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7 Final Considerations

This chapter has addressed how several microbial players could potentially degrade
plant biomass using a variety of secreted enzyme mechanisms. However, it is worth
noting that in nature, plant biomass degradation occurs as a cohesive process
involving several organisms that in some way utilize co-evolutionary cues. Litter
decomposition is very critical in determining the soil nutrient cycling and avail-
ability (Swift et al. 1979) and it has been hypothesized that some plants may
encourage the development of their own soil microbial community suited to
decompose their own litter rapidly (Wardle 2002). This idea has not been explicitly
tested; however, there is some indirect evidence in literature that suggests it could
be possible. For instance, several studies have observed that biomass degradation
occurs more rapidly when litter decomposes beneath the plant species from which it
is derived than beneath different plant species (Ayres et al. 2009a, b; Bocock et al.
1960; Gholz et al. 2000; Hunt et al. 1988; Vivanco and Austin 2011). This event has
been referred as “home-field advantage” in the ecology realm (Gholz et al. 2000).
However, there are also reports available that “home-field advantage” is not always
observed under field and laboratory conditions (Chapman and Koch 2007; Prescott
et al. 2000). This may be because of the differences in the litter quality, limited
availability of soil microbial taxa, soil factors, and incubation time, factors that
influence the magnitude of the “home-field advantage” effect (Ayres et al. 2009a).
A recent report demonstrates that the litter decomposition from forest ecosystems in
North America, South America, and Europe was 8% faster at home (litter
decomposes beneath the plant species from which it is derived) than away (different
plant species) (Ayres et al. 2009a). Thus, “home-field advantage” might be
recognized as a factor that could accelerate litter decomposition and be potentially
used to isolate soil microbes specific to a given source of plant biomass.
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Sugary Exudates in Plant Pollination

Massimo Nepi, Patrick von Aderkas, and Ettore Pacini

Abstract Sugary secretions are present in many plants and frequently they are
linked with reproductive processes. Most of the gymnosperms, both extant and
extinct, possess a pollination drop, a diluted sugary secretion protruding from the
micropyle, which serves for pollen capture, hydration, and transport in the ovule. It
is most probable that this secretion attracted insects giving origin to a plant—insect
relationship for pollination based on a sugary solution well before the raise of
angiosperm. Floral nectar, a new type of sugary exudate produced by a specific
secreting tissue (the nectary), evolved rapidly when the transition from naked ovule
to closed carpel was completed and the pollination drops were no longer available
as a food resource for insects. Floral nectar is widely distributed and very diverse in
the extant angiosperms where it represents the more common reward for a large
variety of pollinators. In this chapter, we highlight the evolutionary relationship
between nectar and pollination drops in terms of morphology, physiology, ecology,
and biochemistry.

1 Introduction

Different types of exudates are present in the Spermatophyta that are involved in
reproductive processes. Several main functions can be ascribed to these exudates
(Table 1). These functions are present at different moments: during pre-pollination
events (nourishment of male gametophyte during development), at pollination
(pollen landing site, attracting animals involved in pollination), or during

M. Nepi (<) « E. Pacini

BIOCONNET (Biodiversity and Conservation Network), Department of Environmental Sciences
“G. Sarfatti”, University of Siena, Siena, Italy

e-mail: massimo.nepi@unisi.it

P. von Aderkas
Department of Biology, University of Victoria, Victoria, BC, Canada

J.M. Vivanco and F. Baluska (eds.), Secretions and Exudates in Biological Systems, 155
Signaling and Communication in Plants 12, DOI 10.1007/978-3-642-23047-9_8,
© Springer-Verlag Berlin Heidelberg 2012


mailto:massimo.nepi@unisi.it

156 M. Nepi et al.

Table 1 Types of exudates involved in plant reproduction, their presence in gymnosperms and
angiosperms, and their functions

Locular  Ovular Floral Stigmatic ~ Stylar
fluid secretion® nectaries exudates  fluid®

Presence

Gymnosperms X
Angiosperms X
Functions

Developing pollen nourishment XX
Pollen capture

Pollen rehydration

Pollen transport inside the ovule

Promoting pollen germination

Pollen tube growth and guidance

Male gametophyte — female part recognition
Attracting animals involved in pollination

ol
>
>
o

XK R R XXX
XXX o

d Xe Xf

Functions in gymnosperms are indicated in bold

“This class comprises the different types of ovular secretions in gymnosperms and the mycropylar
secretion of angiosperms ovules

PPresent only in the hollow styles

“Proteins involved in pollen tube guidance (arabinogalactan proteins) have been detected in the
pollination drop of Taxus x media (O’Leary et al. 2004)

9In some Gnetales and most probably in a certain number of gymnosperm species in the Mesozoic
(Ren et al. 2009)

°In some Ephedra species (Gnetales) nectaries are present on the bracts associated with the
reproductive structures in male and female strobili and are involved in attracting insects

Tn Asclepias syriaca (Asclepiadaceae) nectar serves also for rehydrating pollen (Kevan
et al. 1989)

postpollination events (pollen rehydration, pollen transport inside the ovule,
pollen—pistil recognition, pollen tube attraction toward, and interaction with the
female gametophyte). In this contribution, we focused on the sugary exudates that
function during pollination.

Pollination is a kind of flight characteristic of both major seed plant clades in
which pollen floats away from the male part and arrives on the female one (Pacini
2009). The main differences in pollination between angiosperms and gymnosperms
are the landing site and the vector of the flight. According to Lloyd and Wells
(1992), a major step in angiosperm carpel evolution was a change in the landing site
for pollen from a pollination drop on the naked ovule to a wet stigma on the outside
of a closed carpel. Pollination drops, water-based sugary secretions elaborated by
the apical part of the nucellus (Gelbart and von Aderkas 2002), appeared very early
in the phylogeny of gymnosperms. According to Doyle (1945) and Rothwell (1977)
they were common among pteridosperms, an extinct clade of gymnosperms also
called the seed ferns. This mechanism of pollen capture was widespread during the
Mesozoic (Ren et al. 2009) and has remained so to this day. As far as pollen vectors
are concerned, two main types are recognized: wind (anemophily) and animals
(zoophyly, especially entomophily) (Pacini 2009). Gymnosperms are considered
mainly wind-pollinated, entomophily having evolved in Cycadales and Gnetales
(or Chlamydospermae) and a few extinct lineages (Crepet 1974; Crepet and Friis
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1987; Labandeira et al. 2007). Recently, Ren et al. (2009) pointed out the possibility
of a more complex ecological scenario dominating the Middle Jurassic and Early
Cretaceous in which extinct Eurasian scorpionflies (Mecoptera) with long siphonate
proboscides may have fed on the gymnosperm pollination drops and most likely
were involved in pollination. According to this scenario insect pollination was
already present just before and at the same time of angiosperm expansion in the
Early Cretaceous. This may have driven the evolution of reproductive biology in
early flowering plants (Nepi et al. 2009; Ren et al. 2009). The new condition of
enveloped ovules that characterizes angiosperms brought about a complication
because the primary source of sugary exudates (i.e., the pollination drop) had
disappeared. The presence of insects preadapted to feed on sugary liquids may
cause a strong selective pressure toward the provision of sugary exudates in the
form of nectar in the early angiosperms (Nepi et al. 2009). After this first step an
extraordinary diversification evolved in nectar characters, insect mouthparts, and
feeding preferences. These led to the actual wide and complex web of plant—animal
relationships mediated by nectar that is observed in many present-day angiosperms.
A micropylar exudate containing carbohydrates and proteins is still present in the
enclosed ovules of some modern angiosperms (Franssen-Verheijen and Willemse
1993; Endress 1994; Fortescue and Turner 2005 and references therein), but its
function is to drive the pollen tubes across the micropyle to the embryo sac. Being
not involved in pollination it will not be considered in this contribution.
Independently from both the vector and the landing site, pollen arriving on the
receptive surface needs to rehydrate and absorb nutrients for its further develop-
ment. Dispersed pollen is generally strongly dehydrated in comparison with com-
mon plant cells. It ranges from 10 to 30% water content. It is metabolically quiescent
(Nepi et al. 2001). Water uptake is essential both for restoring metabolism and for
pollen germination (Shivanna 2003). On the other hand, exogenous sugars are also
essential for pollen tube germination and growth (Shivanna 2003). Pollen rehydra-
tion and nourishment are perfectly accomplished by the pollination drop: it has a
large quantity of water, a certain amount of sugars, and also proteins promoting
pollen tube growth (Wagner et al. 2007; Nepi et al. 2009). The evolution of a novel
specific receptive organ in angiosperms — the stigma — provides a way to hydrate and
nourish pollen soon after landing on the stigma surface. A stigma will bind pollen
and mediate its hydration, germination, and tube migration into the style. Stigmas
are classified into two groups: dry stigmas, which have intact surface cells that
typically protrude as papillae and are covered by a primary cell wall, a waxy cuticle,
as well as a proteinaceous pellicle; and wet stigmas, which are stigmas covered with
surface cells that often lyse to release a viscous surface secretion containing
proteins, lipids, polysaccharides, and pigments (Edlund et al. 2004). Stigma
exudates are viscous fluids and their composition is generally dominated by lipids
that mediate water transfer to pollen grains, while highly diverse proteins and
peptides mediate self and foreign pollen recognition (Edlund et al. 2004). An
exception to this is found in Li/ium in which an aqueous stigmatic exudate occurs
(Janson et al. 1994). The disaccharide carbohydrate sucrose as well as free
monosaccharides can occur in the stigmatic exudates of a few species (Shivanna
2003). It follows that stigma exudates generally cannot be considered a primary
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sugary secretion, sugars being very low if not absent. Wet stigmas are considered to
be the primitive condition in flowering plants (Heslop-Harrison and Shivanna 1977).
It is most probable that the stigmatic secretion of early angiosperms may have
served as reward for pollinators. These early pollinators would have included
mainly flies (Diptera), micropterigid moths, and beetles (Coleoptera) (Lloyd and
Wells 1992; Endress 2010). In a few modern angiosperm species stigmatic
secretions are considered attractants primarily for some insects (Dafni 1992).

From the aforementioned considerations, it is clear that only two types of sugary
exudates are involved in the pollination of gymnosperms and angiosperms: polli-
nation drops (gymnosperms) and nectar (angiosperms and a few gymnosperms).
Their physiological, ecological, biochemical, and evolutionary characters are
discussed in this chapter.

2 Sugar Exudates and Pollination in Gymnosperms

Secretions during reproduction are found in nearly all gymnosperms. These
secretions can roughly be grouped according to pollination by either wind or insect.
An intermediate type exists that can capture aerial pollen and attract insects. Most
types of secretions are ovular secretions. However, nectar secretions from male
buds and female reproductive axes, though far less common, are known (Kato et al.
1995). Ovular secretions are widespread, occurring in all extant families (Gelbart
and von Aderkas 2002). As previously mentioned, there are some angiosperm
families that also feature ovular secretions (Franssen-Verheijen and Willemse
1993; Endress 1994). Ovular secretions are ancient, having been recorded from
pteridosperms, an extinct clade of gymnosperms (Rothwell 1977). These secretions
represent a basal condition.

The most common type of ovular secretion is the pollination drop (Fig. 1).
Liquid is secreted from the nucellus, filling the tip of the ovule and expanding to
form a drop at the micropylar tip of the ovule. The drop’s primary function is to
capture pollen. A variation on this is found in conifers such as Douglas-fir and larch.
Ovular secretions first appear many weeks after pollination. The function of this
postpollination/prefertilization drop is to transport the pollen to the nucellus and to
induce germination. Ovular secretions are lacking in some genera (Tsuga, Abies,
and Araucaria). The loss of this function in evolution has occurred independently in
a number of gymnosperm groups and represents a derived condition (Gelbart and
von Aderkas 2002).

Pollination drops that attract insects are also an ancient condition. This is not
surprising given that gymnosperm diversity was much greater in the Mesozoic than
it is today (Labandeira et al. 2007). The greatest diversity of reproductive secretion
types is found in the Gnetales. Nectar is known from male cones as well as
from surface organs that behave as nectaries and are associated with the collars
of female buds.
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Fig. 1 Pollination drops of
gymnosperms. (a) Pollination
drop on an ovule of Taxus x
media. (b) Bar = 500 pm.
Ovule dissected from female
cone of Cupressus
sempervirens and observed in
immersion oil. Differently
hydrated pollen grains and an
exine split off/(arrow) are
visible in the pollination drop.
Bar = 50 pm

The chemistry of pollination drops is diverse. In addition to sugars (Schumann
1902), drops have inorganic constituents such as calcium (Fujii 1903), as well as
organic acids (Schumann 1902; Tison 1911), amino acids, and proteins (Ziegler
1959). Unlike angiosperms in which there are organs (i.e., stigma and style)
between the ovule and the outside environment, gymnosperm ovules have no
such protection. Pollination drops of gymnosperms therefore serve double duty;
they not only aid reproduction, but they protect reproductive structures. The first
line of defense during reproduction is the pollination drop.

The main carbohydrate components of pollination drops are glucose, fructose,
and sucrose. This is to be expected, as sucrose is the main transport sugar
(McWilliam 1958). Drops of insect-pollinated plants have higher concentrations
of carbohydrates when compared to wind-pollinated ones. The balance between
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hexose sugars and sucrose also differs between these pollination types. Glucose and
fructose are higher in the wind-pollinated gymnosperms, whereas sucrose
concentrations tend to be much higher in insect-pollinated ones.

Compared with angiosperm nectar, gymnosperm pollination drops (and drops of
gymnosperm nectar) are significantly smaller in volume. Conifers span a range
from 10 nl in Chamaecyparis lawsoniana to 250 nl in Taxus x media. Because of
difficulties of collecting sufficient sample for analysis little work has been carried
out. Chemical analysis, ecological interpretation, and functional analysis have all
lagged behind angiosperm nectar. The key roles ascribed to the pollination drop
since its discovery by Vaucher (1841) have been pollen capture, transport, and
germination (Doyle 1945). In gymnosperms such as conifers, pollination drops
were of such low volume and low sugar concentration that they were thought to be
of no interest to foraging insects. It was not until high concentrations of sugars were
found in Ephedra (Ziegler 1959) that a sugar-based reward system for insect
pollinators could be defined. As technologies such as genomics and proteomics
expand our understanding of drop biology, we can now begin to tackle long-
standing questions about the evolution of the pollination drop.

2.1 Nucellus, the Secreting Organ

Pollination drops are secreted from the nucellus (Poulis et al. 2005), which is
located inside the ovule (Fig. 2). Gymnosperm ovules are morphologically very
conservative. Typically, a nucellus, i.e., sporogenous tissue, is surrounded by
integument (Singh 1978).

The period of pollination drop secretion is generally short taking place over a few
days to a few weeks during the development of the ovule. This is in keeping with the
well-noted differences among gymnosperm taxa in the period from pollination to
fertilization. In some species it is only a week and in many others over a year.

~——micropyle pollen j\
nucellus 1 drop
eggs

zygote

- integument T prothallial —=
cells

Fig. 2 Schematic diagram of pollination drop occurrence in relation to gymnosperm ovule
development. The nucellus is the site of megasporogenesis and megagametophyte development.
As the megagametophyte matures, it forms eggs. Drops (pink) are secreted by the remaining
nucellus (red). Secretion may occur, depending on genus, prior to meiosis (e.g., Pinus, Taxus, not
illustrated), or during the final stages of egg maturation as illustrated (e.g., Larix, Picea, and
cycads)
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Consequently, nucelluses at the time of secretion do not share similar developmen-
tal stages. In the case of Taxus and Pinus, the nucellus has not yet begun sporogene-
sis, i.e., meiosis (O’Leary et al. 2004), whereas in Pseudotsuga and Larix, meiosis is
long past. Indeed, in these genera have fully developed megagametophytes at the
time of pollination drop release (von Aderkas and Leary 1999a, b).

Nucellar structure also varies. Most commonly, the nucellus is composed of
vacuolated parenchymatous cells. The nucellar cells on the surface facing the
micropyle may be intact or they may have degenerated. A cuticle is usually lacking,
or if present, breaks free, exposing the nucellar surface, e.g., Pseudotsuga (Takaso
and Owens 1996). In other species, such as Cedrus deodora, the surface cells of the
nucellus break down to form a pollen chamber (Takaso and Owens 1995). In Picea,
a pollen chamber is present, but is not a product of breakdown but of differential
growth of the nucellar cells (Owens and Molder 1979). Breakdown is, however,
inevitable, as once the pollen lands on the surface of this chamber, a downward
wave of cell death extends deep into the nucellus (Owens et al. 1987).

Though most do not, some nucelluses bear similarities to certain types of
angiosperm nectaries. Picea nucellus is one of those with strong developmental
similarity to a nectary. Starch builds up in elongating nucellar cells. The starch
subsequently breaks down into free sugars that are then released from the surface
(Owens et al. 1987). In contrast, the nucellus of most conifer species does not give
the appearance of being a starch-loading tissue. Cells of Taxus and Larix are highly
vacuolate. Although they do not accumulate starch, they do build up proteins.
Immunolabeling with antibodies against arabinogalactan proteins (O’Leary et al.
2004) shows such buildup in cells of Taxus nucellus. These proteins are released
into the pollination drop.

A proteomics approach has allowed us to ask whether the compounds found in
the pollination drop are secreted or are merely the result of cellular breakdown. The
answer is that in some they are secreted, and in others they are probably in with
cellular debris associated with breakdown. Evidence of secretion is supplied by our
discovery of a signal cleavage peptide that allows a protein to move across the
plasmalemma into the apoplast. It was found in conifers (O’Leary et al. 2007).
Evidence of breakdown is known from species such as Picea that exhibit extensive
nucellar breakdown both before and during pollination drop formation. It is likely
that these dying cells contribute a rich soup of compounds. In some extinct
pteridosperms, lagenostomes were formed from cellular degeneration of the
nucellar tip. These resemble a domed pollen chamber. Some also had an extensive
protrusion called a salpinx (Greek trumpet). Liquid would fill the chamber and the
salpinx, extending as a drop. In Welwitschia and Ephedra, erect lignified micropy-
lar extensions of the ovule play an analogous role (Rydin et al. 2010).

Although most pollination mechanisms employ ovular secretions that are water-
based, there is one other type of secretion, the microdrop. It is not found in the
nucellus, but on integumentary flaps at the ovule’s tip in certain conifers (Owens
et al. 1981, 1987). These drops are composed of lipids. Microdrops trap pollen.
Sometime later when the pollination drop is secreted, micropylar extensions release
the pollen to the pollination drop.
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2.2 Pollination Drop Production

Physiological studies are few and mainly concentrated in Pseudotsuga, Ephedra,
and Taxus. Molecular biological studies of the cellular origins of constituents are
restricted to a handful of conifers. These confirm the nucellar origins of the
constituents.

Analysis of pollination drops typically shows dominance by sucrose, glucose, and
fructose. However, nucellar sugar chemistry has not been studied. A testable model
of sugar secretion might be as follows. Phloem sap is unloaded into the ovuliferous
scale, where it is transformed and transported as pre-pollination drop sucrose across
the nucellus, both through apoplast and symplast. In those species in which sucrose is
only a minor sugar constituent of pollination drops, there may be modification of
sucrose by symplastic and/or apoplastic invertases. Sugars are discharged from the
nucellus. Mass flow of water from symplasm likely occurs into high local apoplastic
concentrations of sugar, resulting in liquid filling the pollen chamber or the micro-
pyle end, and then exuding from the ovule tip to form a drop.

The question of regulation remains unresolved. In part, this is due to the wide
range of secretory behaviors. No one explanation is expected. Some species secrete
repeatedly, but once pollination has occurred, they cease production. Studies of
Pinaceae show a quick retraction of the drop following pollen capture. Secretion
then stops (Doyle and O’Leary 1935; McWilliam 1958; Ho 1985; Owens et al.
1981, 1987). This is not without controversy, as repeated pollination drop secretion
has been recorded for Pinus radiata (Lill and Sweet 1977). There are conifers that
produce drops once. In Phyllocladus, a genus in the Podocarpaceae, drops retract
after pollination. Secretion stops. Yet other conifers continue to secrete following
pollination. For example, Podocarpus pollination drops are repeatedly secreted.
Since the surrounding surfaces are wax-free, this repeated secretion and retraction
amounts to pollen scavenging (Tomlinson et al. 1997).

The only physiological study is that of Ziegler (1959) in which he showed that
secretion was a passive event. When he used metabolic poisons to kill the cells of
the nucellus, drop formation continued unabated.

To date, nucellar tissue has not been analyzed for gene expression, protein
expression, or hormone levels. Sweet and Lewis (1969) predicted that the nucellus
may be able to detect auxin secreted from pollen. The authors ascribed a potential
role for elevated levels of auxin in the prevention of ovule abortion. Analysis of
nucellus for auxin levels before and after pollination has yet to be carried out.

2.2.1 Pollination Drop Secretion: Daily Patterns

Secretion follows a diurnal pattern, with some exceptions. Pollination drops occur
during the night and early morning. In Chamaecyparis nootkatensis (Owens et al.
1980) and in Pinus (Doyle and O’Leary 1935) secretion is at night, with the drop
disappearing early in the day. However, daytime secretion has been noted in some
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species of Gnetum (Pearson 1909) and Ephedra (Bino et al. 1984). Trees have a
diurnal cycle of hydraulic pressure. At dawn trees usually have the most water, but
by noon, pressure drops are significant. Another reason that formation is during the
late night—early morning period is that this period has the highest relative humidity.
As night temperatures are lower, relative humidity is higher (McWilliam 1958).
Extremes in humidity, such as drought, affect water potential of the tree and cones,
resulting in failure to produce drops. Rainfall is considered detrimental to some
species, as it washes away both pollination drops and pollen (Tison 1911).
Although mornings are generally better for pollination drops, postpollination/
prefertilization drops are produced most of the day. An hour-by-hour simultaneous
analysis of tree hydraulic pressure and ovular secretion was carried out in
Pseudotsuga menziesii. As expected, the diurnal hydraulic pressure pattern for all
trees tested was high in the morning and low in the afternoon. The profile of drop
secretion did not match this diurnal pattern. Instead, it showed strong tree-by-tree
variation, with some trees producing mostly during the day and others mostly at
night (O’Leary and von Aderkas 2006). This implies that drop secretion physiology
is not regulated by whole-tree physiology, but at the cone or even at the ovule level.
Another example of cone level control is seen in Picea engelmannii. Drops are
secreted in a wave from the proximal to distal portions of cones (Owens et al. 1987).

Daytime secretion can also be brought about by controlling the conditions during
pollen reception. By potting small trees, growing them in greenhouses and inducing
cones with hormone treatment, daytime secretion occurred readily in
Chamaecyparis lawsoniana (Wagner et al. 2007). Removal of Juniperus communis
branches to a room with 50% relative humidity allowed drops to be collected during
the daytime (Mugnaini et al. 2007a). Similarly, interior spruce trees potted in a
greenhouse and kept at 85% relative humidity produced a greater number of
pollination drops than in a control treatment (Runions and Owens 1996). Such
drops were also larger.

2.3 Ovular Secretion Characteristics

Ovular secretion biology integrates morphology with biochemistry and physiology.
In addition there are spatial and temporal components. The morphology of the
ovule and the surrounding tissues has been of interest because the presence or
absence of waxy hydrophilic surfaces literally shapes the secretion into either a
drop or into a more amorphous secretion. This is particularly notable in species in
the Podocarpaceae (Tomlinson et al. 1997). From a biological standpoint, a very
useful separation of secretion types is into drops from wind-pollinated or insect-
pollinated systems.

Wind-pollinated species have evolved the greatest diversity of pollination
mechanisms, and consequently have a wide range of drop types. These range
from internal or in ovulo secretion of Pseudotsuga and Larix (postpollinatinon/
prefertilization drops), to pollination drops that form neat little spheres on the tips



164 M. Nepi et al.

of ovules (most gymnosperms), to pollination drops that scavenge pollen across
larger surfaces of the ovuliferous scale, such as those of Podocarpus spp.

Insect-pollinated species in the orders Cycadales and Gnetales only have one
type of pollination drop. However, some gnetophytes additionally possess nectaries
on male buds and elsewhere.

Insect- and wind-pollinated species typically differ in the volumes of these
drops. Insects seek a sweet liquid reward. Increased volume of sweet liquid tends
to attract larger insects. The drop volumes of insect-pollinated species span three
orders of magnitude. They are low in cycads, such as Zamia pumila (15-50 nl —
Tang 1987) and high in the gnetophyte Ephedra trifurca (500-4200 nl — Niklas
et al. 1986).

Drop volumes of aerially pollinated gymnosperms span only two orders of
magnitude, e.g. 10 nl in Chamaecyparis lawsoniana to 250 nl in Taxus x media
(von Aderkas unpublished). As has been shown from mathematical simulations and
field studies, differences in drop volume contribute only a minor amount to the
efficiency of pollen capture in Ephedra trifurca, a wind-pollinated species (Niklas
et al. 1986; Niklas and Kerchner 1986; Niklas and Buchmann 1987). A much larger
role is played by ovule form, leading to a statistically significant preferential
selection of conspecific pollen in comparison to foreign pollen (Niklas and
Buchmann 1987). The drop plays a passive role in pollen capture, a role that is
relatively independent of its volume (Buchmann et al. 1989). In wind-pollinated
conifers with postpollination/prefertilization drops such as Larix and Pseudotsuga,
the volumes are also relatively low (25-50 nl — von Aderkas and Leary 1999a,b).

2.3.1 Sugar Concentration

The predominant sugars (sucrose, glucose, and fructose) range from a low of
12.5 mg/ml in Pinus (McWilliam 1958) to a high of 250 mg/ml in Ephedra (Ziegler
1959). In a study of sugar composition of six species of gymnosperms the average
sugar concentration was approximately 80 mg/ml (Nepi et al. unpublished). It is
often stated that drops compensate for evaporation by balanced secretion, but there
are no experimental data supporting such claims. Concentration may not always be
stable. A single pollination drop may last up to 12 days (Mugnaini et al. 2007a)
during which it is influenced by local relative humidity. The drops of Podocarpus
are secreted repeatedly. Initially, the drop pours out onto surrounding surfaces of
ovuliferous scales to scavenge for pollen. Then it is absorbed back into the ovule.
This cycle is repeated (Tomlinson et al. 1997). It is hard to imagine that the
concentration can remain constant. In cases where pollination drops are coupled
with rainwater scavenging (Greenwood 1986; Runions and Owens 1996) dilution
must occur.

Sugar concentrations are also altered by enzymes. Secretion of invertase into
pollination drops directly alters composition and concentration. Extracellular
invertases have been shown to actively catalyze sucrose into fructose and glucose
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in postpollination/prefertilization drops of Pseudotsuga menziesii. This doubles the
osmolality of the solution.

Concentration is also probably altered during absorption of the drop. Absorption
can be passive or active. Passive absorption by evaporation is the more common of
the two. As drops evaporate the concentration levels must rise. As drops age, they
also appear to become more viscous. Drops of Larix and Pseudotsuga occasionally
become more viscous as the season advanced. Although the volume of the drop is
steady, its concentration may be slowly rising. Tison (1911) was the first of many to
make similar anecdotal but unquantified comments. What the effect of this few-fold
increase in concentration may have on conspecific and foreign pollen, not to
mention opportunistic pathogens, is unknown.

In some conifer families, pollen causes the retreat of the drop within a few
minutes, e.g., Pinaceae (McWilliam 1958; Owens et al. 1987), Cupressaceae
(Owens et al. 1980, Mugnaini et al. 2007a, b), and Podocarpaceae (Tomlinson
et al. 1997). The drop does not form again. Concentration changes may occur as
solutes are reabsorbed in the nucellus. Such a quick response is faster than the
nucellus could generate a response mediated by signaling and gene expression.

Sugar Concentrations and Insect Pollination

Since pollinating insects seek rewards, insect-pollinated gymnosperms can be split
into those offering pollen rewards (cycads) and those offering sweet pollination
drops or nectar (gnetophytes). Among gnetophytes, Gnetum (Kato et al. 1995) and
Welwitschia (Wetschnig and Depisch 1999) are insect-pollinated, but Ephedra can
be insect-pollinated (E. foemina — Porsch 1910), wind-pollinated (E. trifurca —
Buchmann et al. 1989), or both (E. aphylla — Meeuse et al. 1990). Sucrose
concentrations range from 150 to 250 mg/ml (Meeuse et al. 1990; Ziegler 1959).
Sugar concentrations in Gnetum cuspidatum are similar to Ephedra (Kato et al.
1995). Changes in relative humidity are thought to account for variation in total
sugar concentrations (30-130 mg/ml) on female strobili of G. gnemon (Kato et al.
1995). However much relative humidity may affect sugar concentrations, high
concentrations represent an adaptation in themselves. It takes more work to remove
the water from more highly concentrated drops. Such sugary drops last longer. As a
result they are available longer for insects.

Cycads are weevil-pollinated. Weevils that visit male strobili and feed on pollen
become covered in pollen. They then eat their way into the female strobili, which
they partially consume. Pollen haphazardly falls off their bodies and lands near
ovules. A pollination drop captures pollen near the edge of the micropyle and then
recedes inside the ovule leading to seed set. There is no evidence to suggest
that weevils consume the pollination drops. In the case of Zamia pumila, one of
the better studied of the cycads when it comes to pollination drops, weevil feeding
behavior does not even overlap with secretion. Weevils feed during late morning
and afternoon, whereas pollination drop secretion is a phenomenon restricted to late
night and early morning (Tang 1987). Sugar concentration is around 100 mg/ml.
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Although this concentration is intermediate between conifers and gnetophytes and
therefore potentially interesting to reward-seeking insects, the volumes are far from
enticing, e.g., less than 50 nl/drop in Zamia pumila (Tang 1987). The insect is
merely a vector of pollen, rewarded by food from male strobili (pollen) and female
strobili (tissues): any pollination drop feeding is incidental.

A number of conifers are thought to be insect-pollinated (Ren et al. 2009). One
type of evidence is the presence of insects found in fossilized strobili. Another is
phylogenetic analysis that shows insects with sucking mouthparts evolved well
before angiosperms. This provides good grounds to believe that extinct conifers,
which were at their most diverse during the Mesozoic, may have evolved insect
pollination.

Male strobili of Gnetum produce nectar that also attracts insects. Though the
nectar drop volume was less (98 nl) than that of pollination drops (152—-190 nl), the
range of sugar concentration was similar, e.g., 60—100 mg/ml (Kato et al. 1995).

Sugar Concentrations and Wind Pollination

The major sugars in pollination drops of wind-pollinated species are identical to
those found in insect-pollinated ones. Instead of sucrose being predominant, often it
is glucose and fructose that have the highest concentrations. The total amount of
sugar in wind-pollinated species is, on average, less than in insect-pollinated
species. No wind-pollinated species for which sugar measurements have been
published exceeds 100 mg/ml (Taxus — Ziegler 1959). Most have averages nearer
12.5 mg/ml recorded for Pinus nigra (McWilliam 1958).

Other carbohydrates have been detected, including mannitol (Juniperus
communis — Mugnaini et al. 2007a), rhamnose, arabinose, mannose (Cephalotaxus
drupacea — Seridi-Benkaddour and Chesnoy 1988), galacturonic acid (Taxus
baccata and Thuja orientalis — Seridi-Benkaddour and Chesnoy 1988), and galac-
tose (Cephalotaxus drupacea — Seridi-Benkaddour and Chesnoy 1988; Welwitschia
mirabilis — Carafa et al. 1992).

2.3.2 Proteins

Of all the constituents, proteins were the last to be discovered. Protein is abundant
in these drops, ranging from 1 to 2 mg/ml (von Aderkas unpublished). Acid
phosphatase, first discovered by a histochemical analysis of nucellus of Taxus
baccata (Ziegler 1959), was also detected histochemically in Welwitschia mirabilis
(Carafa et al. 1992). With the advent of more widely available tandem mass
spectrometers, it became possible to sequence and identify proteins. To date, 27
proteins have been identified. Some of these proteins are found in multiple species.
There must be many more, as we have only sampled four families (Cupressaceae,
Pinaceae, Taxaceae, and Welwitschiaceae) and seven species (Chamaecyparis
lawsoniana, Juniperus communis, J. oxycedrus, Larix X marschlinsii, Pseudotsuga
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menziesii, Taxus baccata, and Welwitschia mirabilis). These enzymes can be
grouped according to putative function as follows:

. Carbohydrate modification (Poulis et al. 2005)

. Defense against fungi and bacteria (O’Leary et al. 2007; Wagner et al. 2007)
. Prevention of ice-damage, e.g., antifreeze proteins (Wagner et al. 2007)

. Protein cleavage (Poulis et al. 2005; Wagner et al. 2007)

. Pollen tube guidance, e.g., arabinogalactan proteins (O’Leary et al. 2004).

O O I S R

It is one thing to establish an identity from sequence, and quite another to show
that the enzymes do what their name suggests. To that end, we are currently adding
depth to this analysis by establishing in situ enzyme function. Already a picture is
emerging of a dynamic apoplastic secretion that actively defends the ovule during
pollination. The numerous protein classes and the relatively high concentration of
proteins found to date indicate a substantial investment by the ovule in its pollina-
tion drop.

Pollination drop composition is consistent across the period of secretion. In
Larix x marschlinsii, volume varied, but protein composition did not. Volumes
varied by tree and in some trees volumes varied from year to year (O’Leary et al.
2007). However, HPLC-generated protein profiles remained constant across hours,
days, weeks, years, or genotypes (O’Leary 2004). In Chamaecyparis lawsoniana,
no differences were found between drops from pollinated and unpollinated ovules
(Wagner et al. 2007).

2.3.3 Amino Acids and Secondary Compounds

Amino acids are present though not abundant. To date, only 16 of 21 amino acids
have been identified in the analysis of free amino acids in drops (Seridi-Benkaddour
and Chesnoy 1988). Most of these studies are restricted to conifers. Whether amino
acid composition of insect-pollinated gymnosperms is different from that of wind-
pollinated ones has not been established.

Pollination drop analysis to date has revealed few secondary compounds. Closer
attention will probably reveal many more compounds; as labs get access to more
sensitive chemistry this gap in our knowledge will be filled. The only class of
compounds to be fairly widespread is organic acids. The presence of dicarboxylic
acids was reported by Schumann (1902), Fujii (1903), and Tison (1911). At the
time, it was fashionable to ascribe a chemotactic role to these acids. Pollen was
thought to orient itself on organic acid gradients within the nucellus. However, this
has never been conclusively shown. We have detected succinic acid (von Aderkas
unpublished). Rather than testing for chemotaxis, it may be worth establishing
whether this acid plays a role in defense.
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2.4 Are Pollination Drops the Basal Condition in gymnosperms?

Pollination drops are a basal reproductive characteristic in gymnosperms. Primitive
gymnosperms have specialized modifications for pollination drop secretion, such as
lagenostome and salpinx (Singh 1978). Drop biochemistry shows common compo-
sition: all drops have carbohydrates, inorganic compounds, amino acids, and
proteins. Proteomics has provided evidence that pollination drops represent a
substantial investment on the part of the ovule. A number of proteins are conserva-
tively represented in most secretions (Wagner et al. 2007). Taken together, these
facts appear to make a compelling case for the conservative role of pollination
drops in pollen capture in all gymnosperms.

It has been suggested that the ancestral pollination mechanism of conifers is a
combination of ovular secretion of pollination drops and ovular scavenging of
rainwater (Runions and Owens 1996). This is meant to be an adaptation to drier
conditions of ancestral climates. Support for the view that exogenous water plays a
role in the pollination of a number of pinaceous and cupressaceous genera comes
from observations of the effects of humidity (Runions et al. 1995; Runions and
Owens 1996) and rainwater (Greenwood 1986; Colangeli and Owens 1990; Chan-
dler and Owens 2003) on pollen capture. Much of this argument relies on saccate
pollen behavior in water. Recently, Leslie (2010) showed that flotation-based
pollination is effective in preferential filtering of conspecific pollen in both Pinus
nigra and Pinus mugo. It was his opinion that the secretion of a pollination drop
alone is sufficient for the operation of the mechanism. Rainwater was not essential
or even contributory.

3 Angiosperm Nectaries and Their Involvement in Pollination

Although nectaries are restricted to very few gymnosperm species, they are
widespread in angiosperm flowers. Angiosperm floral nectaries show an impres-
sive morphological variety (Bernardello 2007; Pacini et al. 2003). They may be
located at surface level in the organ bearing them, form an outgrowth on the
organ, or be concealed deep within the organ. Unlike other floral structures,
the relative positions of which are conserved throughout angiosperm evolution,
the nectary is not located in the same position in all plants (Fahn 1979). From the
ecological point of view, the diversity in nectary location is strictly linked to the
large diversity of pollinators and their foraging behavior. Fahn (1979) formulated
a topographical classification of floral nectaries, which was successively revised
by Schmid (1988). A septal nectary, so named because it is concealed in the septal
region between adjacent carpels, is the most common type of floral nectary in
monocotyledons. It is largely absent in dicotyledons (Smets et al. 2000). It is also
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known as a gynopleural nectary (Smets and Cresens 1988). According to Rudall
(2002), septal nectaries have been lost several times in monocot evolution,
probably in association with the emergence of different pollination syndromes.

A nectary is generally composed of the following parts: (1) nectary epidermis;
(2) nectary parenchyma, which are the layer(s) of small cells with densely staining
cytoplasm present beneath the epidermis; and (3) subnectary parenchyma that is
made up of larger more loosely packed cells compared with to nectary parenchyma
(Nepi 2007). Vascular bundles may be found in the nectary or subnectary paren-
chyma. These bundles may be composed of both xylem and phloem or solely of
phloem. Much of the anatomical variability of the nectary is related to epidermis
and nectary parenchyma characters. The epidermis is the site of nectar release via
stomata, secretory hairs, specialized cuticle, or transfer cell-like cells (Nepi 2007).
Nectary parenchyma is the tissue most involved in nectar production. Much of the
more evident ultrastructural variability is related to plastid development (Nepi
2007). The more common types of plastids found in the nectary parenchyma are
chloro-amyloplasts, in which accumulated starch is the direct product of photosyn-
thesis, and amyloplasts, in which large reserves of starch are stored that are not
directly derived from photosynthesis. Species with high rates of nectar production
have large reserves of starch in their nectary parenchyma cells (Nepi and
Pacini 2007).

Both the floral nectary and its nectar are involved in pollination because the
nectary is strategically positioned in the flower. When pollinators visit the flower in
search of nectar they unintentionally load pollen grains and/or discharge them on
the stigma. In some species, the plant may receive other additional services from
nectar-feeding pollinators. For example, Croton suberosus is pollinated mainly by
the wasp Polistes instabilis that visits its flowers in search of nectar. The wasp also
defends the plant from foliar herbivores (Narbona and Dirzo 2010).

It is evident that the site of nectar presentation, i.e., where nectar accumulates,
plays the key role in directing pollinator movement within the flower and thus
pollen loading and unloading. Nectar accumulates on the surface of the nectary
(primary presentation; Fig. 3), but sometimes it flows far away (secondary presen-
tation; Fig. 4) (Nepi and Pacini 2007). Secondary presentation is carried out by
means of nectar ducts where nectar flow away from the nectary is driven by
capillary forces, secretion pressure, or gravity (Vogel 1998). In Aloe species the
different types of secondary presentation are associated with different types of
floral morphology and pollinators (Nepi et al. 2006).

In a curious exception, Asclepias syriaca (Asclepiadeaceae) nectar is not only
the reward for pollinators, but it is also the natural germination medium for pollen
(Kevan et al. 1989). The nectary of this plant is located in the stigmatic chamber;
the nectar flows into nectar reservoirs called cucullui via a capillary duct. It is from
these reservoirs that the pollinators suck the sugary secretion. Nectar that wets the
stigmatic chamber aids germination of pollen grains packed in the pollinia inserted
by pollinators.
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Fig. 3 Floral nectar primary
presentation. (a) Nectar
exudation by multicellular
capitate trichomes in
Cyclanthera pedata (scanning
electron micrograph). The
density of trichomes increases
centripetally. Bar = 500 pm.
(b) Nectar drops presentation
in a male flower of Sechium
edule. Nectar is produced by
multicellular trichomes
located in small cavity close
to the base of the partially
fused filaments.

Bar = 0.5 cm

3.1 Nectar Production

Several models of nectary functioning have been proposed (for a review, see Nepi
and Pacini 2007). Unfortunately, these models of nectar secretion are restricted to
few species and just two approaches, namely ultrastructural or physiological ones
that are never combined to greater effect. According to these models, nectar
production involves three main steps:

1. Unloading of phloem sap into the subnectary and/or nectary parenchyma.
Although nectaries may have active chloroplasts, carbohydrates for nectar
production are mostly imported from phloem sap by the involvement of com-
panion cells and parenchyma cells associated with the vascular bundles.

2. Transformation and transport of the prenectar across the nectar-secreting cells
involving both the apoplastic and the symplastic spaces.

3. Nectar discharge outside the nectary in most cases through stomata or sometimes
through modified cuticle or cuticle microchannels (Nepi 2007 and references
therein).

The more recent model of the mechanism of nectary functioning was proposed
by Vassilyev (2010). The model is based on a pressure-driven mass flow in the
nectary apoplasm, while prenectar sugars diffuse from the sieve tubes through the
symplasm to the nectary cells, where nectar is formed and sugars cross the plasma
membrane by active transport. The pressure driving the mass flow originates from
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Fig. 4 Floral nectary secondary presentation in Aloe. Nectar is produced by septal nectary
inside the ovary and is released outside in different floral regions by means of capillary ducts.
(a) Densely packed, erect flowers in the inflorescence of A. castanea. Note the dark colored
nectar inside the corolla tube. Bar = 0.5 cm. (b) A flower of A. castanea with the corolla and
filaments partially removed. Nectar accumulates at the top of the ovary in the space between the
filaments. Bar = 0.5 cm. (c) The loose inflorescence of A. greatheadii var. davyana with
bending mature flowers. Bar = 1.5 cm. (d) A flower of A. greatheadii var. davyana with the
corolla and filaments partially removed. Nectar accumulates around the base of the ovary
(arrow) in a kind of nectar reservoir formed by an enlargement of the basal part of the corolla
tube. Bar = 0.5 cm

the water influx in the apoplasm from the symplasm along a sugar concentration
gradient. Parenchyma cells associated with the vascular bundle absorb mainly
sucrose from the sieve elements and secrete it into the apoplasm causing a water
influx into the free space of the nectary. Sucrose hydrolysis by invertase — that was
found recently associated with the nectary cell walls of Arabidopsis thaliana and
essential for nectar production (Ruhlmann et al. 2010) — increases the osmotic
concentration and draws more water into the nectary, thereby maintaining a favor-
able concentration gradient for the diffusion of sucrose through the nectary tissue.

A considerable water influx into the nectary can also be caused by the hydrolysis
of starch reserves in the nectary parenchyma cells. This frequently happens just
prior to the initiation of nectar production (Nepi et al. 1996; Nepi 2007 and
references therein; Ren et al. 2007). The release of a substantial amount of soluble
sugars increases cellular osmolarity, causing a rapid influx of water into the nectary.
The result is an increased hydrostatic pressure of nectar that subsequently drives
nectar flow through the stomata (Ren et al. 2007). The rapid influx of water also
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results in vacuole enlargement in nectary parenchyma cells at the onset of secretion
(Nepi et al. 1996; Nepi 2007). Starch reserves may have another important function
beyond simple provision of sugars for nectar. The rate of starch hydrolysis may
regulate the hydrostatic pressure within the nectary and thus the nectar production
rate. The expression of genes involved in starch synthesis and breakdown is tightly
linked to the developmental stages of the nectary. In particular, starch catabolism is
correlated with nectar release prior to anthesis (Ren et al. 2007).

Nectary parenchyma cells are, in most cases, the site of transformation of
prenectar into nectar. Prenectar permeates the apoplasm. It also diffuses through
the symplast, from parenchyma cell to parenchyma cell via plasmodesmata.
Prenectar can be absorbed from the apoplasm by parenchyma cells, transformed,
and secreted again in the apoplasm by eccrine or granulocrine secretion (Nepi
2007). Parenchyma cells are responsible for the selective reabsorption of sugars
and their cycling through several biochemical pathways as was recently
demonstrated by a study that combined magnetic resonance imaging and spectros-
copy (Wenzler et al. 2008).

Nectar discharge outside the nectary can be a result of the increased hydrostatic
pressure in the nectary as reported above. A common feature of parenchymatous
nectaries is the presence of stomata on the nectary surface. Stomata are the site of
nectar discharge. Nectary stomata are considered “modified” with respect to leaf
stomata because they are have little or no ability to control stomatal closure. In
species that lack such stomata, nectar release occurs through the nectary’s cuticle.
The cuticle is either thin allowing easy passage or it possesses pores or
microchannels. These are in either the form of fibrillar outgrowths of epidermal
cell wall or narrow tubular interruptions in the continuity of the cuticle (Nepi 2007
and references therein). In other instances, the cuticle initially appears completely
impermeable and the nectar accumulates in a subcuticular space formed by separa-
tion of the cuticle from the epidermis. As secretion continues, the cuticle stretches,
becoming very thin. It has not been determined whether the nectar is released by
rupture of the cuticle or whether thin areas of the stretched cuticle become perme-
able to nectar (Nepi 2007).

How all of these processes are regulated and coordinated is almost completely
unknown. The involvement of plant hormones in nectar production is not very
clear. It was demonstrated that auxin inhibited nectar production (Shuel 1978;
Aloni et al. 2005). Recently, Radhika et al. (2010) demonstrated hormonal stimula-
tion of floral nectar production by jasmonates. This result integrates floral nectar
secretion into the complex network of oxylipid-mediated developmental processes.

3.2 Nectar Characters: Volume, Concentration, and Composition

Nectar characteristics, including volume, solute concentration, and composition
coevolved with pollinators. This is because nectar is the main food source for a
large number of animals, in particular, flying animals. Large volumes of dilute
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floral nectar typify bird-pollinated plants, while bee- and fly-pollinated flowers
produce low volumes of nectar that are more highly concentrated (Nicolson
2007). Flowers pollinated by long-tongued bees, butterflies, moths, hummingbirds,
and Old World bats tend to produce sucrose-rich nectars, whereas those pollinated
by flies, short-tongued bees, perching birds, and New World bats tend to produce
hexose-rich nectars (Baker and Baker 1983a).

In drier environments, pollinators may seek nectar more for its water rather than
for its sugar content. This appears to be the case in bird-pollinated South African
aloes that flower during the dry winter season, producing large amounts of diluted
nectar (Nicolson and Nepi 2005).

Recently, Herrera et al. (2009) provided a quantitative survey of yeast densities
in floral nectar and found that densities of 10°-~10 cells per mm® are common. The
presence of yeast in floral nectar alters important characteristics of nectar, including
total sugar concentration and relative proportions of constituent sugars (sucrose,
glucose, and fructose) (Herrera et al. 2008). They recommend testing for the
presence of yeast when studying the composition of floral nectar.

3.2.1 Nectar Volume and Concentration

Generally speaking, nectar is considered a water-sugary solution, the volume and
concentration of which vary widely both at inter- and intraspecies level (Nepi and
Pacini 2007). The range of variability for nectar volume is from about 50 nL, as in
single florets of Asteraceae (Wist and Davis 2006) to 9.4 mL in Ochroma lagopus
(Bombacaceae), a large white bat-pollinated flower (Opler 1983). There is a
positive correlation between nectar volume per flower and the size of the flower,
just as there is a correlation between nectar volume and the size of pollinators
(Nicolson 2007). The variability of floral nectar volume at the intraspecific level
can be correlated with the age of the flower, the position of the flower on the plant or
within the inflorescence, or with certain environmental parameters (T and RH)
(Opler 1983; Pacini and Nepi 2007). Nectar volume is strongly influenced by
evaporation. Old flowers frequently contain low volumes of concentrated nectar
because of water evaporation (Nicolson and Nepi 2005; Nepi and Pacini 2007).
Sugar concentration ranges from less than 10% (w/w) in Aloe castanea
(Asphodelaceae, Nicolson and Nepi 2005) to almost 70% in Carum carvi
(Apiaceae, Langenberger and Davis 2002).

Concentration is a very important nectar character from an ecological point of
view because it has a positive and direct correlation with viscosity. As viscosity
increases, more time and energy are required by nectar consumers to suck nectar.
This is especially true of insects with long, extensible mouthparts, and birds with
long, narrow beaks such as hummingbirds. Viscosity greatly affects their foraging
behavior (Borrell and Krenn 2006, and references therein). Depending on the
amount of shelter from evaporation that floral structures provide to nectar, there
can be postsecretory changes in nectar concentration due to equilibration to ambient
humidity (Corbet et al. 1979). Coevolution of nectar and pollinator has resulted in
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specific pollinators favoring certain nectar sugar concentrations. Concentration can
affect insect physiology. Dilute nectar may fail to attract pollinators because the
energy reward is too low, but when nectar concentration is high it can affect the
rate of both ingestion and sugar intake. High concentrations can even damage
their digestive systems, and disrupt osmoregulation (Heyneman 1983; Harder
1986; Nicolson 1998). Although the nectar volumes may change greatly over
the course of the day (Gilbert et al. 1991; Nocentini 2010), nectar sugar
concentrations are relatively stable in most flowering species (Borrell and Krenn
2006; Nocentini 2010).

3.2.2 Nectar Composition

According to the more recent studies, nectar is much more than a water-sugary
solution provided by plants as reward for pollinators. Nectar is a complex milieu
containing mainly sugars but also a wide range of other substances that are present
in lower or trace amounts. These include amino acids, organic acids, lipids,
inorganic ions, vitamins, volatiles, and alkaloids. They function as either attractants
or repellents (Baker and Baker 1983b; Sangaravelan et al. 2005; Kessler and
Baldwin 2007; Nicolson and Thorburg 2007; Kessler et al. 2008).

While the past literature on nectar composition was mainly focused on sugars,
recent papers have underlined the ecological importance of secondary compounds
involved in modulating pollinator behavior during flower visits (Kessler and
Baldwin 2007; Kessler et al. 2008).

Sugars

Since sugars are so abundant as to be the main food resource of pollinators, sugars
are also the most thoroughly studied substances of nectar. Sucrose and its
monomers glucose and fructose are the most common sugars. Sucrose is the
preferred compound for carbon transfer in plants (Akazawa and Okamoto 1980).
This photosynthate flows through the phloem and enters both developing nectaries
and ovules, which act as sinks. Sucrose is very frequently found in angiosperm
floral nectar, although it is not ubiquitous. In an extensive study (765 species) of
nectar sugar composition Baker and Baker (1983a) found that sucrose was present
in the 89% of the species. In most cases it occurs in combination with glucose and
fructose. Only 10% of the examined species have glucose and fructose without any
sucrose. Glucose and fructose found in nectar are derived generally by the hydroly-
sis of the disaccharide sucrose by means of an invertase. As a result, these
monosaccharides are often present in almost equal proportion. Deviation from 1:1
ratio may indicate that more than simple hydrolysis in the nectary is involved. In
such cases, hexose sugars may be selectively reabsorbed from the prenectar after
hydrolysis of sucrose (Nepi and Stpiczynska 2008). Another way in which



Sugary Exudates in Plant Pollination 175

unbalanced hexose ratios may occur is that either glucose or fructose may enter
various biochemical pathways before being secreted (Wenzler et al. 2008).

Baker and Baker (1983a) categorized nectar according to sugar ratios, defined as
the ratio by weight of sucrose to the combined hexose sugars, S/(G + F). Four
classes of nectar were recognized: sucrose-dominant, sucrose-rich, hexose-rich, and
hexose-dominant. This terminology was largely adopted and it is widespread. More
recent authors have criticized the use of sugar ratios as misleading, because undue
emphasis is placed on the sucrose content of nectar (Nicolson and Thorburg 2007).
They recommend describing the sugar profile according to the relative percentages
of the three main sugars.

An exception to the dominance of the “big three” sugars is reported in species of
Protea and Fourea (Proteaceae), both of which are pollinated by rodents. Pentose
xylose comprises up to 39% of total sugar (Jackson and Nicolson 2002). Presence of
xylose in angiosperm floral nectars is rare; it is considered to be a deterrent to
insects and birds (Nicolson and Thorburg 2007).

Minor sugars, i.e., present in low amounts, are found on occasion. Arabinose,
mannose, melezitose, raffinose, and stachyose were reported in several species
(Nicolson 2007).

Amino Acids

Although present in nectar in much lower amount than sugars, amino acids neverthe-
less serve as food while contributing to nectar taste. All 20 of the normal amino acids
found in protein have been identified in various plant nectars. Essential amino acids
may be an important nitrogen source for nectarivorous pollinators (Nicolson and
Thorburg 2007). Amino acid-rich nectar improves butterfly fecundity (Mevi-Schiitz
and Erhardt 1997). Proline seems to have a special importance for insect. It not only
contributes a taste preferred by insects (Alm et al. 1990), but it stimulates the insect’s
salt cell, a labellar chemosensory receptor of insects, resulting in the increased
feeding behavior (Hansen et al. 1998). Proline is metabolized very rapidly. In
honeybees, proline is the most abundant amino acid in the hemolymph and is
required for egg laying (Nicolson and Thorburg 2007 and references therein).
Oxidative proline degradation provides an efficient, short burst of energy that is
utilized during the initial lift phase of insect flight. In comparison, sugars such as
glucose are used for extended flight (Carter et al. 2005). Phenylalanine, an amino acid
that also stimulates the sugar cell of insects, has been commonly detected in nectar. In
species found in Mediterranean scrub communities, e.g., phrygana, phenylanine is
relatively abundant, particularly in plants of the Lamiaceae (Petanidou 2007).

Proteins

Proteins have been detected in floral nectar since the 1930s (Beutler 1935).
Advances in molecular biology have allowed better characterization of nectar
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protein profiles (Carter and Thornburg 2004; Carter et al. 2007; Kram et al. 2008;
Hillwig et al. 2010). Proteins are not involved in attracting or repelling animals.
Two general functional classes of proteins are found in nectar: carbohydrate-
metabolizing enzymes (invertase, transfructosidase, and transglucosidase) and
proteins that defend against microorganisms.

Metabolic enzymes are evidence that nectar is not a static product. However, the
regulation of enzyme activity remains unstudied. Invertase, the hydrolyzing
enzyme of sucrose into glucose and fructose that is responsible for the basic
sugar composition, is of particular importance because it allows postsecretory
transformation of the nectar sugar profile. The presence of invertase in nectar has
been known since an early report in Tilia sp. (Beutler 1935). There is a surprising
lack of characterization of invertase activity in more recent studies of floral nectar.

Nectar is an excellent media in which fungi and bacteria will grow, especially
when it is openly exposed. Approximately 30—40% of samples contained yeasts
(Herrera et al. 2009). It appears that plants defend their sugary secretions,
protecting them for their reproductive purposes, while preventing their use as a
base for microbes to further attack the plant’s reproductive systems. A diversity of
defense protein types is found in floral nectar (Carter and Thornburg 2000, 2004;
Nagpvi et al. 2005; Carter et al. 2007; Kram et al. 2008; Hillwig et al. 2010). A novel
biochemical pathway was discovered — the nectar redox cycle — that protects nectar
by maintaining high levels of hydrogen peroxide (Nicolson and Thorburg 2007 and
references therein). This cycle was initially found in ornamental tobacco and in
some other unrelated species (Carter and Thornburg 2000). Petunia also belonging
to the Solanaceae does not have this redox cycle (Hillwig et al. 2010). Instead, it has
ribonuclease activity that is responsible for antimicrobial activity in its nectar.

As Baker and Baker (1983b) wrote nearly 30 years ago, “It is certain that many
enzymes must occur in floral nectar and their identification and distribution must
precede any conclusion as to their function”. At present the study of nectar proteins
by means of the sequencing and biochemical characterization is at its beginning.
Given the limited number of studies to date, the surprising diversity of proteins
already found provides great optimism that there are other proteins and other
mechanisms to be discovered.

Secondary Compounds

Secondary metabolites, including tannins, phenols, alkaloids, and terpenes, have
been found in floral nectar in more than 21 angiosperm families (Adler 2000).
Although these compounds have been known since the 1970s, they were considered
to be toxic deterrents against predators (Baker and Baker 1983b). Recently,
researchers have discovered that these compounds may play an important role in
managing visitors’ behavior. Flowers face a multidimensional challenge: they need
to attract visitors, to compel them to vector pollen with the least investment in
rewards, and to repel nectar robbers at the same time. All of this is in the service of
maximizing fitness. The bouquet of secondary compounds may serve a number of
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these objectives. Kessler et al. (2008) discovered that both repellent and attractant
were required to maximize capsule production and flower visitation by native
pollinators, whereas nicotine reduced nectar robbing by non-pollinating animals.

Nicotine decreased visiting time of pollinators as well as the volume of nectar
that they collected per flower. However, nicotine increased the number of visits. It
was hypothesized that nectar repellents maximize the number of flower visitors per
volume of nectar. Plants are not only able to keep nectar volume small but
maximize outcrossing (Kessler and Baldwin 2007). According to Sangaravelan
et al. (2005) naturally occurring concentrations of secondary compounds such as
caffeine, nicotine, anabasine, and amygadaline did not deter insects. Secondary
compounds can be regarded as post-ingestion stimulants to pollinators. Low
concentrations of psychoactive alkaloids nicotine and caffeine increased feeding
significantly. These compounds may have been part of the reward.

Secondary compounds found in nectar are frequently volatile organic
compounds (VOCs). In excess of 1,700 VOCs are known. They contribute to the
enormous variability of floral scents (Raguso 2009) that allow plant—animal
interactions. Nectar scents may also include compounds emitted by surrounding
floral tissues, such as a hydrophilic subset of compounds including geraniol,
linalool, or jasmone. This suggests passive absorption by nectar. It may also suggest
that the floral tissues other than nectaries are able to produce molecules targeted to
nectar (Raguso 2004).

Secondary compounds also include pigments that color nectar, creating a visual
signal to attract or repel animals (Fig. 4). Worldwide, pigments are found in the
nectar of 67 divergent taxa that are geographically widely distributed (Hansen et al.
2007). The most common nectar colors range spectrally from yellow to red, but
colors such as brown, black, green, and blue are also found (Hansen et al. 2007).
Colored nectar is often correlated with one or more of the following three
parameters: (1) vertebrate pollination, (2) insularity — many species are from islands
or isolated mainland habitats, and (3) altitude — many such species are found at
relatively high altitudes (Hansen et al. 2007).

Secondary compounds are involved in managing animal visits by both visual and
olfactory signals, for example, the bitter-tasting dark floral nectar of Aloe
vryheidensis because of a high content of phenolic compounds. The phenolic
component appears to function as a floral filter by using visual cues to attract
some animals, e.g., birds, while using taste to deter others, e.g., bees (Johnson
et al. 2007).

Secondary compounds in nectar are known to have antimicrobial properties
(Adler 2000 and references therein). Compounds may not only provide a direct
defense from microbial invasion, but can indirectly protect the consuming animal.
Manson et al. (2010) demonstrated that the consumption of a nectar alkaloid
gelsemine found in Gelsemium sempervirens reduces pathogen loads in
bumblebees. It also protects bees from infection, which, in the long run, improves
their foraging efficiency.
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3.3 Evolutionary Plasticity of Nectaries and Nectars

Most of the angiosperms orders have species with floral nectar. Floral nectar is
present in a large number of unrelated angiosperm taxa (see Fig. 7 in Bernardello
2007). Floral nectaries have arisen independently a number of times (Brown 1938;
Meeuse 1978; Friis and Endress 1990). Nectaries have also been lost in some
lineages, and in some instances reacquired (Bernardello 2007). Unlike other floral
structures whose relative positions are conserved in angiosperm evolution, the
nectary is not located in the same position in all plants (Bernardello 2007). The
molecular basis for such great nectary “plasticity” was recently discovered by
Baum et al. (2001). Since the nectary location is independent of the ABC floral
homeotic genes responsible for floral organ positioning, the nectary is “free” to
move about the flower in response to natural selection. This positional flexibility is
further increased by the way in which nectar accumulates outside the nectary; in
other words, it is secondary presentation (Pacini et al. 2003). In addition to the
morphological and structural plasticity, nectar shows substantial plasticity in chem-
ical composition, particularly of sugars. Dupont et al. (2004) found a clear dichot-
omy between hexose-rich and sucrose-rich nectar in Macaronesian Echium spp.
The former are pollinated by birds and the latter by insects. They concluded that
sugar composition is more labile than floral morphology. In these island plant
species, chemical composition changes in response to opportunistic flower-visiting
birds. In contrast, plants on mainland areas are not thought to have their evolution
driven by these same types of opportunistic pollinators. Nevertheless in other
groups of plants, for example in the Aloiideae (van Wyk et al. 1993), sugar profile
is relatively conserved within genera, subgenera, or sections even when the species
are pollinated by different animals. As stated by Kromer et al. (2008), phylogenetic
conservatism is more or less relaxed within different taxonomical groups and,
probably, also in different ecological contexts.

4 Conclusions and Future Perspectives

Although gymnosperm pollination drops and angiosperm floral nectars are ontoge-
netically, anatomically, and physiologically distinct, they may share evolutionary
links. Insect—plant relationships for pollination that are based on sugary exudates,
i.e., pollination drops, were established well before the rise of angiosperms
(Labandeira et al. 2007; Ren et al. 2009), even though wind has remained the
main gymnosperm pollen vector. Insects preadapted to feed on sugary secretions
were then “co-opted” by the more specialized reproductive structures (flowers) of
angiosperms that readily exploited entomophily by secreting a sugary exudate in
the form of nectar. Judging from the dominance of glucose and fructose in most
pollination drops of modern gymnosperms, hexose-rich composition is likely to be
a plesiomorphic characteristic and dominated probably also in the period of major
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radiation of gymnosperms. The establishment of a true entomophily in
gymnosperms such as gnetophytes and in primitive angiosperms resulted in further
specialization of nectars in terms of food reward. With the rise of more specialized
pollinators, sugar concentrations increased, as did sucrose concentrations. Sucrose,
in contrast to the more easily digestible monosaccharides favored by an extensive
array of nonspecialized pollinators (flies, wasps, and beetles), is linked to more
specialized pollinators (long-tongued bees and butterflies) (Nicolson 2007;
Petanidou 2007). The first appearance in the fossil record of advanced pollinator
groups, including many Hymenoptera and glossate Lepidoptera, occurred approxi-
mately 140 million years ago, which is very close to the first appearance of
angiosperms (Willis and McElwain 2002). The food preferences of these two
groups of insects — especially Lepidoptera — for sucrose-rich nectars (Baker and
Baker 1983b) may have driven the selection of individual plants that produced
increased carbohydrate rewards.

Liquid stigmatic exudate on the stigma of the primitive plant Pseudowintera
colorata (Winteraceae) is the main reward for pollinators such as flies, beetles,
thrips, and primitive moths (Lloyd and Wells 1992). This suggests that the primitive
pollination mechanism in the ancestors of the angiosperms may have been had an
unspecialized syndrome involving pollination by a fluctuating spectrum of oppor-
tunistic pollinators. Stigmatic exudates, which are known to occur in a number of
other primitive angiosperms, may have been the first type of reward in angiosperms.
Nectaries are rare in early branching lineages of modern angiosperms, which would
appear to indicate that this condition is plesiomorphic. Curiously, the stigmatic
exudate of P. colorata is reabsorbed following pollen deposition and, if artificially
removed, is then produced again the next day (Lloyd and Wells 1992). This
situation is analogous to that found in many pollination drops (Mugnaini et al.
2007a, b). These similarities may be a consequence of the evolution of pollen
receptive surfaces, from the pollination drop of gymnosperms to the wet stigma of
early angiosperms (Lloyd and Wells 1992). If stigmatic secretions were the first
reward in an early angiosperm, nectaries may have evolved sooner or later in order
to decrease damage to the stigma surface due to insect foraging activity. At least
hypothetically, an evolutionary continuum linking pollination drop, stigma secre-
tion, and nectar is possible to envision.

In the absence of genomic studies of gymnosperms, proteomics provide evi-
dence of shared functions of pollination drops and nectar (Wagner et al. 2007; Park
and Thornburg 2009; Gonzalez-Teuber et al. 2009). In both secretions the dominant
proteins are enzymes involved in either carbohydrate metabolism or defense against
microorganisms. Invertases and chitinases have been found in both pollination
drops (Wagner et al. 2007) and nectar both floral and extrafloral (Gonzalez-Teuber
et al. 2009), indicating a certain grade of conservatism of the two functional classes
of proteins that are needed to maintain their osmolarity and composition.

Although proteins are longer known in nectar than in pollination drops, they
have been identified in pollination drops of greater number of gymnosperm species
than it have been done for angiosperm nectar. In both cases the analyzed species are
too low to draw any kind of phylogenetic perspective. Much remains to be



180 M. Nepi et al.

discovered about sugary secretions involved in pollination by interested
biochemists and biologists. For gymnosperms it is to be considered that genomic
investigations are nonexistent. This should improve in the very near future as
increasing gymnosperm sequence information becomes available. The most urgent
requirement is to prove the effective biological function of constituents identified in
pollination drops and nectar. Integrating the physiology and biochemistry with
gymnosperm and angiosperm pollination ecology, most notably in insect pollina-
tion, will provide valuable insights into the evolution of seed plants.
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Nectar Secretion: Its Ecological Context
and Physiological Regulation

Maria Escalante-Pérez and Martin Heil

Abstract Plants secrete nectar to attract pollinators and indirect defenders. The
chemical contents of both floral and extrafloral nectar appear adapted to attract and
nourish these two classes of animal mutualists. Being rich in sugars and amino
acids, however, nectar also requires protection from nectar robbers and infecting
micro-organisms. This role is mainly fulfilled by nectar proteins (nectarins) and by
secondary compounds such as alkaloids. Although much on the chemical ecology
of nectar and the phenotypic patterns of its secretion is known, we have only limited
knowledge on the molecular control of the synthesis of nectar components and of
nectar secretion. Likewise, carbohydrates are uploaded from the phloem into the
nectariferous tissue, where they might move via an apoplastic or a vesicle-bound,
symplastic pathway. Cell wall invertases play a central role in creating the required
source—sink relations and controlling the sucrose/hexose ratio of nectars. No infor-
mation exits on the sites of synthesis of non-carbohydrate nectar components such
as proteins and alkaloids, although it appears likely that at least the bulk of nectarins
is synthesized in the nectariferous tissue itself. Most of the common model species
do not depend on nectar secretion, and it might be this fact that has hindered nectar
research over the last 50 years. We recommend the use of contemporary “omics”
techniques in comparative approaches to understand how plants synthesize and
secrete nectar.

1 Introduction

Nectar serves for the attraction and nutrition of animal partners that are engaged
in two major types of plant-animal mutualisms, in which plants make use of
the mobility of animals: pollination and indirect defence (Heil 2008, 2011;
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Brandenburg et al. 2009). Both types of mutualisms can also be enabled by other
types of resources, but floral and extrafloral nectar appear by far the most important
plant rewards in this context. By definition, floral nectar (FN) is secreted within the
flower (Fig. 1) and serves pollination, whereas extrafloral nectar (EFN) is secreted
commonly, but not necessarily, outside the inflorescences (Fig. 2) and serves
the indirect defence of the plant by intensifying its tritrophic interactions with
carnivores (Bentley 1977; Elias 1983).

Although its general importance is being widely appreciated, nectar remains
a surprisingly understudied discipline within plant science (Sect. 6). For example,
little is known about nectar components other than the sugars and amino acids
(Nicolson et al. 2007; Gonzalez-Teuber and Heil 2009a), and new classes of
substances continue to be detected in nectar. Even less is known about the synthesis

P A

Fig. 1 Floral nectaries of Arabidopsis thaliana and ornamental tobacco. (a) Light microscopy of
fresh, isolated S12 tobacco gynoecium showing the light green ovary and the orange nectary at its
base, bar = 1 mm. (b) Light microscopy of 1-pum-thick sections of Arabidopsis thaliana floral
nectaries stained showing two stomata, bar = 25 pum. (¢) Scanning electron micrograph of
dissected Arabidopsis flower showing two types of nectaries (arrows) located between petals
(removed) and stamens, bar = 100 pm. (d) Enlargement of medial nectary (right arrow of c),
bar = 25 pm. Reproduced from Ren et al. (2007b). Photographs courtesy of Harry T. Horner and
Robert Thornburg (a) and Rosanne Healy (b—d)
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Fig. 2 Extrafloral nectary size depends on function. The size and anatomical complexity of
extrafloral nectaries are often related to their function. Obligate myrmecophytes house and nourish
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of nectar components and the regulation of their secretion. In this chapter, we
review the general knowledge that is available on FN as well as EFN and focus
particularly on those fields in which several exciting discoveries have been made
over the last decade.

For example, jasmonic acid (JA) has been identified as a hormone that affects the
secretion of both FN (Radhika et al. 2010) and EFN (Heil et al. 2001, 2004; Heil
2004), and a recently discovered gene that encodes an apoplastic invertase in
Arabidopsis (Arabidopsis thaliana) represents the first gene whose function is
required for FN secretion (Ruhlmann et al. 2010). Nectarins (nectar proteins)
were identified in tobacco (Nicotiana spp.) FN, Acacia EFN and pollination
droplets of gymnosperms. The function of these nectarins is likely to be the
protection against microbial infection (Carter and Thornburg 2004; Carter et al.
2007; Wagner et al. 2007; Kram et al. 2008; Gonzalez-Teuber et al. 2009, 2010).
Other enzymes were found to play central roles in the post-secretory tailoring of
nectar chemistry (Heil et al. 2005; Kram et al. 2008).

It is still not known, however, how nectar secretion takes place and how it is
controlled at the physiological, cellular and genetic levels, how plants can adapt
nectar secretion to consumption rates and/or consumer identity, and how nectar that
has not been consumed can be re-absorbed, although all these phenomena are well
described at the phenotypic level (Pacini et al. 2003; Pacini and Nepi 2007; Heil
2011). We therefore conclude our chapter with a short discussion on how contem-
porary methods could be used to “wake up the sleeping beauty” of nectar research.
Ongoing research has produced many expressed sequence tags from nectaries or
used gene chips to investigate large-scale transcriptional changes during nectar
secretion (Kram et al. 2009; Hampton et al. 2010), and the first proteomes have
been obtained from nectars of various species (Peumans et al. 1997; Gonzalez-
Teuber et al. 2009; Park and Thornburg 2009; Hillwig et al. 2010). The field is
ready for breakthroughs with regard to the (bio)chemistry of nectar and the physio-
logical and genetic regulations of its synthesis and secretion.

2 The Role of Nectar in Plant Reproduction and Defence

How important are nectars in the above-mentioned mutualisms? Pollinators of
higher plants are most commonly insects and birds. They are attracted to flowers
by pollination syndromes combining flower shape, colour and odour with nectar
and pollen at different quantities and qualities. Pollination by insects is generally

Fig. 2 (continued) specific ant colonies and are characterized by large nectaries that secrete
a chemically highly complex EFN. (a) Extrafloral nectary of Acacia cornigera; (b) Pseudomyrmex
peperi ants feeding on extrafloral nectaries of A. collinsii. By contrast, the extrafloral nectaries of
lima bean, Phaseolus lunatus (c: white arrows), serve only in the facultative attraction of
defenders, are localized on stipules, much smaller, and secrete a chemically more simple EFN.
Bars: 1 cm. Photographs taken by Antonio Cisneros (a), Martin Heil (b) and Christian Kost (c)
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assumed to increase the specificity of the pollen transport among conspecific
flowers and thereby guarantee adequate fertilization and outcrossing (de la Barrera
and Nobel 2004; Brandenburg et al. 2009). In spite of its apparent frequency and
presumed importance, however, little experimental evidence exists for the positive
effect of plant nectar on pollination success and, ultimately, plant fitness. Among
the Orchidaceae, for example, nectariferous species are more successful at setting
fruits than nectariless species (Neiland and Wilcock 1998). However, we are not
aware of similar correlational evidence from other study systems.

Although we can assume that the mere presence of nectar clearly benefits plants
by increasing pollination rates (Neiland and Wilcock 1998), we must ask: does
more nectar always mean more service, and what can plants do to minimize the
resulting costs? Apparently, only two studies have investigated the correlation
among FN consumption rates and pollinator efficiency, and both have found
contrasting patterns. In wild tobacco (Nicotiana attenuata), pollinators are attracted
from distance via the nectar-released odour, in which particularly benzyl acetone
played a crucial role in increasing the number of pollinator visits. Surprisingly, the
nicotine that is present in tobacco FN reduced the nectar uptake during single visits.
The combination of these compounds ultimately increased the number of floral
visits, particularly by hummingbirds (Kessler and Baldwin 2007; Kessler et al.
2008). By combining a long-distance attractant with a presumably bitter taste of the
nectar, wild tobacco appears to have developed a strategy to maximize outcrossing
with minimum investment in FN amounts. Can all plants minimize their energy
investment in nectar and still maintain a high number of pollinator visits? Flowers
of Petunia plants that were bred to produce reduced FN amounts with unchanged
morphological traits of the flower paid for this attempt to “cheat” their pollinators
with reduced visitation frequency by Manduca sexta moths and a concomitant
reduction in seed production (A. Brandenburg, personal communication, and
Brandenburg 2009). Do plants gain or lose fitness when reducing their FN secre-
tion? Generalizations are impossible based on these two studies. However, it seems
likely that the Petunia system represents the more usual scenario because Nicotiana
attenuata, owing to its special ecology, does usually not compete for pollinators
with other species.

The importance of FN in pollination has apparently never been questioned and it
might be this fact that prevented quantitative experimental studies and detailed
cost—benefit analyses from being planned, conducted, and published. By contrast,
the ecological role of EFN has been controversially discussed (Sect. 6). Has this
situation led to a better empirical investigation? In fact, the answer is “yes”. During
the sixties and seventies of the last century, literally hundreds of ant exclusion
experiments demonstrated that the presence of ants can benefit plants by reducing
overall herbivore pressure (Bentley 1977; Davidson and McKey 1993; Heil and
McKey 2003). Inducing plants to produce more EFN has positive effects on the
number of ant workers foraging on plants (Heil et al. 2001; Kost and Heil 2005).
Several studies in different ecosystem have demonstrated that higher EFN avail-
ability can increase the survival rates of ant workers (Lach et al. 2009) and other
predators (Limburg and Rosenheim 2001) and also ant activity and aggressiveness
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(Sobrinho et al. 2002; Ness 2006; Heil et al. 2009). Studies using wild cotton
(Gossypium thurberi) demonstrated that fewer ants visited plants with experimen-
tally reduced numbers of extrafloral nectaries; leaf damage on these plants was
higher and seed number was lower compared with plants with natural levels of
EFN, indicating that EFN mediates the benefits of ants (Rudgers 2004). Indeed,
indirect defence via ants represents one of the few anti-herbivore defence strategies
for which a clear effect on net herbivory rates and plant fitness has been shown for
different species (Chamberlain and Holland 2009). In summary, a positive correla-
tion of investment with benefit for the plant has been shown for EFN, but the
generality of this assumption has yet to be proved for FN.

3 Nectar Chemistry and Function

Plants secrete nectar to attract pollinators and defenders. Therefore, nectar needs to
be chemically attractive to these insects. Nectars in general contain sugars and
amino acids in an aqueous solution, which can be supplemented by proteins, lipids,
and even attractive volatiles (Heil 2011). The content of essential amino acids is
often enriched, and consumers are known to respond positively to this enrichment
(see below). In short, nectar is chemically designed to present an appetizing meal to
a large group of mutualistic animals. However, every reward that partners exchange
in a mutualistic interaction is prone to being abused by exploiters: non-mutualistic
species that do not render the respective benefit to the reward-producing partner
(Bronstein 2001). How can plants protect their nectar from these “nectar thieves”?
In the following chapter we discuss how the chemical properties of nectar create its
“Janus-like” face: nectar presents a nice, attractive face to its legitimate consumers
but might appear very different from the perspective of putative exploiters (Fig. 3).

3.1 The Attractive Components of Nectar

Carbohydrates and free amino acids in the nectar are most important for the function
of attraction. Because this aspect of the chemical composition of nectar has been
reviewed repeatedly (Nicolson et al. 2007; Gonzalez-Teuber and Heil 2009a), we
provide only a short overview here. Most authors assume nectar to be adapted in its
composition and concentration to the nutritional preferences of the consumers (Baker
and Baker 1982, 1983; Pacini et al. 2003; Johnson and Nicolson 2008; Kromer et al.
2008). Even nectar viscosity has been reported to determine the spectrum of
pollinators, because certain animals might not be able to consume too viscous nectars
(Kohler et al. 2010). Besides this physical trait, the composition of the nectar
determines, at least in part, the spectrum of nectar consumers, because animals differ
in their nutritive requirements. For example, hummingbirds, butterflies, moths and
long-tongued bees usually prefer sucrose-rich floral nectars, as do most ant species



Nectar Secretion: Its Ecological Context and Physiological Regulation 193

that feed on EFN, whereas short-tongued bees and flies prefer FN rich in hexoses
(Bliithgen and Fiedler 2004; Nepi and Stpiczynska 2008; Gonzalez-Teuber and Heil
2009a; Nepi et al. 2009). However, some nectarivorous birds and ants lack the
sucrose-cleaving enzyme invertase and are thus not able to assimilate sucrose, and
hence prefer sucrose-free nectars (Martinez del Rio 1990; Heil et al. 2005).

Sugars represent the dominant compound class in nectar and are usually about
100-1,000 times more concentrated than amino acids. However, amino acids can
significantly affect the attractiveness of nectar. Birds and bats can also gain nitrogen
from other sources, whereas many adult insects feed only on liquids. We can
therefore assume that insect-pollinated flowers should possess more amino acids
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Fig. 3 The Janus-faced nature of nectar. Nectar chemistry serves both the attraction of mutualists
such as pollinators and defenders and the protection from nectar robbers and nectar-infecting
microorganisms. The most important attractive classes of compounds are mono- and
disaccharides, amino acids and volatile components such as benzyl acetone. Repellent effects
are exhibited by secondary compounds such as gelsemine and iridoid glycosides. Interestingly,
gelsemine has also repels legitimate pollinators. Nectar proteins (nectarins) mainly serve its
protection from microbial infections

in their ne