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MINI REVIEW

The identification of inducible cytoplasmic/nuclear
carbohydrate-binding proteins urges to develop
novel concepts about the role of plant lectins

Els J.M. Van Damme, Nausicaä Lannoo, Elke Fouquaert and Willy J. Peumans

Ghent University, Department of Molecular Biotechnology, Coupure links 653, 9000 Gent, Belgium

During the last few years compelling evidence has been presented for the occurrence of cytoplasmic/nuclear plant lectins
that are not detectable in normal plants but are only induced upon application of well-defined stress conditions. Since both
the regulation of the expression and the subcellular location indicate that these ‘non-classical lectins’ are good candidates
to play a physiologically important role as mediators of specific protein-carbohydrate-interactions within the plant cell,
a critical assessment is made of the impact of these findings on the development of novel concepts about the role of
plant lectins. Based on an analysis of the biochemical, molecular and evolutionary data of a jasmonate-induced chitin-
binding lectin from tobacco leaves and a salt/jasmonate-induced leaf lectin from rice it is concluded that these lectins most
probably interact with endogenous glycans located within the cytoplasmic/nuclear compartment of the plant cell. Several
working mechanisms are proposed to explain how these inducible lectins may fulfill an important regulatory or structural
role in stressed cells. In addition, the question of the evolutionary relationship(s) between the newly discovered inducible
lectins and their ‘classical’ constitutively expressed homologs is addressed. Evidence is presented that the ‘non-classical
lectins’ represent the main evolutionary line and that some of their corresponding genes were used as templates for genes
encoding storage protein-like ‘classical’ homologs.
Published in 2004.
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Introduction

Many plants contain proteins that bind specifically and re-
versibly to well-defined sugars. Since a long time, these proteins
are usually referred to as ‘lectins’ or ‘agglutinins’ because of
their ability to clump erythrocytes and/or other types of animal
and human cells. Though the terms ‘lectin’ and ‘agglutinin’
are still widely used it should be emphasized that agglutina-
tion is no longer used as a criterion to consider a protein as
a lectin. Along with the advances made in molecular biology
in general and plant molecular biology in particular it became
evident, indeed, that it is more appropriate to reason in terms of
carbohydrate-binding domains, and that accordingly the pres-
ence of one or more sugar-binding domains should be the only
criterion for a given protein to be classified as a lectin. Based
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on these considerations plant lectins are defined as plant pro-
teins that possess at least one non-catalytic domain that binds
reversibly to a specific mono- or oligosaccharide [1]. A ma-
jor implication of this definition is that -as earlier proposed
for animal lectins [2]-plant lectins do not necessarily consist
exclusively of sugar-binding domains but may also comprise
an unrelated domain with a totally different structure and bi-
ological activity. Evidently, this broadening of the definition
has tremendous consequences for the functional study of plant
lectins because one has to take into account that the physio-
logical role of some of these proteins depends on two or more
domains with a totally different biological activity and that in
some instances the key function of the lectin may be determined
by the non-lectin domain.

Due to the early discovery in 1888 when Stillmark discovered
a proteinaceous agglutinating factor in castor bean seeds plant
lectins have a far longer scientific history than most other plant
proteins. Moreover, by virtue of their highly specific sugar-
binding activity and various biological activities based thereon



450 Van Damme et al.

(such as cell clumping, mitogenicity, cytotoxicity) plant lectins
were not only studied by plant biologists but were the favorite
research subjects of scientists working in virtually all possi-
ble domains of biological and biomedical sciences. This taken
together with the relative ease of purification of reasonable
quantities of pure protein preparations eventually explains why
plant lectins have so intensively been studied, and as a result
are far better characterized with respect to their biochemical
and biophysical properties, three dimensional structure and bi-
ological activities than any other group of plant proteins. One
should realize, indeed, that over 500 different plant lectins have
been characterized in some detail for what concerns their bio-
chemical properties and carbohydrate-binding specificity, and
that for approximately 200 of these lectins the corresponding
genes have been cloned. In addition, a total number of approx-
imately 100 three dimensional structures of plant lectins and
lectin/sugar complexes have been resolved [3]. The literature
dealing with the sugar-binding activity and biological activities
of plant lectins is also very impressive. Though it is evident that
not all plant lectins received equal attention there is no doubt
that some lectins like concanavalin A, phytohemagglutinin and
ricin have been studied in much greater detail than any other
plant protein for what concerns their effects on cells and whole
organisms. Moreover, lectins are used far more intensively as
tools and bioactive proteins in biological and biomedical re-
search than any other group of plant proteins [4–7].

After it became evident that lectins possess carbohydrate-
binding activity the search for the physiological role dominated
the whole field of plant research for decades. Numerous studies
were undertaken to corroborate when and where plants accu-
mulate lectins and how this accumulation can be reconciled
with a proposed physiological role. In parallel with this typi-
cal plant-physiological approach many efforts were undertaken
to find out whether plant lectins possibly interact with other
organisms and if so whether this interaction is specific. For a
long time, the favorite interacting organisms were the nitrogen
fixing bacteria of the genus Rhizobium that establish a symbi-
otic relationship within the root nodules of legumes and to a
lesser extent fungi that were believed to be the target organisms
of various chitin-binding lectins [1,8–10]. Later, the attention
progressively shifted towards phytophagous insects and herbiv-
orous higher animals [1,11]. As a net result, there exists now a
huge amount of information about the biology of plant lectins
and the effect of these proteins on organisms that interact with
plants. Unfortunately, the role of plant lectins is still not fully
understood and so the debate on the function of plant lectins
either inside or outside the plant is still ongoing. However, one
should not be too pessimistic because the apparent lack of in-
sight in the role of plant lectins does not necessarily imply that
we know too little about these proteins to answer the question
why plants express carbohydrate-binding proteins with a well
defined sugar specificity and biological activity. As outlined
below, an open-minded and unbiased re-interpretation of the
existing data combined with the relevant information deposited

in the plant genome/transcriptome databases reveals that the
role of most of the ‘classical plant lectins’ can be fairly well
explained in terms of an involvement in protein storage and/or
plant defense [1]. However, there is also compelling evidence
for the occurrence of ‘novel plant lectins’ that are involved in
specific protein-carbohydrate interactions within the plant cell,
and accordingly are essential for the normal growth, develop-
ment and functioning of the plant.

Some general remarks with respect to the occurrence
of plant lectins and their structural and evolutionary
relationships

Plants are since a long time considered rich sources of lectins.
Though it is true that many common feed and food plants con-
tain reasonable amounts of lectins it is good to realize that the
presence of readily detectable quantities of lectin is the excep-
tion rather than the rule. At present, lectins have been isolated
from approximately 500 different species. Taking into account
that the total number of plant species is estimated at several
hundred of thousands only a very small part has proven to be
a suitable source for the preparation of one or more lectins.
Interestingly, these lectins seem to be clustered in some tax-
onomic groups as is illustrated by the widespread occurrence
of abundant agglutinins in e.g. legumes, Solanaceae and some
families of monocotyledonous plants [3]. However, the occur-
rence of a lectin in a given plant does not necessarily imply
that a similar lectin is present in all closely related species. For
example the abundant lectin found in tubers of the Jerusalem
artichoke (Helianthus tuberosus) could not be detected yet in
other Helianthus species. Moreover, a recent study of the Gle-
choma hederacea lectin demonstrated that even within a single
species the incidence of lectin-negative plants can be reasonably
high [12].

The absence of agglutinating activity does not imply that
a plant does not express one or more lectins. Analyses of
EST databases indicates that orthologs of most of the currently
known lectins are expressed in a wide range of plants in which
hitherto no lectin activity has been detected. For example, or-
thologs of jacalin can be retrieved in EST databases of almost
all plant species for which a reasonable number of entries have
been deposited (W. Peumans, unpublished results). Similarly, a
survey of the complete genome indicates that genes encoding
orthologs of e.g. jacalins and legume lectins are present in Ara-
bidopsis thaliana. Furthermore, a search of these databases also
reveals the existence of a lot of ‘putative lectins’ or chimeric
proteins with a ‘putative lectin domain.’ Unfortunately, the
carbohydrate-binding activity of these proteins remains to be
shown (e.g. receptor kinases with a sugar-binding domain)
[13–15].

Plant lectins do not represent a single superfamily of plant
proteins but definitely exhibit a marked structural diversity. De-
tailed biochemical, structural and molecular analyses yielded
overwhelming evidence that virtually all known plant lectins
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Table 1. Overview of the occurrence and cellular localization of plant lectins

Lectin family Occurrence Subcellular location

Amaranthins Documented only in the genus
Amaranthus of the Amaranthaceae

Presumably cytoplasmic proteins

Chitin binding lectins comprising hevein domains Probably ubiquitous in plants Some proteins are located in the
vacuole, others are secreted into
the extracellular space

Cucurbitaceae phloem lectins
Classical Cucurbitaceae phloem lectins Cucurbitaceae family only Cytoplasm
Nictaba orthologs Documented in Solanaceae Cytoplasm and nucleus

Jacalin-related lectins
Galactose-specific subgroup Moraceae family only Vacuole
Mannose-specific subgroup Widespread in all major taxonomic

groups
Cytoplasm (and nucleus)

Legume lectins Documented in Fabaceae and
Lamiaceae

Vacuole

Monocot mannose-binding lectins Documented in 8 families of monocots;
3 families of dicots and one liverwort

Vacuole

Type 2 ribosome-inactivating proteins Documented in >10 plant families from
all major taxonomic groups

Vacuole

can be classified into only seven families of structurally and
evolutionary related proteins [4], namely the amaranthins, the
chitin-binding lectins comprising hevein domain(s), the Cucur-
bitaceae phloem lectins, the jacalin-related lectins, the legume
lectins, the monocot-mannose-binding lectins and the type-2
ribosome-inactivating proteins (Table 1). This classification of
lectins in different families is largely based on sequence sim-
ilarities and structural relationships among lectins. Therefore,
lectins for which no sequence information is available cannot
be classified. Evidently, one cannot exclude that the few still
unclassified lectins belong to different protein families and it
may well be possible that novel families of lectins will be dis-
covered in the future. However, it seems very likely that plants -
like animals- developed only a limited number of carbohydrate-
binding motifs [16–18].

Though seed lectins played an important role in early lecti-
nology plant lectins are certainly not typical seed proteins. A
brief survey of the tissue distribution indicates that only a minor-
ity of all currently documented plant lectins have been isolated
from seeds. Most plant lectins are found, indeed, in vegetative
tissues like leaves, stems, bark, fruits, bulbs, tubers, rhizomes
and roots [4,8].

In some instances the misconceptions about the tissue dis-
tribution of a particular group of plant lectins are so far
reaching that they even affect the annotation of these pro-
teins in some databases. This is nicely illustrated by the
family of monocot mannose-binding lectins. Both in the
NCBI (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)
and the SMART (http://smart.embl-heidelberg.de/) database
this protein family is referred to as ‘Bulb-type mannose-
specific lectin’ (accession numbers gnl|CDD|17765 cd00028
and SM00108, respectively). It is true that the first three di-
mensional structure for this lectin family was determined by

X-ray crystallography analysis of the lectin isolated from bulbs
of Galanthus nivalis (snowdrop) [19]. However, in the mean-
time similar lectins have been reported in plants that do not
form bulbs such as the orchid Listera ovata [20] and the liver-
wort Marchantia polymorpha [21] as well as in the fish Fugu
rupripes [22]. For these reasons the annotation used in the Pfam
database (http://www.sanger.ac.uk/cgi-bin/Pfam/) (Accession
number: PF01453; D-mannose binding lectin) is certainly more
appropriate.

For a long time the documented occurrence of plant lectins
was confined to a handful of legumes and a few other plant
species. However, an updated survey reveals that lectins are
found in representatives of numerous plant families (Table 1)
[3]. Moreover, lectins have not only been isolated from flower-
ing plants but also from at least two lower plants, namely the
liverwort Marchantia polymorpha [21] and the fern Phlebod-
ium aureum [23].

Classical and inducible plant lectins

Until a few years ago virtually all typical plant-related research
on lectins was -merely for practical reasons- focused on those
carbohydrate-binding proteins that occur in reasonable to high
concentrations in seeds or some specialized vegetative tissues.
These lectins will further be referred to as ‘classical plant
lectins.’ Thereby the term ‘classical’ should be interpreted
as ‘belonging to the group of plant lectins for which there
is no obvious direct or indirect evidence that they may be
involved in specific lectin-carbohydrate-interactions within
the plant cell itself’. The main purpose of the introduction
of this term is to distinguish the classical plant lectins from
the -hitherto still few- plant lectins that fulfill all the require-
ments to be considered good candidate mediators of essential
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protein-carbohydrate-interactions within the cytoplas-
mic/nuclear compartment of the plant cell (see below). All
lectins with such a potential specific endogenous role are
referred to as ‘non-classical plant lectins.’

Though the classical plant lectins clearly belong to different
families of proteins and, in addition, markedly differ from each
other for what concerns the spatial and temporal regulation of
their expression, some generalizations can be made with re-
spect to their overall biology. First, all these lectins are fairly
to highly abundant proteins representing 0.1–10% of the total
protein of the tissue in which they occur. Second, the accumu-
lation of the classical plant lectins is part of a developmental
program and is not or only to a very limited extent influenced by
external factors other than these affecting normal plant growth
and development (e.g. day length, season, age). Accordingly,
these lectins can certainly not be considered ‘inducible’ pro-
teins. Third, apart from a few exceptions like amaranthin and
the Cucurbitaceae phloem lectins, all the classical plant lectins
are synthesized in the endoplasmic reticulum and presumably
follow the secretory pathway to reach their final destination
[4,8]. According to the available information the majority of
these lectins accumulate in the vacuolar compartment but there
are also a few documented cases where the lectin is extracel-
lularly secreted into the extracellular space (including the cell
wall) [8]. Fourth, specificity studies indicated that most classi-
cal plant lectins have a clear preference for ‘foreign’ over plant
specific glycans. This is clearly illustrated by the occurrence of
many lectins that bind exclusively to complex animal N- and
O-glycans [16].

Based on these considerations the concept was developed
that most of the classical plant lectins do not fulfill a spe-
cific role in the plant cell itself but rather represent a special
class of aspecific defense proteins that help the plant to cope
with attacks by herbivorous animals or phytophagous inver-
tebrates, and in case they are not recruited for defense pur-
poses just act as genuine storage proteins [1,4]. In this respect,
the classical plant lectins basically differ from animal lectins,
because most of these carbohydrate-binding proteins are in-
volved in specific recognition processes within the organism
itself [17,24]. Moreover, when involved in defense mechanisms
animal lectins do not act directly on the invading agent but in-
directly through an involvement in the innate immune system.
Evidently, this apparent functional difference raises a funda-
mental question. If one keeps in mind the increasing evidence
that protein-carbohydrate interactions are very important for
the normal development and functioning of animal organisms,
and the fact that different types of lectins are the mediators of
these protein-carbohydrate interactions, it is difficult, indeed,
to believe that such interactions are not essential for plants.
Therefore, a few years ago we started asking ourselves whether
plant lectinologists were possibly looking at the wrong proteins.
The basic idea was that it is difficult to envisage how abundant
vacuolar or extracellular carbohydrate-binding proteins that are
primarily directed against foreign glycans and are constitutively

expressed can participate in physiologically important protein-
sugar-interactions. If plant lectins with a specific endogenous
role exist it is more likely that they are present in physiologically
relevant concentrations, and that their expression is induced or
enhanced by some specific exogenous or endogenous stimuli
(such as plant hormones or biotic/abiotic stress) in those plant
tissues or cells that react upon treatment. In animals physio-
logically relevant protein-carbohydrate-interactions take place
outside the cell, at the cell surface (i.e. at the outer side of the
plasma membrane) and in the cytoplasmic/nuclear compart-
ment. In plants, cell-cell interactions mediated by molecules
exposed on the plasma membrane are probably very rare be-
cause a thick and rigid cell wall covers the cells. For the same
reason, lectin/carbohydrate-interactions in the cell wall and/or
extracellular space -if occurring at all- are unlikely to affect
basic cellular processes. Accordingly, the cytoplasm and nu-
cleus may be the principal sites of physiologically relevant
protein-carbohydrate-interactions in plant cells. Therefore, one
can reasonably expect that plant lectins with a specific function
are located in the cytoplasmic and/or nuclear compartment and
preferentially interact with endogenous plant glycans. Using
these criteria of physiologically relevant abundance, inducible
expression and cytoplasmic/nuclear localization, two types of
lectins were identified that can be considered candidate pro-
teins with a specific physiological role. To distinguish them
from the classical plant lectins they are further referred to as
‘non-classical plant lectins.’

Examples of non-classical plant lectins

The first evidence for the occurrence of a lectin that is a
suitable candidate to mediate essential protein-carbohydrate-
interactions in plants followed the isolation and identification
of a mannose-binding lectin (called Orysata) that is induced in
rice plants by salt-stress, desiccation and the phytohormones
jasmonic acid and abscisic acid. Though this protein was al-
ready described in 1990 as SalT (a salt-inducible protein) [25]
it was only ten years later identified as a mannose-binding
lectin [26]. Characterization of the purified protein revealed
that Orysata consists of two identical non-covalently associ-
ated subunits of 15 kDa that share a high sequence similarity
with and exhibit the same overall fold as the previously iso-
lated ‘classical plant lectins’ belonging to the family of ‘jacalin-
related lectins.’ In spite of these obvious structural similarities
the novel rice lectin fundamentally differed from the classical
plant lectins with respect to the regulation of its expression.
First, Orysata is not constitutively expressed but is synthesized
only under specific stress conditions [25,27]. Secondly, even af-
ter induction, the expression level of the lectin remains very low
(<1 mg/kg leaf and stem material) and, in addition, is confined
to the roots and sheats of the plant [25]. Hitherto, the intracel-
lular location of Orysata has not been studied but both the ab-
sence of a signal peptide in the primary translation product and
the documented cytoplasmic/nuclear location of closely related
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orthologs in parenchyma cells of Calystegia sepium rhizomes
[28] and Morus nigra bark [29] strongly suggest that the rice
lectin is also located in the cytoplasm and/or nucleus. Taken
into account the inducibility of the lectin expression by exter-
nal factors, the very low expression levels and the very specific
localization of the lectin both at tissue level and in the cell,
one can conclude that Orysata is a good candidate to be consid-
ered a protein with a specific physiological function. At present,
the exact role of Orysata is not fully understood but it seems
likely that this lectin plays a role in plant’s response to well-
defined stress-factors and according to a recent report also to
infection with the pathogenic fungus Magnaporthe grisea [30].
Most probably, Orysata is not a unique lectin but rather rep-
resents the prototype of a stress/defense-related type of lectin
that is common in cereals. Analysis of the EST databases re-
vealed, indeed, that highly similar orthologs are also expressed
in maize, wheat and barley. Moreover, experiments with barley
demonstrated that seedlings of this cereal accumulate an or-
tholog upon exposure to intense light [31]. Besides in cereals,
ESTs encoding orthologs of Orysata can be found in almost all
species for which a reasonable number of sequences have been
deposited, including the moss Physcomitrella patens (24.8% se-
quence identity; 59.3% sequence similarity). At present, it is not
clear whether all these Orysata orthologs from other species can
be considered genuine stress or defense-related proteins. How-
ever, the identification of two mannose-specific jacalin-related
lectins that are induced in callus of Helianthus tuberosus upon
treatment with jasmonic acid (and clearly differ from the abun-
dant and constitutively expressed tuber-specific paralogs) [32],
and a similar protein (called ipomoelin) that is specifically in-
duced in Ipomoea batatas plants in response to wounding and
jasmonate [33] indicates that this may well be the case.

A second type of lectin that meets the requirements to be
considered a physiologically active carbohydrate-binding plant
lectin was recently discovered in leaves of tobacco plants [34].
This lectin (called Nictaba), cannot be detected in untreated
plants but is specifically induced by the phytohormone jas-
monic acid. Purification of the lectin has shown that it is a
dimeric protein composed of two non-covalently associated 19
kDa subunits. Characterization of the protein and cloning of
the corresponding gene revealed that Nictaba exhibits an ex-
clusive specificity towards oligomers of N -acetylglucosamine
and belongs to the same protein family as the Cucurbitaceae
phloem lectins [35]. Immunolocalization studies provided un-
ambiguous evidence that Nictaba is exclusively located in the
cytoplasm and nucleus of the leaf parenchyma cells, which is in
good agreement with the absence of a signal peptide in the lectin
cDNA sequence. Though no orthologs of Nictaba have been iso-
lated or identified yet in other plant species, ESTs encoding pu-
tative Nictaba-like proteins could be identified in several other
species. An important remark to make concerns the obvious
structural and evolutionary relationship between Nictaba and
the Cucurbitaceae phloem lectins. Sequence comparisons leave
no doubt that both types of lectins share a high sequence sim-

ilarity (32.7% sequence identity; 59.5% sequence similarity).
However, there is a major difference because Nictaba and its
orthologs lack the characteristic cysteine-rich C-terminal end of
the Cucurbitaceae phloem lectins that is believed to be respon-
sible for the covalent interaction (through inter-molecular disul-
fide bridge formation) of these lectins with the major phloem
protein PP1. Apart from this structural dissimilarity, the tempo-
ral and spatial regulation of the expression of the Cucurbitaceae
phloem lectins is completely different from that of Nictaba.
The Cucurbitaceae lectins are constitutively expressed, indeed,
whereas Nictaba is only synthesized upon induction with jas-
monate. In addition, the Cucurbitaceae phloem lectins are ex-
clusively synthesized in the companion cells (a specialized type
of cells in the vascular tissue) [36], whereas Nictaba accumu-
lates in all leaf cells except in the vascular tissue [34].

Mode of action of non-classical plant lectins

The identification of lectins that are at least in principle good
candidates to fulfill a specific physiological role is only a first
step towards a proof of the importance of specific but essential
protein-carbohydrate-interactions in plant cells. Two key ques-
tions remain to be answered namely (i) what are the receptor
carbohydrates or glycans for these lectins, and (ii) how does an
interaction between the lectins and their natural receptors affect
or regulate basic processes in the plant cell?

Though Orysata was the first non-classical plant lectin to be
identified the question of the possible receptor for this mannose-
binding lectin and its mode of action has not been addressed
yet. When Orysata was first purified [26] there was still some
uncertainty about the subcellular location of this lectin because
at that time there was no experimental evidence for the cy-
toplasmic/nuclear location of mannose-specific jacalin-related
lectins. However, as soon as the results of the localization stud-
ies of the Calystegia sepium [28] and Morus nigra lectins [29]
provided strong evidence for a cytoplasmic/nuclear location
the problem of the possible receptor glycans for Orysata be-
came even more complicated because virtually no information
existed about the possible occurrence and a fortiori identity
of cytoplasmic and/or nuclear mannose-containing glycocon-
jugates that can act as receptors for this rice lectin.

In this respect, the identification of Nictaba as a cyto-
plasmic/nuclear lectin with an exclusive specificity towards
oligomers of N -acetylglucosamine (GlcNAc) was conceptually
simpler because the well-documented occurrence of cytoplas-
mic and nuclear glycoproteins carrying O-linked GlcNAc or
GlcNAc-oligomers provided a whole group of potential recep-
tor molecules. It was proposed that the lectin binds to constitu-
tively expressed chito-oligosaccharide-containing glycoconju-
gates present in the cytoplasm and/or nucleus [34]. It should be
mentioned here that in contrast to animal O-GlcNAc glycans,
which consist of a single GlcNAc, O-glycans comprising 5 or
more GlcNAc residues have been reported in plants [37–38].
As suggested previously, Nictaba can by virtue of its interaction
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Figure 1. Schematic representation of possible direct effects of the binding of cytoplasmic/nuclear lectins to glycosylated regu-
latory proteins. Binding of the lectin to a glycosylated protein results in the formation of a lectinylated protein. Depending on the
activity/stability-state of the lectinylated and free form, lectinylation results in different effects. Depending on the nature of the glycans
(O-GlcNAc and O- or N-mannoside) the scheme is applicable to Nictaba and mannose-specific jacalin-related lectins (MJRL).

with these O-glycans be involved in the regulation of gene ex-
pression in stressed plants through a modulation of O-linked
N-acetylglucosamine-dependent cell signaling [34]. Based on
theoretical considerations the model of the mode of action of
Nictaba was further refined. Basically, three different mecha-
nisms can be operative. First, binding of Nictaba to O-linked
GlcNAc directly affects the activity and/or stability of solu-
ble regulatory proteins (like transcription and translation fac-
tors), protein kinases or receptors in the cytoplasm and/or nu-
cleus (Figure 1). Second, Nictaba can convert physiologically
inactive monomeric proteins into activated di- or oligomers
(Figure 2). Third, Nictaba can modulate the transport of pro-
teins and RNA between the nucleus and the cytoplasm by nar-
rowing the size of the nuclear pores through binding to the O-
(GlcNAc)n glycan chains on the nuclear pore proteins (Figure 3)
[34].

In contrast to Nictaba no working hypothesis could be put
forward until now to explain the working mechanism of Orysata
because no potential receptors have been identified. Though still
premature, the occurrence of an apparently widespread family
of cytoplasmic/nuclear mannose-binding lectins may indicate
that plants possess a signal transduction or regulatory mech-
anism that relies on mannose-containing receptors. In prin-
ciple, free cytoplasmic oligomannosides are potential target

molecules for the lectins. However, it is difficult to envisage
how an interaction with these oligomannosides can generate a
specific signal. Therefore, it seems more likely that mannosy-
lated glycoproteins act as receptors for the cytoplasmic/nuclear
mannose-binding lectins. Possibly, the plant cell contains sol-
uble mannosylated regulatory proteins in the cytoplasm or nu-
cleoplasm. If so, Orysata and related lectins may act in a similar
way as is proposed for Nictaba (Figures 1 and 2). However, a
mode of action based on a reversible modulation of the free
space of the nuclear pores is rather unlikely because there are
no indications that the nuclear pore proteins are mannosylated.

Though there is little doubt that the cytoplasmic/nuclear
mannose-binding lectins play an important and specific role
in stressed plants, this function must not necessarily rely on an
involvement in a signal transduction or regulatory mechanism
but can also be based on the formation of lectin-glycoconjugate-
complexes with a structural role. Experimental indications for
such a structural role have not been obtained yet for a plant
lectin, but there is conclusive evidence that in the slime mold
Dictyostelium discoideum a mannose-binding protein that is
closely related to the monocot mannose-binding lectins acts as
an important structural element. This lectin, which has been
called comitin consists of an N-terminal domain equivalent to
the Galanthus nivalis agglutinin fused through a short linker
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Figure 2. Schematic representation of a reversible cross-linking/oligomerisation of inactive monomeric regulatory proteins by cy-
toplasmic/nuclear lectins. Cross-linking of two monoglycosylated glycoproteins by a divalent lectin results in dimerization of the
glycoproteins. When the protein is substituted by two or more glycans complex oligomers can be formed. Depending on the na-
ture of the glycans (O-GlcNAc and O- or N-mannoside) the scheme is applicable to Nictaba and mannose-specific jacalin-related
lectins.

Figure 3. Schematic representation of a reduction of the free space in the nuclear pores by binding of lectins to glycosylated nuclear
pore proteins.
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to a C-terminal actin-binding domain [39]. It has been demon-
strated that comitin binds to vesicle membranes (mainly Golgi
vesicles) via its lectin domain and to subdomain 1 of F-actin by
its actin-binding domain. As a result, the bifunctional protein is
capable of cross-linking Golgi vesicles to the cytoskeleton. The
receptor glycans for the lectin domain of comitin have not been
identified yet but they correspond most probably to mannose-
containing N-glycans located on the cytoplasmic side of gly-
coproteins residing in the membrane of the Golgi vesicles or to
mannosylated glycolipids exposed on the cytoplasmic surface
of these vesicles.

What is important from the work with comitin is the demon-
stration of the occurrence -at least in Dictyostelium discoideum-
of receptors for a cytoplasmic mannose-binding protein. It is
evident that the mode of action of comitin cannot simply be
extrapolated to the cytoplasmic/nuclear mannose-specific plant
lectins due to the absence of an actin-binding domain. However,
if one assumes on the analogy of Dictyostelium discoideum
that plants also contain mannose-containing glycoconjugates
exposed into the cytoplasm, one can start developing models

Figure 4. Schematic representation of possible interactions of cytoplasmic mannose-binding lectins in the plant cell. A first type of
interaction, mediated by a chimeric lectin consisting of an actin-binding domain and a sugar binding domain, allows a cross-linking
between a Golgi-derived vesicle and a cytoskeleton filament (A). In the second type of interaction, a divalent lectin cross-links two
Golgi-derived vesicles (B). Nuc and Cyt refer to nucleus and cytoplasm, respectively.

to explain the mode of action of e.g. Orysata in establishing
key structural elements. A possible simple mechanism could
be based on the cross-linking of Golgi vesicles (or possibly
other vesicles with surface exposed mannose-residues) by the
multivalent lectin (Figure 4). One can imagine, for example,
that extensive cross-linking of these vesicles results in the for-
mation of a rigid complex structure that may help to maintain
the structural integrity of the cytoplasm and accordingly the
whole cell. This could explain why in rice plants Orysata is
specifically induced under drought and salt stress (which both
have severe consequences for the integrity of the cytoplasm).
Similar mechanism may be based on cross-linking of differ-
ent types of vesicles or on cross-linking between vesicles and
other yet unknown structures. Though genome/proteome anal-
yses yielded no evidence for the occurrence of comitin-like
proteins in plants, it cannot be precluded that mannose-binding
proteins with a homologous function exist in plants (Figure 4).
Possibly, the occurrence of chimerolectins comprising a domain
similar to Orysata fused to an unrelated domain with a yet
unknown activity/function points in that direction. Several
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(putative) proteins have been identified indeed, that consist
of an N-terminal domain with unknown function linked to a
C-terminal domain equivalent to a jacalin domain. Examples
are a wheat protein that is specifically induced upon infestation
with the hessian white fly [40], a protein that is believed to medi-
ate vernalization-induced flowering in winter wheat [41], and a
so-called beta-glucosidase-aggregating factor from maize [42].

Evolutionary and functional relationships between
classical and non-classical plant lectins

The occurrence of both ‘classical’ and ‘non-classical’ lectins
within a single plant lectin family raises the question of the
evolutionary and functional relationship between both types of
lectins. Since hitherto, non-classical lectins have been identified
only within the Cucurbitaceae phloem lectins and the jacalin-
related lectins, this issue is for the time being only relevant for
these two families.

Due to the detailed biochemical, molecular and structural
analyses of a relatively large number of classical jacalin-related
lectins and several non-classical orthologs, it was possible to
trace the molecular evolution of the whole family and draw im-
portant conclusions with respect to the functional specialization
of the different groups. As has already been pointed out pre-
viously, jacalin-related lectins are fairly widespread over the
plant kingdom [28,29]. Representatives of this lectin family
have been isolated from numerous flowering plants belonging
to different taxonomic groupings and from two lower plants
(namely the cycad Cycas revoluta [43] and the fern Phlebod-
ium aureum [23]). Moreover, analysis of EST databases in-
dicates that orthologs are expressed in almost all species for
which a reasonably high number of sequences have been de-
posited. Sequence comparisons indicate that the non-classical
orthologs represent the main evolutionary line, which can be
traced from the moss Physcomitrella patents throughout all
major taxa of modern flowering plants. All these non-classical
lectins are cytoplasmic/nuclear proteins that presumably exhibit
specificity towards mannose and consist of protomers that are
not post-translationally processed. At several occasions, evo-
lutionary events took place whereby a sequence encoding a
genuine non-classical lectin was duplicated and acquired a dif-
ferent promoter. The resulting protein was originally identical
to the parent non-classical paralog but was no longer inducible
but subject to either a constitutive or a developmental regu-
lation. For example, expression of the novel lectins under the
control of a promoter that causes a strong expression in devel-
oping seeds or vegetative storage organs explains why the very
abundant mannose-specific jacalin-related lectins in rhizomes
of Calystegia sepium and bark of Morus nigra, and seeds of
the legume tree Parkia platycephala behave as genuine vegeta-
tive and seed storage proteins, respectively [28,29,44]. Though
these storage protein-like jacalin-related lectins resemble the
genuine inducible orthologs for what concerns their biosyn-
thesis, molecular structure and subcellular location, there are

some marked differences in fine specificity. In general, the ex-
clusive specificity towards mannose/oligomannosides that is
very typical for the inducible lectins is less pronounced for
the storage protein-like lectins, which usually exhibit a more
promiscuous specificity. There is even one documented case
in which the specificity towards mannose is almost lost. De-
tailed specificity studies have demonstrated, indeed, that the
Morus nigra bark lectin MornigaM, which is structurally sim-
ilar to the other mannose-specific jacalin-related lectins, ac-
commodates not only mannose but also glucose, galactose and
N-acetylglucosamine in its binding site [45]. Structural analy-
ses revealed that this polyspecific character is due to an unusual
widening of the binding site. As a result of this altered speci-
ficity, the agglutination activity of MornigaM towards animal
and human erythrocytes is several orders of magnitude higher
than that of any other mannose-specific jacalin-related lectin
[46]. Based on this observation, it was proposed that during the
evolution of MornigaM from its mannose-specific ancestor, the
specificity of the lectin progressively shifted from a preference
for typical plant high mannose glycans towards a preference
for typical animal glycans, which was interpreted as a strong
indication for the involvement of MornigaM in the plant’s de-
fense against either phytophagous invertebrates or herbivorous
higher animals [29]. Accordingly, MornigaM can be considered
the end product of an evolution from a genuine non-classical
mannose-specific jacalin-related lectin into a storage protein
with a potential role in plant defense. The same holds probably
true for the other storage protein-like mannose-specific lectins
but in these cases the functional specialization is less obvious
from the specificity.

The family of jacalin-related lectins comprises besides the
above discussed mannose-specific lectins also a small group of
galactose-specific orthologs that comprises jacalin (from jack
fruit or Artocarpus integrifolia), some virtually identical lectins
from other Artocarpus species, the Maclura pomifera lectin and
the galactose-specific Morus nigra bark lectin. These galactose-
specific lectins differ from the mannose-specific orthologs
not only in specificity (galactose versus mannose) but also
in subcellular location (vacuolar versus cytoplasmic/nuclear)
and biosynthesis (co- and post-translational processing versus
no processing). Notwithstanding these differences the mature
polypeptides of the mannose-specific and galactose-specific
paralogs of e.g. Morus nigra still share 60.1% sequence identity
and 82.3% similarity at the amino acid level. Based on a detailed
analysis of these differences it was proposed that the galactose-
specific jacalin-related lectins evolved from a mannose-specific
ortholog through the insertion of vacuolar targeting sequences
into the primary translation product [28]. Thereby, the ‘novel’
lectin is not only directed towards a different cell compart-
ment, but also undergoes a post-translational cleavage of the
protomer in the direct vicinity of the sugar-binding site. Due
to this cleavage, the binding site is far more extended than
in the original ancestor lectin and can accommodate different
sugars (such as galactose, mannose and glucose). As a result,
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Figure 5. Model of the evolutionary relationship(s) between classical and inducible lectins. Panel (A) gives a general overview of the
molecular evolution of the jacalin-related lectins. Full lines represent (the outlines of) the main evolutionary line that comprises the
inducible members of this lectin family. The evolutionary events that gave rise to the currently known classical jacalin-related lectins
are indicated by dashed lines. Codes for the evolutionary events (boxed) are: Event #1 = gene duplication followed by coupling to a
promoter for a vegetative storage protein; Event #2 = gene duplication followed by coupling to a promoter for a seed storage protein;
Event #3 = gene duplication followed by the insertion of vacuolar targeting sequences and coupling to a promoter for a seed storage
protein; Event #4 = amplification of the lectin domain; Event #5 = gene duplication followed by a fusion to an unrelated domain;
Event #6 = gene duplication followed by coupling to a maturation-specific promoter. Underlined terms refer to the main taxonomic
groups of modern plants in which jacalin-related lectins have been identified. The taxonomic tree was constructed based on the
classification given in the ‘Tree of Life Web Project’ (http://tolweb.org/tree/). Panel (B) shows an overview of the molecular evolution
of Cucurbitaceae phloem lectins. Since only a few members of this lectin family have been identified the scheme is confined to the
main taxa of the flowering plants. The presumed main evolutionary line is indicated in full lines. The single evolutionary event that
gave rise to the only known group of classical members of this lectin family is indicated by the dashed line. Event #7 stands for
gene duplication followed by insertion of a C-terminal peptide (that is believed to form intermolecular disulfide bridges with phloem
protein PP1) and coupling to a promoter for phloem specific expression.
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jacalin is not a mannose-binding lectin but a polyspecific lectin
with a high affinity for the T-antigen [Galβ(1,3)GalNAc] [47].
Taking into account the narrow taxonomic distribution of the
galactose-specific jacalin-related lectins (Moraceae family), it
has been suggested that the evolutionary event whereby a cyto-
plasmic mannose-specific lectin was converted into a vacuolar
galactose-specific paralog took place at only one occasion in
an ancestral Moraceae species. To explain the high expression
level (which amounts up to 80% of the total soluble protein in
the seeds of jack fruit and 33% in the bark of Morus nigra, and
is reminiscent to that of genuine seed and bark storage proteins,
respectively) it was concluded that the sequence encoding the
‘novel’ lectin acquired a promoter that ensures a high accumu-
lation rate in the appropriate tissue. Most probably, the change
in specificity was not by accident but was intended to confer the
novel lectin a specificity that is directed against foreign glycans
so that the novel protein could act as an aspecific defense protein
against phytophagous invertebrates or herbivorous animals.

In summary, it can be concluded that genes encoding in-
ducible jacalin-related lectins have been used at several oc-
casions as templates for the development of genes encoding
storage protein-like classical lectins (Figure 5A). Thereby, the
original endogenous function of the lectin was lost, but through
more or less dramatic changes in specificity the novel lectin
acquired a novel function as an aspecific plant defense protein.

A comparative sequence analysis of the family of the Cu-
curbitaceae phloem lectins leads to a similar conclusion as
for the jacalin-related lectins. According to the available se-
quence data, putative orthologs of Nictaba are expressed in
many species from different taxa [35]. It seems reasonable
therefore, that in this family also the non-classical lectins rep-
resent the main evolutionary line. Besides Nictaba and closely
related orthologs from other species, the genuine Cucurbitaceae
phloem lectins are the only other members of this lectin family.
Since all currently known phloem-specific lectins from Cucur-
bitaceae species form a fairly homogeneous group of closely
related proteins it seems likely that they all have a common an-
cestor that probably arose through a single evolutionary event
that took place in an early ancestor of the modern Cucur-
bitaceae. Based on a comparison of the sequences, it is tempting
to speculate that the phloem lectins evolved from a Nictaba-
like protein through a gene duplication followed by a fusion
to a short cysteine-rich domain and the acquisition of a pro-
moter that confines the expression to the companion cells in the
vascular tissue. Thereby, the specificity was apparently not af-
fected indicating that the binding site remained well conserved
(Figure 5B).

At present, there is no experimental evidence suggesting that
the classical lectins of the other lectin families also evolved from
non-classical paralogs. However, on the analogy of what can be
concluded for the jacalin-related lectins and the Cucurbitaceae
phloem lectins there is a reasonable chance that in the (near) fu-
ture non-classical paralogs will be identified of classical lectins
from the other lectin families.
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