
Vol.:(0123456789)1 3

https://doi.org/10.1007/s10719-021-10015-x

2021 IGO AWARD

35 years in plant lectin research: a journey from basic science 
to applications in agriculture and medicine

Els J. M. Van Damme1 

Received: 30 June 2021 / Revised: 30 June 2021 / Accepted: 29 July 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
Plants contain an extended group of lectins differing from each other in their molecular structures, biochemical properties 
and carbohydrate-binding specificities. The heterogeneous group of plant lectins can be classified in several families based 
on the primary structure of the lectin domain. All proteins composed of one or more lectin domains, or having a domain 
architecture including one or more lectin domains in combination with other protein domains can be defined as lectins. Plant 
lectins reside in different cell compartments, and depending on their location will encounter a large variety carbohydrate 
structures, allowing them to be involved in multiple biological functions. Over the years lectins have been studied intensively 
for their carbohydrate-binding properties and biological activities, which also resulted in diverse applications. The present 
overview on plant lectins especially focuses on the structural and functional characteristics of plant lectins and their applica-
tions for crop improvement, glycobiology and biomedical research.
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Historical perspective: more than 130 years 
of plant lectin research

Plant lectins are a heterogeneous group of proteins with 
a very long history. In 1888 Peter Hermann Stillmark 
reported the first lectin, when he isolated ricin from the 
seeds of castor bean (Ricinus communis L.), and described 
this protein as an extremely toxic compound [1]. Clumping 
of cells was observed when partially purified seed extracts 
from castor bean were mixed with red blood cells. This 
phenomenon was later referred to as ‘agglutination’, and 
gave rise to the introduction of the term ‘agglutinin’ or 
phytohemagglutinin [2]. Research from Landsteiner and 
Raubitschek demonstrated that many lectins are nontoxic 
[3]. Because some plant agglutinins are able to distinguish 
between erythrocytes from different blood types, Boyd and 
Shapleigh [4] proposed the name ‘lectins’, from the Latin 
‘legere’, meaning to pick out or select, and underlining the 
fact that these proteins target cells with some specificity, 

referring to the blood group specificity of several plant lec-
tins [5, 6]. Watkins and Morgan [7] deciphered that this 
agglutination activity of lectins is related to the recognition 
of carbohydrate structures on the surface of erythrocytes, as 
deduced from the fact that particular carbohydrates and pol-
ysaccharides can inhibit the agglutination activity of lectins 
with red blood cells. Hapten inhibition studies highlighted 
the specific interaction between lectins and carbohydrate 
structures, thus proving that lectins possess carbohydrate-
binding activity. These findings promoted the use of the 
term ‘lectins’, rather than ‘agglutinins’, since not all lectins 
can agglutinate cells. More details on the history of plant 
lectins can be found in some review papers [8, 9].

Concanavalin A from the seeds of jack bean (Canavalia 
ensiformis L.) was the first lectin that was purified to homo-
geneity [10]. The introduction of affinity chromatography in 
the late 1960s was an important step towards the purification 
of more carbohydrate-binding proteins [11], and resulted in 
the availability of lectins with higher purity, contributing to 
the biochemical characterization of the proteins, their phys-
icochemical properties as well as their biological activities. 
Because of the high levels of lectins in legume seeds, lec-
tin research focused on legume lectins for several decades. 
Consequently, the legume lectins are one of the best studied 
groups of lectins. The diversity, structural organization and 
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biological activities of legume lectins have been reviewed 
recently [12–14].

Over the years the definition of lectins has been fine- 
tuned [15, 17–20]. Lectins are by definition “proteins that spe-
cifically recognize and bind to carbohydrate structures, but  
do not possess enzymatic activity”. Plant lectins harbor one 
or more carbohydrate-binding sites that will recognize car-
bohydrate structures, either endogenous (plant own) and/or  
exogenous (foreign, non-plant derived) glycan structures. 
Lectins interact with mono- or disaccharides, polysaccha-
rides and more complex carbohydrate structures. Many years 
of lectin research have shown that glycoconjugates, includ-
ing glycoproteins and glycolipids, are more likely to be the 
natural ligands for most lectins [8].

Plant lectins in vegetative storage tissues

When I entered the lectin field in the late ‘80 s, plant lectin 
research was mainly focused on the purification of lectins 
from seeds. Our attention was triggered by the fact that plant 
storage tissues, such as bark and bulbs, are a rich source of 
carbohydrate-binding proteins. The discovery of lectins in 
vegetative storage tissues gave a boost to plant lectinology 
and resulted in the purification and characterization of plant 
lectins with diverse molecular structures and carbohydrate-
binding properties.

Our research team contributed largely to the identification 
and purification of bulb lectins from a variety of monocoty-
ledonous plant families, including Amaryllidaceae (Galan-
thus nivalis L. (snowdrop), Narcissus pseudonarcissus L. 
(daffodil), Hippeastrum hybrid (amaryllis)), Orchidaceae 
(Listera ovata (L.) R. Br., twayblade), Liliaceae (Tulipa sp., 
tulip), Alliaceae (Allium sativum L.; garlic), Allium porrum 
L.; leek), Allium cepa L.; onion), Araceae (Arum maculatum 
L.; lords-and-ladies), Asparagaceae (Scilla campanulata L.; 
bluebell) [21–27]. These so-called monocot lectins attracted 
a lot of attention, especially because of their high speci-
ficity for mannose. Unlike Concanavalin A that recognizes 
both mannose and glucose, the Galanthus nivalis agglutinin 
(GNA) targets only mannose and specifically recognizes the 
terminal mannose groups in high-mannose N-glycans [28]. 
The unique specificity of GNA prompted the detailed analy-
sis of its biological activities (insecticidal activity, antivi-
ral activity) and boosted its use as a tool in glycobiology. 
Nowadays, GNA is the model lectin and represents a large 
group of so-called GNA-related lectins with high preference 
for mannose and mannose-containing oligosaccharides [29].

Our research on monocot mannose-binding bulb lectins 
was extended to lectins in a variety of vegetative storage 
tissues from dicotyledonous species, such as the bark lec-
tins from Sambucus nigra L. (elderberry), Robinia pseu-
doacacia L. (black locust) and Morus nigra L. (mulberry) 

[30–36], and the rhizome lectins from Urtica dioica L. 
(stinging nettle) and Calystegia sepium L. (hedge bindweed) 
[37–39]. The characterization and structural analysis of the 
lectins from vegetative storage tissues disclosed the huge 
variety among lectins in terms of molecular structures and 
carbohydrate-binding specificities. In addition, we revealed 
the presence of many isolectins [33, 37, 40–43]. The occur-
rence of these isoforms prompted us to advance the lectin 
field and proceed from purification of lectins to molecular 
cloning of lectin genes or cDNA sequences, which allowed 
to unravel the mystery of isolectins. Most lectins are 
encoded by gene families, characterized by highly homolo-
gous sequences differing in a few amino acids, resulting in 
isoforms with slightly different isoelectric points, allowing 
to explain the multiple peaks observed after ion exchange 
chromatography of purified lectins [33, 41, 43].

Discovery of stress‑inducible plant lectins

In the 1970s-1990s lectin research focused almost exclu-
sively on lectins that were abundant in seeds or vegetative 
tissues. These lectins are now referred to as the ‘classical’ 
lectins to distinguish them from the stress-inducible lectins 
that were first described around the year 2000. Our research 
group was the first to report on stress-inducible lectins, in 
particular the salt stress-inducible lectin from rice (Oryza 
sativa L.) shoots [44] and the jasmonate-inducible lectin 
from tobacco (Nicotiana tabacum L.) leaves [45]. The latter 
lectins are expressed at very low levels and hardly detect-
able when plants are grown under normal growth conditions. 
However, lectin expression is upregulated when the plant is 
exposed to stress. Consequently, these lectins are designated 
as ‘stress-inducible’ plant lectins [46].

Interestingly, we could show that a diversity of plant 
lectin families harbors both classical and stress-inducible 
lectins, suggesting that both classes of lectins have evolved 
in parallel throughout evolution [46]. Though both the clas-
sical and the stress-inducible lectins do not show important 
differences in their three-dimensional structures, they locate 
to different compartments of the plant cell [47]. The low-
abundant lectins are synthesized without a signal peptide 
and locate mainly to the cytoplasm, but some of these lec-
tins can also enter into the nucleus. Consequently, the term 
‘nucleocytoplasmic lectins’ was introduced [48]. In contrast, 
most classical lectins are synthesized with a signal peptide, 
and therefore follow the secretory route from the endoplas-
mic reticulum to the Golgi apparatus, and will finally locate 
to the vacuole, the plasma membrane or can be secreted 
to the cell wall and the extracellular space [49]. The novel 
concept of lectins being present in the nucleus also urged 
us to develop novel ideas related to functionality of these 
carbohydrate-binding proteins [50].
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Diversity and classification of plant lectins

Although all lectins share the ability to specifically rec-
ognize and bind carbohydrate structures, these proteins 
have very different molecular structures, biochemical and 
biophysical properties, and therefore most likely are also 
implemented in diverse biological functions. In the past 
130 years, hundreds of plant lectins have been identified 
and characterized in some detail [51], introducing the 
need for a classification system of lectins. Over the years, 
researchers have tried to establish different classification 
systems, aiming to organize the large and heterogeneous 
group of plant lectins considering their specificity for 
particular carbohydrate structures (e.g. mannose-binding 
lectins) or the plant family they were purified from (e.g. 
legume lectins). However, these classification systems did 
not succeed in obtaining more homogeneous groups of 
lectins.

Based on their molecular structure, we have divided the 
group of plant lectins in four classes, referred to as merolec-
tins, hololectins, chimerolectins and superlectins. Merolectins 
contain a single lectin domain. In contrast, hololectins and 

superlectins contain multiple lectin domains. A superlectin 
contains several lectin domains with different carbohydrate-
binding specificities. Chimerolectins are lectins composed of 
a lectin domain linked to one or more protein domains with 
another protein function [18].

Available data from protein sequencing as well as 
molecular cloning of cDNA sequences encoding lectins 
led us to elaborate a new classification system for plant 
lectins according to families of structurally related pro-
teins. In 1998 the original classification system consisted 
of 7 plant lectin families [19], but in 2008 it was extended 
to 12 plant lectin families to accommodate the data on all 
newly identified carbohydrate-binding lectins from plants 
[49]. Lectin families are named after the first lectin of 
this family that was characterized in detail. In alphabeti-
cal order these are: the Agaricus bisporus agglutinin fam-
ily, the Amaranthins, the chitinase-related agglutinins, the 
Cyanovirin domain lectins, the Euonymus-related lectins, 
the Galanthus nivalis agglutinin (GNA)-related lectins, 
the Hevein domain lectins, the Jacalin-related lectins, the 
legume lectins, the Lysin M (LysM) domain lectins, the 
Nicotiana tabacum agglutinin (Nictaba)-related lectins 

Fig. 1   Three-dimensional structures representing different leg-
ume lectins, GNA-related lectins and Jacalin-related lectins. 
Graphs represent A Pisum sativum lectin (PSA) monomer (2LTN), 
B PSA dimer (2LTN), C Con A tetramer (1CVN), D GNA mono-
mer (1MSA), E ASA dimer (1KJ1), F GNA tetramer (1MSA), G 

Scilla  campanulata tetramer (1B2P), H  Jacalin monomer (1JAC), 
I Calsepa dimer (1OUW), J Jacalin tetramer (1UGW), K Morniga-
M tetramer (1XXQ), L Morniga-G tetramer (model), M Heltuba 
octamer (1C3K). PDB codes are given between brackets. Pictures 
were rendered using the ChimeraX software [154]
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and the Ricin-B domain lectins. In addition, there are the 
lectins in the endoplasmic reticulum, such as calnexins, 
calreticulins and malectins. The latter lectins are important 
for protein folding and are also present in other kingdoms 
of life [52]. More details on the different plant lectin fami-
lies have been described in some recent reviews [9, 20].

The molecular cloning of lectins facilitated the deter-
mination of the amino acid sequences of lectin poly-
peptides, which in turn progressed our knowledge on 
the three-dimensional structure of the lectins and their 
carbohydrate-binding sites. The diversity of plant lectin 
families prompted the search for the lectin motifs (short 
conserved sequence patterns associated with carbohydrate-
binding activity) in each lectin family and deeper insight 
into the specificity of different lectins. As illustrated in 
Fig. 1, the structural diversity among plant lectins is large. 
The three-dimensional structure of most lectin domains 
contains a high content of β-sheets, and only few if any 
α-helices. These β-sheets will arrange into β-sandwich, 
β-trefoil, β-prism and barrel structures, depending on the 
lectin domain. Quaternary structures most often contain 
two or four subunits stabilized by hydrophobic interac-
tions, hydrogen bonds and electrostatic interactions. The 
legume lectin domain typically contains metal ions (Mn2+ 
and Ca2+), but is the only lectin domain that requires metal 
ions for its activity. For more information we refer to the 
structural database for lectins and the Unilectin Web Plat-
form (https://​www.​unile​ctin.​eu/) [53, 54].

Since the classification in plant lectin families is based on 
the sequence of the lectin domain, all lectins within one fam-
ily will have a similar fold. However, lectin domains within 
one family can be organized differently (forming monomers, 
dimers, tetramers, etc.) with one or more carbohydrate-
binding sites per lectin domain (Fig. 1). Typically, a lectin 
domain contains one carbohydrate-binding site that will bind 
the carbohydrate structure non-covalently. Hydrogen bonds, 
electrostatic interactions and hydrophobic stacking (mainly 
with tryptophan residues) are involved in the specific binding 
of the carbohydrate structure [55]. The GNA-related lectins 
are unique in that they contain 3 carbohydrate-binding sites 
per lectin domain. X-ray crystallography revealed that the 
GNA monomer folds as a β-prism composed of three anti-
parallel four-stranded β-sheets, forming the three binding 
sites. Since GNA is a tetramer, it contains 12 carbohydrate-
binding sites in its quaternary structure, allowing the lectin 
domain to specifically recognize mannose oligosaccharides 
(Fig. 2) [56, 57].

In the early days, lectin research focused mainly on inter-
actions with simple sugars (monosaccharides, disaccharides) 
or glycoproteins. The elaboration of new tools and more 
sensitive techniques (such as frontal affinity chromatogra-
phy, surface plasmon resonance, glycan array technology) 
revealed that the pool of targeted carbohydrate structures for  

lectins is large and diverse, contributing to the many roles 
of lectins in plants and beyond. Specificity studies as  
well as the elucidation of three-dimensional structures in 
complex with carbohydrates have enabled to decipher the 
carbohydrate-binding specificity for many plant lectins and 
also pointed out the diversity and complexity among lectins. 
The specificity of the binding site is not linked to a plant 
lectin family. For instance, mannose-binding lectins have 
been retrieved in multiple plant lectin families, including 
legume lectins, GNA-related lectins and jacalin-related lec-
tins [58–60].

Furthermore, there is no clear correlation between the 
lectin domain structure and its specificity. In legume lec-
tin domains the folding of one particular loop determines 
the specificity, ranging from mannose/glucose-binding to 
Gal/GalNAc, fucose or sialic acid binding [12–14, 19, 61]. 
In addition, we have shown that subtle differences can be 
responsible for important changes in the specificity. For 
instance, proteolytic cleavage of the jacalin sequence into the 
α and β-subunits is important for galactose-binding activity 
of jacalin-related lectins. In mannose-binding jacalin-related 
lectins this cleavage is absent. However, structural analyses 
demonstrated that the carbohydrate-binding site of jacalin 
can accommodate different monosaccharides. Although 
jacalin is especially known for its binding to galactose and 
galactose-containing glycans, it can also interact with man-
nose, indicating that the β-prism structure of jacalin is flex-
ible [35, 62–65].

Lectins will bind carbohydrate or glycan structures 
in their carbohydrate recognition domain. These lectin-
monosaccharide interactions are typically relatively weak 
(in the millimolar range, 10–3-10–4 M). However, lectins 
exhibit a much higher affinity towards oligosaccharides and 
glycan structures (in the micromolar range, 10–6-10–7 M) 
either because of ligand multivalency or the presence of an 
extended binding site (Fig. 2) [66–68]. In most cases the 
lectins will target one or more terminal residues of com-
plex carbohydrate structures. However, this is not always 

Fig. 2   Organisation of the carbohydrate-binding site in Lathyrus 
ochrus isolectin I (LoLI, A-D) and Galanthus nivalis lectin (GNA, 
E–H). A, B LoLI in complex with Mannose (Man, PDB code 1LOB). 
C, D LoLI in complex with a biantennary octasaccharide of the 
N-acetyllactosamine type from lactotransferrin (PDB code 1LOF). 
E, F GNA in complex with α-methylmannoside (Man, PDB code 
1MSA). G, H GNA in complex with three mannosyl residues from 
a mannopentaose (PDB code 1JPC). Alpha and Beta refer to the 
alpha and beta chains composing LoLI. Hydrogen bonds connect-
ing the carbohydrates to the amino acid residues forming the bind-
ing site are represented by dashed lines. The shallow depression on 
the lectin surface corresponding to the monosaccharide-binding site 
that can accommodate simple sugars is delineated by a yellow dashed 
line. The green and violet spheres represent the Ca2+ and Mn2+ ions 
that stabilize the carbohydrate-binding site of legume lectins. Pictures 
were rendered using the ChimeraX software [154]
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the case. The tobacco lectin Nictaba was first described 
as a (GlcNAc)n binding lectin based on hapten inhibi-
tion assays and its interaction with GlcNAc oligomers in 
surface plasmon resonance experiments [45]. However, 
detailed binding studies for Nictaba using glycan arrays 
also revealed its interaction with both high-mannose and 
complex N-glycans. Saturation difference NMR analyses 
allowed to unravel the molecular basis for the interaction 
between Nictaba and its targets, and was able to show that 
the carbohydrate-binding site of Nictaba can accommodate 
the Man3GlcNAc2 core of N-glycans as well as chitotriose 
[69, 70].

Over the years we have developed a special interest in 
mannose-binding lectins. Multiple lectin families with differ-
ent structural scaffolds containing one or more carbohydrate-
binding sites are involved in the specific recognition and bind-
ing of mannose and mannose-containing glycans. Overall, 
the mannose-binding site represents a rather small, central, 
carbohydrate-binding pocket that can accommodate a single 
mannose residue. However, this site is surrounded by an area, 
referred to as the extended binding site, responsible for the spe-
cific recognition of larger mannose-containing oligosaccharides 
or N-glycan chains, as shown in Fig. 2, for Lathyrus ochrus 
isolectin I (L.) DC. and GNA. Thus, the monosaccharide-
binding site can be considered as part of the more extended 
oligosaccharide-binding site, allowing these lectins to interact 
with more complex glycans. From a physiological point of 
view, these more complex carbohydrate structures are more 
likely to be the targets for lectins in their natural environment, 
considering that the concentration of monosaccharides in cells 
and tissues is very low [60, 71]. More detailed information on 
the structural organization of plant lectins can be found in some 
recent papers [60, 72].

Lectin domains and evolutionary dynamics

In the last decades, a lot of sequence information became 
available from proteomics, genomics and transcriptomics 
analyses, and enhanced the knowledge related to three-
dimensional structure of lectin domains as well as the 
evolutionary relationships between lectins. Our research 
group performed genome-wide searches for lectin motifs 
in multiple fully sequenced plant genomes, resulting in 
new ideas and concepts for plant lectins. First, our analy-
sis of 38 genomes exposed that some lectin domains are 
highly conserved, ranging from algae to higher plants [20]. 
The strong conservation of several lectin motifs, such as 
Euonymus-related lectins, GNA-related lectins, heveins, 
legume lectin domains, LysM domains, Nictaba-related 
lectins, malectins and RicinB domains, highlights their 
significance for plants. Although some lectin domains are 

unique for plants, a few carbohydrate-binding domains are 
shared between plants, animals, fishes, bacteria and other 
kingdoms of life [20, 73–77]. For instance, the RicinB 
domain has been reported in bacteria, fungi, insects, fishes 
and in mammals [49].

Second, the genome-wide investigation on nucleotide 
sequences led to deduce the amino acid sequences and 
revealed that the majority of lectin sequences encode chi-
meric lectins (composed of one or more lectin domains 
coupled to another protein domain). In contrast, the classi-
cal lectins mainly belong to the class of hololectins, com-
posed of lectin subunits/domains only. Our comparative 
study for some important model plants, including Arabi-
dopsis thaliana L., Oryza sativa L. (rice), Cucumis sati-
vus L. (cucumber) and Glycine max L. (soybean), uncov-
ered that additional protein domains are recurrently been 
integrated into lectins in multiple plant species [77]. For 
instance, the F-box domain, kinase domain and glycosyl 
hydrolase domain have been identified in multiple chi-
merolectins and can occur in combination with different 
lectin domains [73–77]. The fact that the lectin domain 
can be linked to protein domains with other functions sug-
gested that the carbohydrate-binding domain can be part 
of a protein with multiple functional domains and urged 
us to change our view related to the functionality of these 
lectins [20, 77].

Third, the extensive search for lectin motifs in multiple 
plant genomes for which complete sequences are avail-
able suggested that plant genomes contain a large battery 
of lectin sequences. As mentioned above, the majority of 
the lectin sequences encode multiple protein domains, 
including one or more lectin domains [77]. Furthermore, 
the sequences from most of these lectins have never been 
reported before. Transcriptome analyses from different 
experiments investigating expression under stress condi-
tions further indicated that the transcript levels for most of 
the sequences are variable, and can be affected by a number 
of stress conditions, including abiotic (e.g. salt, drought, 
and heat) as well as biotic stresses (e.g. pathogens and 
insects).

The knowledge on lectins as multidomain proteins also 
adds to the complexity. It has become clear that through 
evolution lectin domains have been used as building blocks 
to create new chimeric proteins with multiple domains and 
with multiple activities [20, 79]. Considering that many lec-
tin sequences also contain other functional protein domains, 
we have suggested to broaden the definition for lectins: “pro-
teins can be considered lectins if they contain one or more 
lectin domains, or have a domain architecture including one 
or more lectin domains in combination with other protein 
domains” [79]. The lectin domain can bind carbohydrates or 
glycan structures in a specific and reversible way, but should 
be devoid of enzymatic activity.
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Role of lectins in plants

Depending on their location in the cell, lectins will interact 
with different targets, either endogenous targets (i.e., the car-
bohydrate structures present inside the plant cell) or exog-
enous targets (i.e., the carbohydrates moieties on the surface 
of pathogens) [80]. Our discovery of lectins residing in the 
nucleus and in the cytoplasmic compartment(s) of the plant 
cell has changed the ideas on the physiology and biologi-
cal functions of lectins drastically. In the past, lectins were 
viewed as storage proteins or proteins with no specific func-
tion in the cell unless protection against attack from herbivo-
rous insects and pathogens. It is now considered that lectins 
are involved in many more biological processes related to 
stress signal transduction and defense, and can fulfill specific 
functions inside the plant cell or in the interaction with other 
organisms [18, 48, 49, 78–80].

The interest in ricin was originally sparked because of 
the toxicity of the protein. However, it is now clear that 
not all plant lectins are toxic proteins. In fact, plant lectins 
being ubiquitous in the plant kingdom, are part of our eve-
ryday diet. For example, lectins are present in many plant 
foods such as beans, potatoes, peas, cereals, tomatoes, gar-
lic, banana, etc. Although some lectins are known to cause 
nutritional deficiencies and allergic reactions in humans, the 
concentration of lectins in most foods is far too low to pose 
a threat to healthy individuals [81, 82]. Furthermore, soak-
ing and cooking will destroy the lectin in foods with a high 
lectin content, such as green beans [83, 84].

Being abundant proteins in seeds and vegetative tissues, 
lectins were first considered as storage proteins to provide 
the plant with a source of nitrogen. However, the observa-
tion that many plant tissues with high levels of lectin are 
not eaten by e.g. herbivores prompted us to put forward 
the hypothesis that lectins play a role in plant defense [18]. 
Hence, although not all lectins are toxic proteins, the ‘tox-
icity’ or deterrent activity of some of these proteins is still 
an important factor to explain the role of lectins as a part 
of plant defense. Using different experimental approaches, 
such as the addition of purified lectins to the artificial diet of 
insects or in the culture medium of fungi, bacteria or nema-
todes, as well as experiments with transgenic plants overex-
pressing lectins have proven that some lectins have deterrent 
activity or are toxic to several pathogens and insects. The 
role of lectins in plant defense has been reviewed extensively 
in recent years [85–88].

Most research illustrating the toxicity of lectins has been 
retrieved from studies with insects [85, 86]. The legume lec-
tins and especially the group of GNA-related lectins have 
been studied in a greater detail for their insecticidal activity 
in different insect species. More recently, the stress-inducible 
jacalin-related and Nictaba-related lectins have been shown 

to possess toxic effects on insects [90–92]. Several transgenic 
crops overexpressing lectin genes have been investigated with 
the idea of using lectins as part of integrated insect pest con-
trol strategies [86, 89–91].

We and others have focused largely on the insecticidal 
activity of GNA and GNA-related lectins, such as the garlic 
lectin ASAL [93]. GNA attracted a lot of interest because it 
was the first lectin that was active on Hemiptera, being suck-
ing insects, such as aphids [94]. Another interesting feature 
of GNA is that the lectin can be taken up by insect cells and 
tissues, and can cross the gut border [95]. Consequently, 
GNA and GNA-related lectins have been used as a carrier 
molecule to transport toxic proteins, such as neuropeptides, 
to reach the hemolymph of insects [96]. GNA and ASAL 
have been fused to toxins (e.g. the toxin from the South 
Indian red scorpion or the spider venom), enhancing the 
toxicity of these fusion proteins [96–100]. To circumvent 
resistance to evolve over time, transgenic lines expressing 
both lectins and Cry toxins have been developed for differ-
ent crops. Stacking with Cry proteins will help to overcome 
problems related to resistance but at the same time will cre-
ate transgenic lines resistant to both chewing and sucking 
insects [101, 102]. Obviously, the potential use of these 
transgenic crops is subject to investigation for their toxicity 
against higher animals. Feeding trials with rats for 90 days 
have reported no adverse effects from consumption of rice 
transformed with GNA [103, 104].

A lot of work aimed to decipher the mode of action of 
GNA-related lectins in insects. In general, lectins will be 
taken up by insects chewing on plant materials or sucking 
the phloem sap. Plant lectins will pass through the gastro-
intestinal tract where they can bind with glycoproteins on 
epithelial cells [85, 86, 105]. In addition, toxicity of lectins is 
related to their ability to pass through the peritrophic matrix, 
depending on the molecular size of the lectin [106]. Overall, 
plant lectins are highly resistant to digestive enzymes in the 
insect. It has been shown that resistance to proteolytic deg-
radation is an important parameter for insecticidal activity. 
The entomotoxic effects of lectins are often observed after 
lectin ingestion resulting in reduced larval weight, fecun-
dity, delay in pupation and development, and in some cases 
mortality. In addition to reduction of growth, lectins can also 
disrupt midgut microvilli and provoke changes in transcript 
levels of several genes [107, 108]. Although lectin binding 
is a prerequisite for toxicity, uptake of lectins in the cell is 
not. Proteomics studies have further confirmed that lectin 
binding to cell surface glycoproteins can be the trigger for 
a signaling cascade, resulting in deterrent or toxic effects 
[85, 86, 108].

The binding of plant lectins to glycosylated proteins of 
insects being an important interaction to explain the insecti-
cidal activity of lectins, prompted us to study in more detail 
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the glycosylation in insects and the importance of glycosyla-
tion for insect development. Analyses of the N-glycomes 
from several insects revealed that high-mannose and pauci-
mannose N-glycans are highly abundant, explaining why 
especially mannose-binding lectins show good interaction 
with insect glycoconjugates [109–112]. Recent research 
also indicated differences in the N-glycan profile for male 
and female insects of Nilparvata lugens, with male insects 
containing less high-mannose and more paucimannose type 
structures compared to the female insects [110, 111]. Both 
O- and N-glycosylation are important for insect physiology 
and development, as shown by RNAi experiments. Indeed, 
silencing of different enzymes important for the glycosyla-
tion process in insects caused failure of postembryonic 
development and wing formation [109, 113].

As mentioned above most lectin sequences encode chi-
meric proteins. At present little is known about the func-
tionality of typical chimeric lectins, and the physiological 
importance of the lectin domain for the plant. One important 
group of chimeric lectins, known as lectin receptor kinases, 
is located on the plasma membrane and in the cell wall 
where they serve a role in the recognition of glycosylated 
molecules, such as those present on the surface of pathogens 
[88, 114, 115].

Lectins present in the nucleus and/or in the cytoplasm 
represent minor proteins. Their concentrations are variable 
and dependent on the plant response to abiotic and biotic 
stresses. Since lectin concentrations inside the cell are 
upregulated in response to environmental cues, these 
so-called stress-inducible lectins are considered to be  part 
of plant signaling and stress responses [78, 116]. Multiple 
examples have shown the contribution of several stress-
inducible lectins to plant immunity [117, 118].

Plant lectins as tools

Lectins from plants can be used for agricultural purposes. 
The knowledge that some carbohydrate-binding proteins can 
help the plant to cope with particular stress conditions can 
be exploited to the benefit of other plants lacking this type 
of lectin. Using a biotechnological approach, the expres-
sion of lectin genes can be altered, either overexpressed or 
blocked, or new genes for lectins can be introduced in the 
plant genome, aiming to improve the plant’s growth and 
development [119–121].

In addition, considering the specific interaction of lectins 
with glycosylated structures as well as the ability of some 
plant lectins to trigger immune responses or cell death, lec-
tins can be used for biomedical research. Since their discov-
ery plant lectins have been developed as important tools in 
the field of glycobiology, enabling to study the importance of 
protein-carbohydrate interactions. Lectins have been used for 

biomedical applications, ranging from diagnostics to cancer 
research [9, 122, 123]. A lot of information on lectins and 
cancer has been compiled in the database CancerLectinDB 
(http://​proli​ne.​physi​cs.​iisc.​ernet.​in/​cance​rdb) [124]. Some of 
these applications are described here, highlighting primar-
ily  our contributions to the use of plant lectins as tools for 
glycobiology.

Lectins in the study of glycoproteins

It has been well-established that carbohydrate structures on 
the cell surface carry biological information. However, one 
of the major challenges is to decipher the glycocode and 
understand the importance of glycosylation which in turn 
can contribute to the future cure of diseases. Since plant 
lectins recognize and bind specific carbohydrate structures 
they can be exploited to detect specific glycans or changes 
in glycosylation occurring on cells or tissues. Our laboratory 
has contributed significantly to the purification and charac-
terization of many plant lectins from natural sources. More 
recently, recombinant DNA technology has enabled the use 
of heterologous expression systems to make recombinant 
lectins. Taking advantage of the glycan array technology  
as provided by e.g. the Consortium for Functional Glycomics 
(http://​www.​funct​ional​glyco​mics.​org) detailed analyses of 
the carbohydrate-binding properties were performed allow-
ing to put forward plant lectins with unique specificities. 
For example, GNA, the mannose-binding lectin from snow-
drop (Galanthus nivalis) and SNA-I, the sialic acid binding 
agglutinin from elderberry (Sambucus nigra) turned out to 
be powerful tools [69]. Plant lectins with a wide variety of 
specificities have been included in lectin microarrays. The 
microarray panels consist of lectins immobilized on chips, 
allowing high throughput screening and easier detection of 
glycans in samples [125–127].

The interaction of lectins with glycan structures can 
inhibit cancer cells, in most cases by inducing autophagy 
and apoptosis. These antiproliferative and cytotoxic effects 
of particular lectins can help to fight cancer. For example, 
Morniga-M, a mannose-binding jacalin-related lectin from 
the bark of mulberry (Morus nigra), activates human rest-
ing T-lymphocytes and induces cell death of activated T 
cells. Morniga-G, the T/Tn-specific lectin from the bark of 
Morus nigra, induces the cell death of Tn-positive leukemic 
cells using O-glycosylation-, caspase-, and TRAIL/DR5-
dependent pathways [128–130].

Lectins as delivery vehicles

Photochemotherapy can be used for the treatment of vari-
ous tumors, and it has been suggested that photosensitizer 
efficiency can be enhanced by conjugation with plant lec-
tins allowing specific targeting of photosensitizers towards 
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aberrant glycosylation of tumor cells. In particular, the 
jacalin-related lectin Morniga-G with high affinity for tumor-
associated T and Tn antigens was used to eliminate leuke-
mic cells from the blood. The Morniga-G/photosensitizer 
conjugate was promising because  it was poorly toxic when 
irradiated under white light, but showed strong phototoxicity 
when irradiated in the therapeutic window, thus preferentially  
killing cancerous lymphocytes [131, 132].

The fact that lectins can specifically bind glycosylated 
biomolecules makes them nice tools for targeted delivery of 
molecules. Nanoparticles decorated with lectins have been 
used to deliver molecules to cells where glycosylated pro-
teins and lipids on the cell surface serve as binding sites for 
the lectins [133, 134]. Other examples for lectin mediated 
delivery involve the mannose-binding GNA. The snowdrop 
lectin is known to be toxic for aphids but is non-toxic to cat-
erpillars [94]. Since GNA was shown to be transported to the 
hemolymph of insects after oral ingestion, the lectin domain 
can be used to create novel insecticides. As mentioned above 
fusion proteins consisting of a toxin domain linked to GNA 
were targeted to the hemolymph after oral uptake, and pro-
voked insecticidal activity towards insects from different 
orders [96–98]. Recently, the snowdrop lectin was shown 
to accelerate the delivery of dsRNA in lepidopteran midgut 
cells [135]. GNA complexed dsRNA resulted in a faster and 
increased dsRNA uptake in midgut cells. In addition, the 
faster uptake correlated with an increased RNAi efficiency in 
these cells. Furthermore, feeding of Spodoptera exigua with 
GNA-complexed dsRNA yielded higher mortality compared 
to insects in the control group.

Lectins in the study of viral infections

Many plant lectins have been reported as antiviral proteins 
and have been suggested as possible candidates to prevent 
viral infections [136, 137]. Though several hurdles need to 
be overcome before lectins can be used in the clinic, several 
plant lectins have advanced our knowledge on viral biology, 
especially the enveloped viruses such as human immunode-
ficiency virus (HIV), influenza virus and coronaviruses that 
contain a highly glycosylated coat. The glycan structures on 
the surface proteins facilitate diverse structural and func-
tional roles in the virus. The entry of the virus in the cell 
involves fusion between the viral membrane and the cellular 
membrane of the target cells, a process catalyzed by specific 
glycoproteins. Many soluble plant lectins bind to viral sur-
face glycoproteins, and have served as nice tools to under-
stand the infection process. Several mannose-binding lec-
tins (e.g. GNA, Hippeastrum hybrid agglutinin HHA) and 
to a lesser extent GlcNAc binding lectins (e.g. Urtica dioica 
agglutinin UDA) have been reported to recognize HIV-1 
virus particles and can interfere with virus replication in 
cell cultures. These lectins prevent syncytia formation 

between HIV infected cells and uninfected T-lymphocytes 
[138–141]. Lectins can prevent viral entry into cells, but 
probably also play a role in preventing HIV transmission, 
and therefore have been suggested as microbicide drugs 
[136, 141]. Exposure of HIV particles to GNA or HHA 
for a long time period yielded changes in the glycosylation 
profile for glycoprotein 120 (gp120), resulting mainly from 
mutations in the N-glycosylation sites (deletion of glycans) 
and occasionally the creation of new N-glycosylation sites 
(new glycans), compromising the infectivity of the virus 
[142, 143]. In addition, lectin selection for the virus parti-
cles creates holes in the glycan shield, enabling antibodies 
to reach the epitopes on the viral glycoproteins that were 
previously covered by glycans. In the case of gp120, most 
of these N-glycans are of the high-mannose type [136].

In contrast to HIV particles, coronaviruses contain more 
complex N-glycans. A screening with natural lectins revealed 
that some mannose-binding lectins, e.g. the GNA-related lec-
tin from leek, exhibited the strongest anti-coronavirus activ-
ity. In addition, some galactose-, N-acetylgalactosamine-, 
glucose-, and N-acetylglucosamine-specific plant lectins also 
displayed anti-coronaviral properties. Two targets for binding 
early in the replication cycle and at the end of the infection 
cycle of SARS-CoV, respectively, have been identified [144].

Lectins with strong activity against HIV also showed 
strong antiviral activity against hepatitis C virus [145]. 
More recently, GNA, HHA and UDA have been reported 
to have anti-influenza virus activity against various influ-
enza A(H1N1), A(H3N2), and B viruses in vitro. It is 
hypothesized that these lectins interact with N-glycans 
on the hemagglutinin in the envelope, since mutation of 
the N-glycan sites yielded a reduced activity against these 
mutant influenza viruses [146].

Interestingly, the GNA-related lectins, such as GNA 
and HHA qualify as potent inhibitors for HIV, hepatitis C 
virus, coronaviruses as well as influenza viruses in vitro. 
At present, lectins have not been investigated from a thera-
peutic viewpoint, but rather serve as interesting molecules 
to unravel viral biology. Since lectins are proteins, they 
can elicit an antibody response. In addition, it is not clear 
whether lectins can discriminate between cellular and viral 
glycans. Therefore, more research is required to investigate 
the potential use of lectins as therapeutics.

Lectins as decoders of the glycome

The cell stores a lot of information in its nucleus under 
the form of nucleic acids, the genetic code (DNA) or the 
transcripts (RNA), that will be functional at a given time 
in specific cells or tissues. The proteins are the work horses 
of the cell and play a key role in processes such as growth, 
development, metabolism, and replication. Enzymes in 

91Glycoconjugate Journal (2022) 39:83–97



1 3

particular are needed to safeguard the well-functioning of 
a cell or organism. Among proteins, lectins represent a spe-
cial group because of their ability to specifically recognize 
and bind to a diversity of carbohydrate structures. Many of 
these glycans are attached either to proteins and/or to lipids. 
Proteins ‘reading’ the glycans, the lectins, have revealed the 
dynamic regulation of glycosylation, both in time and in 
space. These data support the idea of a ‘sugar code’, the gly-
come, and lectins being the readers or decoders [147, 148]. 
In contrast to the proteins, the glycans are not encoded in the 
genome, making it challenging to study their presence and 
functionality in biological systems. Indisputably, the glycans 
are essential for diverse processes, ranging from proper fold-
ing to biological activity of proteins. Recently, the discovery 
of glycoRNAs, small noncoding RNAs carrying N-glycan 
modifications present mainly at the cell surface has added an 
additional level of complexity, and most likely an additional 
level of regulation of biological processes [149].

Lectins on one hand can read the ‘glyco’code, as is the 
case in applications where lectins are being used to deci-
pher specific glycostructures (in particular the use of lectins 
in cytochemistry, histochemistry or as ligands for affinity-
based chromatography). On the other hand, it is also clear 
that lectin-carbohydrate interactions can be the starting point 
for a signaling cascade, as in many immune responses [80, 
116, 148].

It can be hypothesized that especially the lectins in the 
cytoplasm and in the nucleus will act as decoders. For 
example, the stress-inducible lectin from tobacco, called 
Nictaba, is present in the nucleus and was shown to interact 
with O-GlcNAc modified histone proteins. It is therefore 
reasonable to assume that under stress conditions Nictaba 
may modulate gene expression using chromatin remodeling 
[150–152].

Concluding remarks

Since the discovery of the first lectin, the field of lectinology 
has changed enormously. Whereas the research was focused 
on the identification of new plant lectins with interesting 
carbohydrate-binding properties for a very long time, it has 
now moved towards deciphering the biological role of lec-
tins in plants as well as in many other organisms. At the 
same time the knowledge on the carbohydrate-binding prop-
erties of lectins and the identification of new lectins enabled 
the use of lectins as tools and facilitated or even boosted 
more applied research.

Over the years, the complexity of lectins has increased 
continuously. Lectins being located in diverse plant com-
partments added to this complexity. But especially our 
findings that the majority of lectin sequences encode chi-
meric proteins in which the lectin domain is only a small 
part of a larger multidomain protein urges to reconsider 

the functionality of lectins. Furthermore, the interaction 
between different protein domains and possible synergis-
tic effects resulting from the presence of multiple protein 
domains should be investigated.

Recent studies have shown that glycans can severely 
impact plant growth and development but are also impor-
tant for cellular signaling, plant immunity and stress tol-
erance [153]. Similarly, glycans in animal systems can be 
recognized by plant lectins, enabling the use of lectins as 
glycoprobes and useful tools for cancer diagnosis and ther-
apy [126–128]. More detailed knowledge on the natural 
lectins or the introduction of protein engineering to make 
synthetic lectins will advance the field in coming years. 
Undoubtedly, further elucidation of lectin-glycan interac-
tions as well as the biological processes relying on these 
interactions and signaling cascades can be the subject of 
exciting glycobiology and lectin research in a significant 
part of the twenty-first century.
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