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Abstract—This review substantiates the need to study the plant oligoglycome. The available information on oligosaccha-
rins — physiologically active fragments of plant cell wall polysaccharides — is summarized. The diversity of such compounds
in chemical composition, origin, and proved biological activity is highlighted. At the same time, plant oligosaccharides can
be considered as outsiders among elicitors of various natures in research intensity of recent decades. This review discusses
the reasons for such attitude towards these regulators, which are largely connected with difficulties in isolation and identi-
fication. Together with that, approaches are suggested whose potentials can be used to study oligosaccharins. The topics of
oligosaccharide metabolism in plants, including the ways of formation, transport, and inactivation are presented, together
with data on biological activity and interaction with plant hormones. The current viewpoints on the mode of oligosaccha-
rin action — perception, signal transduction, and possible “targets” — are considered. The potential uses of such compounds
in medicine, food industry, agriculture, and biotechnology are discussed.
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It has been more than 40 years since the discovery of
the biological activity of oligosaccharide fragments of
plant cell wall polysaccharides [1, 2]. Identification of the
regulatory role of these compounds was associated with
the study of the interaction of plants with pathogens. The
cell wall polysaccharide fragments released by the action
of hydrolases secreted by microorganisms serve as elici-
tors that trigger response reactions of the plant organism,
in particular, phytoalexin formation [2-4]. Then the par-
ticipation of plant oligosaccharides in other processes
including morphogenesis was revealed [5-7]. To designate
physiologically active oligosaccharide, the special term
“oligosaccharin” was introduced by R. Albersheim [8],
who was the head of pioneering works on the description
and study of these compounds.

The first plant oligosaccharides with revealed physio-
logical activity were oligouronides — fragments of poly-
galacturonans [1, 2]. Later, elicitor properties were shown
for oligomers that are present in almost all known plant
cell wall polysaccharides: xyloglucan [9], xylan [10],
galactoglucomannan [11], cellulose [12], rhamnogalact-

Abbreviations: ABA, abscisic acid; IAA, indole-3-acetic acid
(auxin).
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uronan I [13], and rhamnogalacturonan II [14]. It was
established that the regulatory properties of plant
oligosaccharins are pronounced in the range of very low
concentrations: 107°-10~% M for oligogalacturonides [15]
and for xyloglucan fragments [7]. There are numerous
reviews devoted to the structure and the discovered effects
of plant oligosaccharins [16-20]. There was a real boom of
experimental works in this field in the 1980s and early
1990s, but then their intensity declined. Currently pub-
lished reviews on the functional characterization of vari-
ous cell wall components always contain a section about
oligosaccharins, but, in fact, they are based on the results
of two decades ago. On the background of the exception-
al interest in the signaling processes in living organisms
and intensive study of various regulators, oligosaccharins
can be considered as outsiders among elicitors of various
nature such as, for example, peptides produced, similarly
to cell wall polymer fragments, during catabolic process-
es. In this review, we try to identify the causes of this situ-
ation and to indicate possible ways to change it, summa-
rize the available data concerning both oligosaccharin
characteristics and their mechanism of action, and high-
light recently developed approaches for the study of com-
plex carbohydrates that might be effective in the investi-
gation of the plant oligoglycome.
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PROBLEMS OF RESEARCH
ON OLIGOSACCHARINS

Reduction in the number of studies devoted to plant
oligosaccharides is partly explained by difficulties that
researchers face in isolation of these compounds and
characterization of their effects. There are two main
problems when working with oligosaccharins: 1) obtain-
ing an individual oligosaccharide with characterized
structure, and 2) development of appropriate test systems
for the analysis of its activity [21].

The complexity of the isolation of an individual
oligosaccharide from plant tissue is associated with: (i)
their low content; (ii) high diversity of endogenous
oligosaccharides in plants; (iii) difficulty in separation of
neutral oligosaccharides with the same degree of poly-
merization, and especially of isomers having similar total
composition; (iv) necessity to provide evidence that the
effect is not due to the presence of non-carbohydrate
contaminants in the fractions, which are hard to avoid.
These are the reasons that the data on the extraction of
oligosaccharides directly from plant tissue are very limit-
ed (table). Studies of the team headed by O. A. Zabotina
and A. 1. Zabotin are among the few exceptions [36, 37,
43, 44]. Although with some caution, obtaining of active
oligosaccharide fragments from cell culture medium
could be considered in a similar way [46]. It should be
noted that in all these studies, purification of endogenous
oligosaccharides to individual compounds was not
achieved; as a result, their structures have not been char-
acterized. There are even fewer works revealing endoge-
nous oligoglycans with known structure and biological
activity: in aqueous extracts of tomato fruits (Lycopersicon
esculentum Mill.), oligogalacturonides with a degree of
polymerization of from 7 to 11 were identified [41], and
biologically active fragments of xyloglucan were found in
the cell culture medium of spinach (Spinacia oleracea L.)
[47].

Such a limited number of studies on the characteri-
zation of endogenous oligoglycans is in dissonance with
an extremely large variety of these compounds in plants.
Multiple chromatographic steps divide oligomeric gly-
cans isolated and concentrated from clarified
homogenate of plant tissues into numerous subfractions,
which can contain several individual compounds even
after the final stages of separation using highly effective
anion-exchange chromatography (Fig. 1); each com-
pound individually or in interaction with others can have
regulatory properties. That means a set of complex
oligomeric glycans is present in plant tissue simultaneous-
ly.

Monosaccharide analysis of the total oligosaccharide
fraction reveals the monomers typical for most of the cell
wall polysaccharides, both neutral and containing uronic
acids. The total content of oligosaccharides in plant tis-
sues is low, in the range 1077-10~°> M [41]. According to
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our data, at least 25 kg of plant material is needed to
obtain 1 mg of partially purified oligosaccharide fractions
from pea seedlings (Pisum sativum L.). Taking into
account that oligosaccharins cause physiological effect at
extremely low concentrations, it can be assumed that the
local concentration of the specific compound can be
quite sufficient for the effect.

Challenges in endogenous oligosaccharide isolation
and purification have forced researchers to use oligogly-
cans not from plant tissue extracts, but from chemical or
enzymatic hydrolysis of polysaccharides in vitro [11, 12].
This makes purification of the individual compounds
considerably easier, but it creates a skeptical attitude
toward the results since it requires evidence that similar
compounds are present in plant tissues, and observed
effects are indeed controlled by the ones in the intact sys-
tem.

Another approach is the use of synthetic oligosac-
charides [18, 35]. Chemical synthesis allows both prepa-
ration of an amount of material required for establishing
the mechanisms of oligosaccharide action and avoiding
questions concerning the possible influence of non-car-
bohydrate contaminants with high activity. But in this
case, the lack of developed methods for synthesis and
provision of complex stereochemical characteristics of
the majority of plant oligosaccharide (at least, with a
degree of polymerization more than 7) imposes limits.
Besides, both approaches leave open the question of sim-
ilar molecules existing in vivo.

Even if the oligosaccharide would be purified to the
individual compound level, or at least to a mixture of a
small number of components, the establishment of its
structure is not a trivial task due to the nonlinearity of
molecules, variety of possible types of linkages, and num-
ber and location of modifying groups. However, there are
established ways of solving the task by using various kinds
of mass spectrometry [48-50] and NMR spectroscopy
[51-53]. In such studies, the limiting factor is not the
analysis as such, but difficulties in oligosaccharide purifi-
cation and/or obtaining of its quantity sufficient for
analysis.

Identification of biological activity of any compound
requires an appropriate test system. A good example that
resulted in oligosaccharin discovery was analysis of phy-
toalexin formation, which revealed the signaling role of
the compounds of interest in plant defense reactions [8].
Investigation of other effects of oligosaccharides required
different approaches. A diversity of potentially active
fragments of cell wall polysaccharides made the develop-
ment of test systems with high throughput capacity
extremely important [9, 42]. Complete uncertainty in
possible targets of action of these effectors forced check-
ing their effects on integrated processes such as growth
and morphogenesis [23, 54] or adaptation to external
influences [37]. The majority of the identified oligosac-
charins have been described as stimulators or inhibitors of
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Plant oligosaccharins and their physiological effects

Oligosaccharides Observed effect Source for oligosaccharide | Method for | Concentration Refe-
isolation obtaining used rence
1 2 3 4 5 6
Oligogalact- induction of phytoalexin formation | stems and hypocotyls AH 1000 pg/ml [2]
uronides of soybean seedlings
cell suspension culture EH 100-200 pg/ml [22]
of parsley
inhibition of root formation in vitro ? EH 3 pg/ml [23]
induction of oxidative burst stems of soybean seedlings AH 1.8-9 pg/ml [24]
stimulation of cell wall thickening ? EH 1 pg/ml [25]
in pericycle
induction of lignin synthesis cell suspension culture EH 250-300 pg/ml [26]
of castor beans
induction of ethylene synthesis cell suspension culture EH 200 pg/ml [27]
of pears
commercial citrus pectin EH 6x107*M [28]
(Sigma, USA)
stimulation of flower bud formation | cell suspension culture EH 0.5-1 pg/ml [15]
in vitro of sycamore
increase of cytokinin-induced ? EH 2 ng/ml [29]
formation of stems
depolarization of cell membrane commercial citrus pectin AH 1000 pg/ml [30]
(Sigma)
Xyloglucan inhibition of stimulated by auxin cell suspension culture of EH 10 M [9]
fragments growth of stem segments sycamore
cell suspension culture of EH 10°M [31]
rose
inhibition of stimulated by gibberellin | cell suspension culture of EH 107"-10° M [32]
growth of stem segments carrot
activation of cell wall peroxidases cell suspension culture of EH 107"-10° M [33]
carrot
activation of cellulase cell suspension culture of EH 10°°M [34]
rose
stimulation of callus - S 10 M [35]
and meristematic zone formation
increasing the frost resistance leaves of winter wheat E 5-10 pg/ml [36, 37]
of winter crops
induction of ethylene synthesis cell suspension culture EH 1 ug/g [38]

of rose
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Table (Contd.)
1 2 3 4 5 6
Galactogluco- | formation of tracheary elements secondary cell walls AH 20-50 pg/ml [39]
mannan of spruce
fragments
increasing the viability of protoplasts | poplar wood EH 12x10°°M [11]
inhibition of IAA-induced primary | secondary cell walls AH 107"-10"° M [40]
root elongation of spruce
Pectin increasing of ethylene synthesis tomato fruits E 2 ug/g [41]
fragments
stimulation of root formation ixn vitro | leaves of pea seedlings AH 10 pg/ml [42]
in the absence of hormones
stimulation of IAA-induced root leaves of pea seedlings E 5 pg/ml [43]
formation in vitro
leaves and roots of pea E 5 pg/ml [44]
seedlings
increase of production of defense commercial citrus pectin EH 100-1000 pg/ml (4]
agents (Sigma)
accumulation of anthocyanins in commercial pectin EH 500-1500 pg/ml [45]
grape

Note: EH, enzyme hydrolysis; AH, acid hydrolysis; E, extraction without preliminary hydrolysis; S, chemical synthesis; ?, the cited paper does not

specify the source material for oligosaccharin isolation.

stem segment elongation [9, 55, 56]. Significantly higher
variety of responses is yielded in the study of morphogen-
esis in in vitro cultures [5, 29, 39], but this method is very
time consuming. Definitely, the currently used test sys-
tems do not cover all possible varieties of plant cell
responses to different oligosaccharins.

However, problems in the study of the oligosaccha-
ride effects can be more systemic. Keeping in mind the
enormous variety of oligosaccharides present in plant tis-
sue, it is easy to assume that the simultaneous presence of
not one, but several oligosaccharides, i.e. a specific com-
bination of various fragments of cell wall polysaccharides,
is necessary to achieve a certain physiological response. It
is known, for example, that the effects of oligosaccharide
elicitors that are fragments of fungal cell wall polymers,
on one hand, and host plant on the other, had synergistic
effect — plant defense reactions were initiated at lower
concentrations of different oligosaccharide structures if
they acted in combination [22]. The idea of a combined
action of an oligosaccharide combination is relevant to
the molecular pattern concept that has been developed
for different types of organisms. This concept postulates
that at different stages of development and under the
influence of external factors, there are characteristic sets
of low molecular mass compounds that serve as signals to

BIOCHEMISTRY (Moscow) Vol. 80 No. 7 2015

implement defense response or programs of development
[57-59]. In a plant organism, taking into account the spe-
cial role of the cell wall, oligosaccharides could be the
most important component of such patterns. For experi-
mental testing of such hypotheses, there is a need to ana-
lyze the effect of oligosaccharides not “apiece”, but in
certain combinations, the composition of which is only to
be determined — the plant cell oligoglycome, its dynam-
ics in different physiological process are not yet charac-
terized. At best, change in the elution profile of oligomer-
ic glycans isolated at different physiological stages has
been shown. For example, it was demonstrated that on
the elution profile of oligomeric compounds extracted in
the first hours of cold acclimation of wheat plants, a spe-
cial peak appeared that was absent on the elution profile
of control plant extracts. By subfractionation of com-
pounds eluted in this area, oligosaccharide fractions that
increased frost resistance were discovered [60].

The nearly complete absence of data characterizing
plant cell oligoglycome is explained primarily by the lack
of appropriate methodical capacities. Methods of
metabolomics used for the multi-component mixture
analysis of low molecular mass noncarbohydrate com-
pounds has not yet been properly developed for the char-
acterization of complex sets of oligosaccharides. Marker
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ions, whose identification is the basis for detection of cer-
tain compounds, are still poorly identified for oligogly-
cans. Also, other glycomic approaches that recently came
to light have not been implemented for plant tissues, but
are used mainly in medical studies [61-64]. Therefore,
information about plant oligosaccharins, discussed in the
following chapters, is presented only for individual frag-
ments of specific polysaccharides.

GENERAL INFORMATION
ABOUT PHYSIOLOGICALLY ACTIVE
OLIGOSACCHARIDES OF PLANTS

The spectrum of detected effects of plant oligosac-
charins is very wide (table). Activation of various protec-
tive effects is the most characterized; also, regulation of
growth and differentiation was demonstrated on various
explants. For example, oligosaccharides, primarily oli-
gogalacturonides, activate the synthesis of phytoalexins
[2], endo-B-1,3-glucanases and chitinases [22], pro-
teinase inhibitors [65], and peroxidases [33], induce
oxidative burst [24, 66], and stimulate lignin synthesis
[26] and ethylene production [27, 28]. Inhibition of stem
segment growth under the effect of various oligosaccha-
rins, particularly of oligouronides [55], fragments of
xyloglucan [9, 31, 54], and galactoglucomannan [11, 56]
has been described repeatedly; stimulation of growth is
rarely observed [34]. Oligosaccharides have various
effects on morphogenetic processes in vitro, such as root
[23, 35, 43, 44] and flower bud [15, 67] formation.
Among other effects, we mention the stimulation of guard
cell division and pericycle cell wall thickening [25], as
well as increase in winter crop frost resistance [36, 37].

The fragments of polygalacturonic acid and xyloglu-
can are the best-characterized oligosaccharins produced
by cell wall polysaccharide cleavage (table). Part of the
reason for this is commercial availability both of these
polysaccharides and of endoglycanases that hydrolyze
them. Furthermore, homogeneous fractions of oli-
gogalacturonides — linear molecules containing from two
to twenty residues of a-(1—4)-D-GalA — are relatively
easy to obtain because these molecules have no isomers,
at least in the absence of modifying groups.

The dependence of a physiological effect on the
structure of an oligosaccharide as well as the disappear-
ance of the effect after appropriate glycosidase treatment
of the sample serve as arguments in support of the view
that oligoglucans themselves effect the physiological
action, not their degradation products or contaminants
present in the sample. For example, the activity of the
oligosaccharide fractions affecting frost-resistance was
not changed after proteinase treatment or boiling, but
sharply decreased after treatment of the sample with gly-
cosidase [60]. Similar approaches have been used for con-
firming the oligosaccharide nature of the factor isolated
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from zinnia (Zinnia elegans L.) cell culture medium,
which stimulated cell growth, but inhibited differentia-
tion of the tracheary elements [68].

During the analysis of biological activity, it was
found that for the activity of oligouronide, the structure
of the reducing end is essential: its modification resulted
in a sharp decrease of oligosaccharin activity in a series of
bioassays [69]. It was shown that most of the effects
described for oligogalacturonides are caused by fragments
with polymerization degree of 10-16 [20]. Other polyan-
ions — polyglutamic acid, hyaluronic acid, dextran sul-
fate, oligomannouronides — do not exhibit activity simi-
lar to the oligogalacturonide effect [15]. To activate syn-
thesis of proteinase inhibitor, the hemiacetal ring and a
free carboxyl group at C-6 are required for uronides. The
activity decreased, but did not disappear totally, when the
hydroxyl group stoichiometry in C-3 position changed or
the formation of a double bond at C-5 occurred [70].
Fully methylated oligogalacturonides as well as nonlinear
isomers did not show activity [71].

Xyloglucan fragments have a much more complex
structure than oligouronides. The backbone of the
canonical nonasaccharide fragment contains four
residues of f-(1—>4)-D-glucose; to three of them, a-D-
xylose is attached at C-6, one of which, in turn, is linked
at C-6 to B-D-galactose; the composition is completed
by a-L-fucose attached to C-2 of galactose (Fig. 2).
Detailed studies, including various modifications of this
fragment and testing the activity of modified versions,
have shown that the presence of the fucose residue is nec-
essary for the best-known anti-auxin action of oligosac-
charides (inhibition of elongation stimulated by auxin)
[54, 72, 73], and for the effect on the immune reaction of
the plant [74] — all oligosaccharides lacking fucose were
inactive (Fig. 2). Fucose can be replaced by a structural-
ly similar a-L-galactose residue. Such situation occurs in
the murl mutant of arabidopsis (Arabidopsis thaliana L.),
the primary cell wall of aboveground parts of which has
less than 2% of normal a-fucose content. Xyloglucan
fragments obtained from the cell walls of this mutant did
not contain the terminal a-L-fucose residues character-
istic for xyloglucan subunit of wild-type plants. Fucose
was replaced by a-L-galactose residue, and the inhibi-
tion effect of the fragments on growth induced by auxin
was not changed [73]. Some other elements of the active
xyloglucan oligosaccharin structure also affected their
activity but had lower importance than the fucose
residue.

The structure of the most active fragments in differ-
ent plant species is not always universal; for example, for
the greatest induction of phytoalexin formation, the
degree of polymerization of oligogalacturonides has to be
12 galacturonic residues for soybean (Glycine max L.),
nine — for beans (Phaseolus vulgaris L.), and 13 — for cas-
tor bean (Ricinus communis L.) [3, 75]. Oligosaccharins
have an effect in heterologous systems: oligosaccharins
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Fig. 2. Effect of changes in structure of XXFG xyloglucan oligosaccharide on its biological activity [54, 72, 73].

isolated from one plant species can induce a physiological
response in another one [44, 76].

How are they produced? Mechanisms of oligosac-
charide formation in plant tissues can be related, at least
theoretically, with three types of processes. Some
oligosaccharides are synthesized specially, as such, and
are not fragments of cell wall polysaccharides. There are
practically no oligomers among them with degree of poly-
merization over 3-4. Often it is a non-reducing carbohy-
drate formed for transport of assimilates. The best known
of tetramers is stachyose. The content of such oligosac-
charides in plant tissues is much higher than of the
oligosaccharins discussed in this article.

One can consider various oligoglycans as “incom-
plete” polysaccharides that were secreted from the Golgi
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apparatus during synthesis. However, analysis of the kinet-
ics of incorporation of labeled substrates into oligomeric
and polymeric carbohydrates detected in cell suspension
culture medium suggests that oligomeric fragments are
formed later than polymeric ones [77]. Although this
analysis was performed only for xyloglucan, it is generally
accepted that the physiologically active oligosaccharides
are produced by polysaccharide cleavage.

Formation of oligomers through cleavage of polysac-
charides can occur both enzymatically, which is the main
way, and non-enzymatically. Enzymatic cleavage of poly-
saccharides to oligomeric fragments requires the partici-
pation of endoglycanases, for example, polygalacturonase
for the oligouronides and endo-(1—4)-B-glucanase for
xyloglucan fragments. Endoglucanases are widely repre-
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sented in plant cell wall; the enzymes active on specific
polysaccharides are encoded by wide multigene families.
However, there are no well-documented data that these
enzymes actually release oligosaccharins at the time and
in the place that correspond to their physiological activi-
ty [20]. Moreover, endoglycanases that can cleave the
backbones of some is present in cell wall polysaccharide
chains, for example, endogalactanases and endoarabi-
nanases have still not been detected in plants [78, 79].
During symbiotic association, formation of oligosaccha-
rins might be intensified due to endoglycanases of
microorganisms.

Cell wall polysaccharides of living plant cells can also
undergo nonenzymatic cleavage. For example, nonenzy-
matic degradation of various cell wall polysaccharides
(xylan, polygalacturonan, arabinogalactan, and cellulose)
occurs during incubation with 0.1-10 mM H,0, [80]. In
plant cell walls, during reaction of H,0, with copper (1I),
free hydroxyl radicals are produced that can cleave plant
polysaccharides such as xyloglucan [81] with high yield of
low molecular mass fraction and good reproducibility.
This nonenzymatic mechanism of polysaccharide
depolymerization occurs during increase in cell size, fruit
ripening, and organ abscission [82, 83].

Thus, one can state that the cell wall carbohydrate
polymers, in addition to other functions, serve as keepers
of “canned” signaling molecules [84, 85], and the
oligosaccharin action is an example of the physiological
activity of the catabolism products [86].

How are they transported? Oligosaccharin is trans-
ported in plants through the xylem. This conclusion is
based on the distribution of label after incorporation into
a plant of labeled oligogalacturonides [87], xyloglucan
fragments [88], as well as N-glycan oligosaccharide frag-
ments into a plant [89]. Experiments on the influence of
oligosaccharides on low-temperature adaptation serves as
another argument for the existence of upward transport of
oligosaccharides [37, 60]: oligosaccharin added to the
growth medium of winter wheat seedlings (7riticum aes-
tivum L.) stimulated increase of resistance measured by
the yield of electrolytes from leaves, which could be indi-
rect evidence of its upward movement in the plant; how-
ever, labeled oligosaccharin were not studied in these
works. Obviously, oligosaccharins are not transported
through phloem, since after application of labeled pectin
fragments onto mechanically damaged leaves, the label
remained locally distributed for 20 h [90]. This experi-
ment also demonstrated that apoplast oligosaccharide
transport occurs only over short distances. This, however,
is sufficient for passage of oligosaccharides formed in
other tissues into xylem vessels. Thus, there is a system for
oligosaccharin transport, and hence physiological effect
can appear in tissues other than those where the oligosac-
charin was formed.

Transported oligosaccharides can undergo significant
modification or hydrolysis. For instance, oligogalact-
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uronides can be cleaved into smaller oligomers or bind an
unidentified alcohol [87]. Xyloglucan fragments are also
modified and undergo degradation during transport, but
some xyloglucan fragments (XXFG), added exogenously,
and transported in pea seedlings over a distance of 5-6
cm, remained unaltered even 24 h after introduction into
the stem [88].

How do they work? The structural diversity of
oligosaccharins, as well as the dependence of the reaction
type on concentrations and wide range of biological
effects, suggest multiple mechanisms of the action of
these substances [20]. Although a large number of plant
physiological responses to oligosaccharins have been
described, the mechanism of signal reception and trans-
duction in most cases is still unknown. Oligosaccharide
molecules do not penetrate well into the cell [91], so their
action must be provided by structures localized either
directly in the cell wall, or on the plasma membrane.

Complex stereochemistry and numerous hydroxyls
typical for glycoside residues provide conditions for
recognition of oligosaccharides by receptors, the search
for which has been very active. These studies were devel-
oped most successfully for B-(1—6)-oligoglucans pro-
duced from the cell walls of fungi that infect plants. In the
course of this work, a 70-kDa protein was revealed that
bound hepta-B-glucan elicitor with high specificity, and
the binding was characterized by saturation, reversibility,
and affinity (K; 3 nM), that was enough to exhibit elicitor
activity at oligosaccharin concentration having a physio-
logical effect [92]. However, specific and reversible bind-
ing are insufficient criteria to consider a protein as a
receptor; proof of its involvement in the signal pathway
transduction triggered by [B-glucan oligosaccharins is
needed. There are no such arguments to date despite
intensive studies in this field.

For oligosaccharins that are fragments of plant cell
wall polysaccharides, the situation with the search for
receptor is less clear. For example, for xyloglucan frag-
ments extremely low concentrations required for a variety
of effects (107°-10~% M) occurred, and their dependence
on the fragment structure (Fig. 2) indicate the presence of
highly specific receptors for these oligosaccharins. At
least some of these effects, such as increase of intracellu-
lar enzyme activity, were observed in the absence of cell
wall — i.e. for isolated protoplasts [93]. Transcription and
translation inhibitors do not remove the oligosaccharin
effect, which is pronounced a few minutes after its addi-
tion to the medium. In sum, these data are arguments to
support the existence of xyloglucan fragment receptors on
the plasma membrane, as well as the existence of a cas-
cade for signal transduction inside the cell, but no specif-
ic candidate that could serve as receptor has been identi-
fied.

To explain the mechanism of signal perception of
oligouronides, a model was built considering as the recep-
tors members of the WAK (wall-associated kinase) fami-
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ly — transmembrane proteins containing cytoplasmic
Ser/Thr kinase domain, and the plasma membrane
domain located outside and interacting with cell wall
pectins. These enzymes are encoded in the arabidopsis
genome by five genes (WAKI1-WAKS), which are differen-
tially expressed in various organs and also during stress.
The presence of a covalent bond between such kinases
and homogalacturonans in the cell wall is suggested [94].
In addition, the ability of WAKI and WAK2 domains,
located outside of the plasma membrane, to interact
reversibly and noncovalently with de-etherified poly- and
oligouronides was demonstrated in vitro [95, 96]. The
study of wakl mutants revealed that at least five specific
amino acids are needed for this interaction [97], which
apparently occurs with the participation of a charged
uronic acid group. Binding specificity is determined not
only by the presence of charge as other polyanions,
including the structurally similar alginates, bound WAK1
with lower affinity [95].

Facts supporting that at least WAK1 and WAK2 are
indeed oligouronide receptors and are involved in signal
transduction have been obtained. Protoplasts isolated
from leaves of wak2-1 mutants were not able to modify
the expression of hundreds of genes in response to
oligouronide treatment in a way similar to samples of
control plants [96]. Expression in a heterologous system
containing chimeric proteins located outside the plasma
membrane domain of WAKI1 and the cytoplasmic kinase
domain of unrelated protein resulted in the appearance of
sensitivity to the oligouronides in chimeric kinases [98].
It was shown that in the presence of some oligogalactur-
onides some MAP kinases (particularly MAPK3) that are
involved in signal transduction in plant cells are activated,
and this effect is altered in wak2-1 mutants [96].
However, a clear interpretation of the results is difficult
due to the lack of some expected effects [99] and the rel-
atively small magnitude of the observed changes.

One of the first reactions to oligosaccharins is alter-
ation of ionic flows and depolarization of the membrane
potential of cells [20, 100]. For example, at an early stage
of cell suspension culture response to oligogalacturonide
presence, release of K™ and C1~ from the cytoplasm [101]
and Ca?" flow into the cell occurred [71, 100, 102].
Oligogalacturonides also induced “oxidative burst” —
H,0, formation was observed after their addition [24].
During the evaluation of the effect of oligouronides on an
experimental system, it was demonstrated that the flow of
Ca’" into the cytoplasm preceded the appearance of the
hydrogen peroxide, and the blocking of Ca?* transport
prevented the “oxidative burst”; thus the leading role in
the chain of events was assigned to Ca>* flows [71].

The flow of Ca?* into the cytoplasm under the influ-
ence of oligouronide is blocked by tetrabromobenzotria-
zole — an inhibitor of serine/threonine kinases [71, 103].
This suggests that under the influence of oligosaccharin,
the phosphorylation of a calcium channel component
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changes [103], but there is still no experimental data con-
cerning this. There was a hypothesis that the oligouronide
signal is perceived by WAKSs, which perform the phospho-
rylation leading to a change in Ca>* fluxes [71].

Proteins that are phosphorylated by WAK have not
yet been identified [104]. However, the idea of participa-
tion of a specific kinase in signal perception of
oligouronides is in good agreement with data on the dif-
ferential phosphorylation of certain proteins after oligo-
glucan treatment. More than two decades ago, a 34-kDa
plasma membrane protein was isolated, called remorin,
which was identified as a protein that is specifically phos-
phorylated in the presence of oligogalacturonides [105,
106]. Remorins are specific for vascular plant hydrophilic
proteins with unknown function, which are localized in
the plasmodesmata area and in membrane rafts from the
cytoplasmic side of the plasma membrane [107].
Remorins themselves are capable of binding with
oligouronides and other polyanionic molecules and form
oligomeric filament structure in vitro [105, 106, 108].
Proteins like remorin are found in many plant species
[109], but their participation in any physiological effects
provided by oligogalacturonides has not been established.
Knockouts of one or more remorin genes had no signifi-
cant phenotypic effect [106, 108].

Some lectin-like receptor with structural and cat-
alytic properties similar to WAK-kinase might also be
considered as oligosaccharin receptors. This assumption
is based on their ability to recognize and bind carbohy-
drates [110]. All lectin receptor-like kinases (LecRLK)
have an N-terminal lectin domain, a transmembrane
domain, and a C-terminal kinase domain. It is believed
that members of this family are involved in the interaction
between the cell wall and the plasma membrane and play
a key role in signaling processes involving carbohydrates,
as well as in various stress responses [111]. Two receptor-
like proteins (At3g15356, At1g78830) with lectin proper-
ties, which accumulate in response to oligouronide treat-
ment, were found in the apoplast of arabidopsis plants
[112]. These findings do not allow identifying them as the
oligosaccharin receptor because their binding with
oligosaccharin was not shown, but it is evidence that pro-
teins with lectin properties might be involved in the signal
transduction pathway induced by oligosaccharins.
Perhaps they can be part of a multicomponent receptor
complex; such an idea was proposed for chitin elicitor-
binding protein-receptor (CEBiP). Due to the absence of
an intracellular domain found in other receptors, it was
suggested that CEBiP needs other protein components to
form a functional receptor complex [113].

Interaction with a receptor is not the only discussed
mechanism of oligosaccharin action. For example,
xyloglucan fragments can have growth stimulating effect,
which occurs at much higher concentrations (107°-
107> M), than the growth inhibitory one (107°-1078 M). In
this case, the oligosaccharides do not act as signaling
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molecules, but as substrates for xyloglucan-endotransgly-
cosylase [7]. Participation of this enzyme in the growth-
inhibitory effects at lower oligosaccharin concentrations
is unlikely since its K, for xyloglucan oligosaccharide is
2:10~> M. In addition, differences in substrate specificity
were noted [114].

Mechanisms of oligogalacturonide action are more
diverse, because these molecules have a charge and are
capable of forming covalent bonds in the cell wall. The
degree of polymerization can also mediate the difference
in the effects. Only low molecular mass oligogalactur-
onides (4-6 monomers) are capable of inducing ethylene
formation [28]; to activate proteinase inhibitor synthesis,
fragments of 2-3 galacturonides are effective [1], but for
most other reactions the degree of polymerization has to
be from 10 to 16 [20]. The kinetics and magnitude of the
effect of plasma membrane depolarization differ in two
groups of oligogalacturonide molecules of various sizes
(1-7 and 10-20 monomers) [71]. It is believed that when
the degree of oligouronide polymerization is below 10, it
cannot take the conformation that will be recognized by
the receptor — only oligogalacturonides with minimum
length of 10 monomers are able to form (with participa-
tion of divalent cations) an “egg-box” structure, while
when the length is over 16 monomers the possibility to
reach or fit in the receptor is lost [15]. Thus, in plants at
least two different oligogalacturonide recognition mecha-
nisms are present.

In experiments using DNA microarrays containing
the entire set of arabidopsis transcripts, the influence of
exogenous oligogalacturonides with polymerization
degree of 10-15 on gene expression in suspension cell cul-
ture was investigated [103]. During 2-h oligogalactur-
onide exposure, 1080 genes (4% of the entire genome!)
changed their expression more than four-fold. Among the
most significantly altered were mRNA levels of numerous
kinases (which is additional evidence of the important
role of posttranslational modifications in the effects of
oligouronides) as well as cytochromes P450 and a wide
group of proteins referred to as “providing resistance to
disease”. Effects of oligouronides on transcription were
subdivided into Ca**-dependent and Ca?*-independent.
Among the genes of the first group were genes of cell wall-
modifying enzymes similar to those that are activated
during defense reactions and jasmonate biosynthesis
enzyme genes. The analysis of the promoter regions of
these genes revealed specific cis-elements involved, pre-
sumably, in regulation of transcription.

Interrelation of oligosaccharin and hormone effects.
The effects of oligosaccharins depends on their concen-
tration, but also on the concentration and type of hor-
mone present in the culture medium,; this reveals the rela-
tionship between the mechanisms of action of these
groups of physiologically active compounds [5, 15, 35, 37,
40, 115]. Most of the works demonstrating the interaction
of oligosaccharins and hormones were focused on the
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analysis of their effect on plant growth and morphogene-
sis. Oligosaccharins mainly had the opposite effect to
auxins in these processes. For instance, for xyloglucan
oligosaccharides [9], oligogalacturonides [55], and galac-
toglucomannan oligosaccharides [56], inhibition of
auxin-induced elongation of pea stem segments was
shown. Later, for oligogalacturonides, inhibition of root
formation induced by auxin was demonstrated on
explants from tobacco (Nicotiana tabacum L.) and ara-
bidopsis leaves [23, 116]. The inhibitory effect of
oligosaccharins on root formation [113] and stem seg-
ment elongation [55] was abolished by increasing the
auxin concentration, which served as evidence of their
antagonistic interactions.

The close relationship of the actions of oligosaccha-
rin and auxin was demonstrated also in other processes.
Indole-3-acetic acid (IAA) (auxin) counteracted the pro-
tective response against Botrytis cinerea that was induced
by oligosaccharin; this was shown in arabidopsis [116]
and tobacco [99] explants. In the precursors of stomata
guard cells, mitotic activity stimulated by oligogalact-
uronides decreased with the addition of exogenous hor-
mone. And in phloem parenchyma cells, conversely,
these oligosaccharins inhibited mitotic activity induced
by auxin, while not having any effect on it in the absence
of the hormone [25].

Studies on the molecular level demonstrated effect of
oligosaccharin on activation of the auxin-regulated gene
promoters Nt114 from Nicotiana tabacum L. and rolB
from Agrobacterium rhizogenes, expressed in transgenic
tobacco plants [117, 118]. Oligogalacturonide inhibition
of the expression of the early response to auxin genes
(IAAS5, SAURI6, and SAUR-ACI) was observed in ara-
bidopsis already within 30 min; this indicates that the
induction of a cascade affecting the auxin signaling by
oligosaccharin is very fast. This effect, according to the
authors, was not mediated by changes in free auxin level,
as it was only slightly altered during the experiment [116].
Moreover, modification or destruction of IAA was not
observed in tissue explants from tobacco leaves that were
treated with oligogalacturonides [117]. It has been sug-
gested that oligogalacturonides bind to plasma membrane
H*-ATPase that is involved in auxin responses [30]. The
mechanism of action of galactomannan oligosaccharin is
also associated with inactivation of the auxin receptor
complex or interaction with plasma membrane proteins
[56]. However, anti-auxin effect of a xyloglucan fragment
is believed to be unrelated to the suppression of hydrogen
ion release into the cell wall under the influence of auxin,
but affects some common steps of auxin and the pH effect
on cell growth [18].

Various elements of the auxin signaling pathway were
analyzed as potential targets of the inhibitory effects
mediated by oligosaccharins. It was shown that antago-
nism of oligosaccharins towards IAA does not include
such mechanisms as stabilization of transcription repres-
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sors Aux/IAA (auxin/indole-3-acetic acid) or decrease in
the level of auxin receptor transcripts [116]. It is possible
that the inhibitory effect of oligosaccharin occurs later in
the auxin-regulated signaling cascade, probably through
posttranslational regulation of other than Aux/IAA ele-
ments or through inactivation of the transcription
factor — ARF (auxin response factor).

Among a large number of studies demonstrating the
anti-auxin and inhibitory effects of oligosaccharins,
works revealing their stimulating effect are of special
interest. It was shown that galactoglucomannan oligosac-
charides had a positive effect on the rate of division and
cell viability in zinnia suspension culture. The effect was
higher when they were added together with the hormone
[39]. These oligosaccharides in combination with indole-
3-butyric acid stimulated primary root elongation of
mung bean (Vigna radiata L.) [119]. The oligosaccharide
fraction isolated from pea seedlings had a stimulating
effect on the IAA-induced formation of adventitious
roots on maize root segments (Zea mays L.) (Fig. 3) and
on buckwheat hypocotyl explants and tobacco leaves
[44]. The stimulatory effect was significantly higher when
the explants were treated with the oligosaccharin before
addition of TAA into the medium, suggesting that the
oligosaccharin action precedes hormone action at the
early stages of root formation. It is assumed that this
might be caused by the redistribution of auxin and forma-
tion of its gradient; alternatively, the interaction of two
effectors occurs at the level of auxin reception, and
oligosaccharin acts as a sensitizer of auxin receptors.

Much less attention is devoted to oligosaccharin and
hormone interaction during various stress responses than
to the analysis of growth and morphogenetic reactions,
despite the fact that it was a plant defense reaction study
where the effect of oligosaccharins was originally demon-
strated. Analysis of the relationship between the effects of
oligosaccharide fraction and abscisic acid (ABA), which
is considered as inducer of frost-resistance development,
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showed that the addition of the analyzed oligosaccharides
to the medium increased the stimulating effect of the hor-
mone [37]. With oligosaccharin treatment of winter
wheat seedlings for ~15 h before the addition of ABA,
synergism of their actions was observed, while treatment
in the reverse order (first ABA, then oligosaccharin) or
their simultaneous addition gave an additive effect [37,
120].

There are fragmentary data on the relationship
between the actions of oligosaccharins and other hor-
mones. Oligogalacturonides with degree of polymeriza-
tion from 9 to 18 affected the signaling pathway mediated
by gibberellic acid by suppressing the accumulation of o.-
amylase in barley embryos [115]. Xyloglucan fragments
had inhibitory effect on elongation of etiolated pea
seedlings, which was induced by gibberellic acid [32].
Oligogalacturonides enhanced the positive effect of
cytokinin on the formation of tobacco shoot explant [29].
Low molecular mass oligogalacturonides (4-6 mono-
mers) induced ethylene formation in tomatoes [28]. A
sharp increase in ethylene content was also described in
persimmon fruit (Diospyros kaki L.) when injected with
xyloglucan oligosaccharins [38].

Thus, data demonstrating a close relationship
between the effects of hormone and oligosaccharide have
accumulated. It is known that hormones are involved in
all vital processes including growth, morphogenesis, and
defense from pathogens. These processes are accompa-
nied by plant cell wall modification, causing formation of
a set of active fragments with functions of positive and
negative regulation of the hormonal signal. So, auxin
induces expression of pectin degradation enzymes [38].
The enzymes in turn can release oligosaccharins to the
apoplast for negative feedback regulation of auxin action.
This means that there is a complex system of plant
oligosaccharide and hormone interactions. Perhaps this
explains, at least partially, the known pleiotropy of the
effects of the latter. Participation of hormones in a variety

Fig. 3. Formation of adventitious roots on maize root segments on the Sth day of cultivation in medium containing IAA (a) and IAA +

oligosaccharin (b).
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of plant responses, to external and internal signals can be
mediated by the huge variety of oligosaccharins, provid-
ing conditions for hormones to make “point” impact.

How are they inactivated in vivo? Two main ways of
oligosaccharin inactivation, needed to control their activ-
ity, are known:

1) enzymatic degradation of oligosaccharin with par-
ticipation of glycosidases — enzymes that cleave single
sugar residue from non-reducing end of oligo- or poly-
mer. Fucosidase [121, 122] and xylosidase [123] inacti-
vating xyloglucan fragments were identified. Analysis of
the structure of products of degradation of mannose-con-
taining oligosaccharides revealed the participation of o~
mannosidase in their hydrolysis [89]. In rose suspension
culture (Rosa sp.), *C-labeled oligogalacturonides with
degree of polymerization of 8-9 were quickly hydrolyzed
to lower molecular mass fragments; “half-life time” (time
interval for the hydrolysis of the half of oligogalactur-
onides) was from 2 to 4 h [124]. This process can be cat-
alyzed by glycosidases and/or endoglucanases, the latter
in the mentioned case being polygalacturonases widely
represented in plants;

2) incorporation of oligosaccharin into the polymer
by means of transglycosylation reactions, as occurs with
xyloglucan fragments. Participation of xyloglucan-endo-
transglycosylase in xyloglucan fragment binding was
demonstrated in experiments with labeled oligosaccha-
rides; cleavage of fucose, which could have inactivated
the XXFG fragment, was not detected [125].

ATTEMPTS FOR PRACTICAL APPLICATION
OF PLANT OLIGOSACCHARIDES

Establishing that plant cell wall oligosaccharides
have biological activity naturally led to attempts to devel-
op technologies for the use of these compounds for vari-
ous purposes.

Use in plant biotechnology and agriculture. The
proven ability of oligosaccharins to influence morpho-
genetic parameters of cultivated explants made perspec-
tive their application as growth-regulating agents in plant
biotechnology. In particular, enhancement of root forma-
tion by oligosaccharins [43, 44, 119] opens the prospect
for their use for plant vegetative reproduction in vitro.
This is especially relevant for most fruit cultures, for
which successful shoot rooting in vitro is a key stage of
micropropagation. For example, there is a commercial
oligosaccharide mixture stimulating root formation in
various guava cultivars (Psidium guajava L.) [126].
Furthermore, oligosaccharins capable of enhancing the
amount of adventitious roots can be used for increasing
biomass and production of secondary metabolites for
medicine [127], as in vitro cultivated roots can be sources
of compounds used in the pharmaceutical industry [128,
129].
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Xyloglucan oligosaccharides are promising as plant
growth regulators due to their influence on cell cycle
duration [130] and ability to manifest an anti-auxin effect
[72]. Oligogalacturonides can be useful to intensify
embryo development: it was shown that their addition to
sugarcane cell suspension culture (Saccharum officinarum
L.) reduced the time of transition from one embryogene-
sis stage to another [131].

An alternative application of beneficial properties of
oligosaccharins might be their use as substances that
cause various defense responses in plants instead of or in
addition to currently used fungicides. This is especially
significant for widely grown commercial plants such as
grapes (Vitis vinifera L.), which are vulnerable to a variety
of pathogenic fungi. It was shown that oligogalact-
uronides increased the resistance of vine branches to the
powdery mildew pathogen Plasmopara viticola, inducing
the production of reactive oxygen species [132].
Oligogalacturonides also induced antifungal chitinase
and increased B-1,3-glucanase activity, which promoted
the defense of plants against noble rot Botrytis cinerea
[133].

Despite the fact that the majority of experiments
demonstrating the effects of oligosaccharins were carried
out in laboratories, the knowledge obtained using model
systems has become the basis for development of tech-
nologies that improve the productivity and quality of agri-
cultural products. Increase in tomato yield after spraying
with two commercial oligosaccharin mixtures was 22 and
40%. Moreover, there was improvement in fruit quality
[134]. Promising results were obtained for table grape cul-
tivar Flame Seedless: treatment of plants before harvest-
ing by oligosaccharides of pectin origin enhanced fruit
coloring without affecting their firmness. Color improve-
ment was achieved by increasing the anthocyanin content
through stimulation of the propanoid pathway [45]. In
studies on sugarcane treated with pectin oligomers,
increase in internode length, number of shoots, and
improvement in juice quality was demonstrated [135].

The small number of field experiments is insufficient
to allow the wide use of oligosaccharins in agriculture,
although their application as biostimulators or bioprotec-
tors could be a good alternative to existing drugs, since it
might contribute to the reduction in the amount of fertil-
izer and plant protection chemicals used. However, issues
of the stability of oligosaccharides in complex ecosystems
remain poorly defined. In particular, oligosaccharide
biodegradability is both a shortcoming and a virtue. While
oligosaccharides are rather stable compounds, weakly
affected by environmental factors such as temperature
and light, they are easily cleaved by enzymes. These
enzymes are unlikely to come from the plant organism,
since it is difficult for protein molecules to penetrate
through the cell wall, and even more through a cell wall of
surface plant tissues substantially strengthened due to
cutin and various waxes. However, different carbohy-
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drate-cleaving enzymes are secreted by various microor-
ganisms, and their presence on plant surfaces can lead to
the destruction of oligosaccharides and reduction of
desired effects. An advantage of oligosaccharides is that
they do not pollute the environment.

Use of oligosaccharins in medicine and food industry.
There are numerous works characterizing immunomodu-
latory, prebiotic, and antioxidant properties of plant poly-
saccharides and their fragments. We will focus only on
those that are obtained directly for the subject of this
review — oligosaccharides that are fragments of higher
plant cell walls.

Food components are classified as prebiotics if they
neither undergo hydrolysis by human digestive enzymes
nor are absorbed in the upper digestive tract, and are
selective substrates for growth and/or metabolic activa-
tion of certain species or groups of microorganisms
inhabiting the large intestine, resulting in normalization
of their proportion. Breast milk oligosaccharides are the
best natural prebiotics today. In breast milk, the propor-
tion of carbohydrates with prebiotic properties is signifi-
cant, comprising 12-15 g/liter, whereas in cow milk they
are detected only in trace amounts [136]. The monomers
of breast milk oligosaccharides are D-glucose, D-galac-
tose, N-acetylglucosamine, L-fucose, and sialic acid.
With few exceptions, all breast milk oligosaccharide
structures have lactose as the base to form carbohydrate
chains of different lengths and different degrees of
branching by the addition of monosaccharides. The
structures of about half of more than 150 breast milk
oligosaccharides have been determined [137].

Plant oligosaccharides fully identical to breast milk
components have not been found. But the possibility to be
ascribed to the prebiotic class has been demonstrated for
a number of oligoglycans that are fragments of higher
plant cell wall polysaccharides. Their prebiotic potential
has been confirmed both in vitro and in vivo [138-140].
The list of oligosaccharides with prebiotic properties
includes galacto-, gluco-, and xylooligosaccharides [141,
142] and oligogalacturonides [143]; these oligosaccha-
rides are usually obtained by controlled enzymatic
hydrolysis of natural polysaccharides. Studied plant
oligosaccharides have no toxic or mutagenic effects;
therefore, they are suitable as additives for baby food from
infancy [144]. Stimulation of Bifidobacterium and
Lactobacillus growth in the intestinal flora under the
influence of prebiotics promotes not only increase in use-
ful bacteria, but it is also accompanied by other positive
responses. Positive effects of plant oligosaccharides with
proven prebiotic activity on the cardiovascular system
[145] protecting colon cells from toxins [146], effecting
bacterial translocation [147], and preventing bacterial
adhesion in the intestine [148] are considered potential
uses.

There are a limited number of studies directed
towards understanding of the mechanisms of prebiotic
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activity. To identify the relationship between plant
oligosaccharide structure and prebiotic properties,
methylated and unmethylated pectin fragments of various
degrees of polymerization as well as rhamnogalacturono-,
arabino-, and galactooligosaccharides were investigated
[149]. Acidic oligosaccharides did not show any bifido-
genic activity, while a strong effect was observed during
the first hours of fermentation with neutral fractions of
low polymerization degree.

Immunomodulating properties of various com-
pounds, including plant carbohydrates found within the
digestive tract, are currently widely considered. A mixture
of short-chain galactooligosaccharides and long-chain
fructooligosaccharides diminished allergic asthma symp-
toms in mice [150]. Immunomodulatory as well as
antioxidant and anticarcinogenic properties were shown
for plant oligosaccharides that have not yet been assigned
to the class of prebiotics. As such, wheat bran oligosac-
charides, containing ferulic acid [151], and aloe (Aloe
vera L.) glucans and mannans exhibited antioxidant
activity [152]. The antioxidant activity of the latter,
according to the authors, was provided by acetyl groups
[153]. A wide range of immunomodulatory properties was
shown by plant arabinogalactans and their fragments
[154-158] as well as by plant acidic oligosaccharides
[159].

The use of plant poly- and oligosaccharides as anti-
carcinogenic substances is also discussed. This idea origi-
nated from experiments demonstrating the binding of
pectin oligosaccharides with Gal-3 — a member of the
galectin family — evolutionarily conserved galactose-
binding lectins distributed in a wide range of species from
lower invertebrates to mammals [160, 161]. It is believed
that Gal-3 plays an important role in the development
and progression of cancer [162, 163], being one of the key
biomarkers for certain types of cancer and a target for
drug therapy. Gal-3 has a highly conserved carbohydrate-
binding site for the galectin family, which “recognizes” -
galactosides, allowing galectin to bind a large number of
different oligosaccharide ligands. Natural sources of lig-
ands that inhibit biological functions Gal-3 include
pectins containing arabinogalactan/galactan side chains
[164]. The main commercially available plant-derived
arabinogalactan is larch arabinogalactan [155]. There are
several studies on the anticarcinogenic activity of ara-
binogalactans [154, 165, 166].

Other galactose-containing glycans that interact
with Gal-1 include galactomannans that are especially
enriched in legume seeds. The Galectin Therapeutics
Company developed a technique for producing partially
depolymerized galactomannans described in the litera-
ture as Davanat™ [167], which showed anticancer activ-
ity [168].

There are fragmentary data about the perspectives of
plant oligogalacturonide use in cosmetics. This is based
on their ability to stimulate the adhesion of epidermal
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cells (keratinocytes) with extracellular matrix proteins; its
disruption causes autoimmune diseases of the skin and
mucosae. This positive effect has been shown for
oligouronides with degree of polymerization <5 [169].

Practical use of carbohydrate compounds, including
plant oligosaccharides, is significantly limited by poor
understanding of their action mechanisms and of the
relationship between their structure and effect. This is
largely due to the general problems of the study of com-
plex carbohydrates, underdevelopment of theory that can
identify and predict the determinants of certain proper-
ties associated with functional load in “native” organism
and application in various fields.

NEW APPROACHES THAT CAN BE USED
FOR OLIGOSACCHARIN RESEARCH

In recent decades, approaches and facilities that
made it possible to significantly broaden and deepen the
investigations of plant oligosaccharides and their physio-
logical action have been developed. These approaches
can be divided into two major groups: the first group is
related to carbohydrate analysis itself, while the second
uses the possibilities of molecular genetic methods.

The first group includes both the improvement of
methods of specific oligoglycan structure analysis and of
plant tissue oligoglycome profiling in a changing environ-
ment. Structural studies of oligosaccharides employ mass
spectrometry (MS/MS,, n > 2) as well as various types of
NMR that have been used to characterize plant cell wall
polysaccharide fragments [48-53]. Realization of oligo-
glycome profiling is more complicated. Metabolomics
would have special perspectives for investigation of
oligosaccharide metabolism [170, 171]. Based on mass
spectrometry, metabolomics allows analyzing with high
sensitivity complex sets of low molecular mass com-
pounds. The water solubility of oligosaccharides together
with rather low molecular mass (and its specific range,
enabling to leave outside various monomers) allows rela-
tively easy preparation of fractions suitable for analysis.
However, a variety of endogenous oligosaccharides leads
to a variety of marker ions that are necessary for evaluat-
ing the dynamics of contents of compounds in different
conditions, but most oligosaccharides are not character-
ized in this respect.

Approaches for oligoglycome profiling have been
developed and used mainly for glycoconjugate analysis,
primarily of proteins, so that some works devoted in fact
to carbohydrates were published in the journal Proteomics
[61, 172]. Analysis of carbohydrate diversity of glycosylat-
ed proteins gave impressive results. For example, the
study of the oligoglycan profiles typical for human glyco-
proteins in various physiological states led to the discov-
ery of reliable markers of different physiological states,
oncological diseases among them [63, 64, 173].
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Oligosaccharide mixtures are so complex that preliminary
separation using various types of chromatography or cap-
illary electrophoresis is a necessary stage of their analysis.
High sensitivity is mainly provided by a built-in online
mass-spectrometric detector or by use of fluorescent
labels [61, 62]. The developed approaches have not yet
been applied for the analysis of the plant oligosaccharide
ensemble.

New opportunities for studies on mechanisms of
action of various regulators have emerged through the
development of molecular genetic approaches. Their
potential has not been fully realized for the development
of ideas on plant oligosaccharide formation and function.
Characteristics of gene expression for endoglycanases
involved in cell wall oligosaccharide formation, for exam-
ple, deserves more attention: systemic analysis from this
point of view has not yet been done. Various methods for
modification of gene expression, including use of
mutants, has provided in some cases interesting informa-
tion about mechanism of oligosaccharide action, in par-
ticular — in the study of kinases associated with the cell
wall (WAK) [96, 97]. However, to apply such approaches
there is the need to understand expression of which gene
should be changed to achieve an effect; research in the
case of oligosaccharides, in fact, is a problem from this
point of view. Furthermore, such mutants often have
poorly expressed phenotype. An interesting aspect could
be the study of plant lectins. The majority of plant lectins
and lectin-like proteins are located in the cell wall and/or
on the surface of the plasma membrane [110-112] and
thus available for interaction with oligosaccharides.

The development of methods of functional genomics
opened significant additional opportunities for under-
standing the effects of oligosaccharides. The first works
analyzing transcriptome changes under the influence of
oligosaccharins have appeared [96, 103]. This powerful
approach allows drawing a large-scale and objective pic-
ture of the processes. Its use in combination with infor-
mation obtained in the course of the oligoglycome analy-
sis could form a conceptual understanding of the mecha-
nisms of oligosaccharide action and their place in the
hierarchy of plant signaling systems.

CONCLUSION

Cell wall is a unique structure of the plant organism.
In the course of evolution, it has been shaped after the
acquisition of the ability to photosynthesize, as a result of
the functioning of which there was need to dispose (or
bind) metabolic and osmotically active monosaccharides
formed in the light. This problem was solved by immobi-
lization of monosaccharides into relatively inert polysac-
charides and depositing them outside the plasma mem-
brane. Formation of peculiar polysaccharide skeleton
around each plant cell largely determined biological
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characteristics of plants, particular in such processes as
growth, morphogenesis, and signal transduction.
Moreover, these processes in plants are largely based on
the properties of cell wall polymers. In the course of plant
evolution, an exclusive variety of polysaccharide struc-
tures with tissue and functional specificity appeared.
Higher plants are indisputable champions in the creation
and use of complex and diverse polysaccharides.

The plant cell wall is a dynamic structure not only
with deposition of newly synthesized layers, but also with
constant modification of already deposited polysaccha-
rides. These modifications result in formation of a large
number of oligosaccharides, of which at least some have
physiological activity, inducing or inhibiting various
processes. Regulatory properties were revealed only in a
small number of fragments produced by cleavage of any
plant cell wall polymer, wherein fragments with the oppo-
site effect can be obtained during the hydrolysis of certain
polysaccharides. The set of physiologically active prod-
ucts of cell wall polysaccharide cleavage can lead to the
formation of a kind of information field, fluctuations of
which are important components of plant signaling sys-
tems. All this demonstrates the importance of the
oligosaccharide set profiling in plant tissues, of its change
under the influence of various factors, and of understand-
ing of its functional role that can be especially important
in plant organisms.

Today the picture of oligosaccharin action is still
fragmented, especially due to the fact that some of its fea-
tures were obtained from different plant species. While it
is clear that the cell wall polysaccharide fragments are an
essential component of branched networks of plant sig-
naling systems [174], the plant tissue oligoglycome has
never been investigated. Movement in this direction is
necessary, combining works with individual compounds
and their complex combinations present in specific phys-
iological conditions. Methodological possibilities for this
have already become apparent on the horizon, so proba-
bly oligoglycome study that has particular importance to
the specific conditions of plant organism will be the next
boom, which will rely on high-technology research meth-
ods involving modern ideology.

This work was partially supported by the Russian
Foundation for Basic Research (project No. 14-04-
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