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Abstract
This chapter presents the specific characteristics of transglutaminases
(TGases) in different plant species by comparing them with those of the
best-known TGases of animal origin. It, therefore, explains the involve-
ment of TGases in specific aspects of the physiology of plant organisms,
highlighting, above all at the cellular level, similar roles, and differences
concerning those performed by animal TGases. The features of the pu-
tative gene sequences encoding for plant TGases are illustrated with
special emphasis on the characteristics of the best-known mammalian
TGase 2, among which the presence of the catalytic triad, the binding site
for calcium and guanosine triphosphate (GTP), which are present in
various plant organisms. The bioinformatics approach has enabled the
comparison of the three-dimensional structures of plant TGases with
their animal counterparts, suggesting that plant and animal TGases
might exhibit a similar three-dimensional conformation from an ener-
getic standpoint. Such similarity holds great significance for catalytic
reactions.

Keywords: Cell growth; Cell wall TGase; Differentiation; Plant trans-
glutaminase; Plastidial TGase; Pollen TGase; Programmed cell death;
Stress.

1. Introduction
About 30 years after their identification in animal systems

(Clarke et al., 1959), transglutaminases (TGases) were also studied
in plants. It was initially carried out in two independent labora-
tories, one in the United States and the other in Europe; in the
former, working on an experimental model consisting of the
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apical etiolated meristematic region of Pisum sativum seedlings
and in the latter in etiolated apical meristems of stems, as well
as during the synchronous cell cycle of tuber parenchyma cells
of Helianthus tuberosus (Icekson and Apelbaum, 1987; Serafini-
Fracassini and Mossetti, 1985; Torrigiani et al., 1987; Serafini-
Fracassini et al., 1988) in which TGase activity was studied by
covalent conjugation of polyamines (PAs) to proteins. This trans-
amidation activity remains the one that has beenmost extensively
studied in plant TGases, while in animals TGases catalyze many
biological reactions and are a widely distributed enzyme family
that includes nine genes, eight of which encode catalytically active
proteins (Lorand and Graham, 2003; Griffin et al., 2002). Since the
first studies on P. sativum in 1987 and in H. tuberosus in 1988,
many articles have been published demonstrating the presence
of TGases in various organisms, from fungi to algae and tracheo-
phytes. They are found in various cell compartments (cell walls,
chloroplasts, mitochondria, and microsomal fraction) and are
thought to play structural or conformational roles.

Plant TGases show similarities to animal TGases, such as the
ability to produce glutamyl-polyamine derivatives, originating
from the binding of PAs to endoglutamine residues of TGase sub-
strate proteins, the ability to be recognized by antibodies raised
against animal TGases, and the Ca2þ-dependence (Serafini-
Fracassini and Del Duca, 2008), which are not possessed by
microbial TGases. Studies have shown that plant TGases are
important in plant cell biology. Specifically, chloroplast TGases
appear to stabilize photosynthetic complexes and the enzyme
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco),
they are regulated by light and other factors, and may have a pos-
itive effect on photosynthesis and photo-protection; stimulation
by light is one of the peculiarities of plant TGases not reported
for animal ones (Aloisi et al., 2016). In the cytosol, they modify
cytoskeletal proteins (Del Duca et al., 2009, 2013a). Other reports
suggest involvement in cell wall construction and organization,
pollenepistil interaction and fertilization, response to abiotic
and biotic stresses, senescence and programmed cell death
(PCD), including the hypersensitive response (Mandrone et al.,
2019; Gentile et al., 2012; Del Duca et al., 2007, 2014; Della Mea
et al., 2007; Aloisi et al., 2016).

The comparison of 3D structure of human TG2 has been per-
formed by superimposition provided by the multiprot algorithm
(Shatsky et al., 2004) of human tissue tranglutaminase 2 (pdb
code 1KV3, the template) and of the AtPng1P (3D model, the
target). Both proteins share a very similar 3D structure and the
TGase catalytic triad of the target and of the template are
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definitely superimposed (Serafini-Fracassini et al., 2009). In
H. tuberosus sprout apices, three TGase isoforms have been iden-
tified with molecular weight of 75, 85, and 58 kDa. The 3D model
for theHelianthus tubersus 75 kDa form built adopting the animal
TGase2 as template showed a considerable homology especially
in the catalytic domain (Beninati et al., 2013). As reported in the
following section, other isoforms have been identified in Zea
mayze, Oryza sativa, and Hordeum vulgare (Serafini-Fracassini
et al., 2021; Della Mea et al., 2004; Campos et al., 2013; Villalobos
et al., 2004; Sobieszczuk-Nowicka et al., 2015).

2. Phylogenetic relationship and
bioinformatic analyses

The phylogenetic relationship, gene structure, and sequence
alignment of plant TGase proteins in various plant species have
been studied and have provided useful insights. A total of 41
TGase genes were found in 30 plant species, with some species
showing gene duplication, such as the angiosperms Glycine
max,Nicotiana tabacum,Miscanthus sinensis, Eucalyptus grandis,
and the lycophyte Selaginella moellendorffii. Gene duplication
has played an important role in expanding TGase family in plants.
The abundance of duplicated genes in plant genomes is due to
ancient duplication events that contributed to the evolution of
new functions, including growth and development, disease resis-
tance, and stress tolerance (Panchy et al., 2016). Phylogenetic
analysis has shown that plant TGases can be classified according
to distinct taxonomic groups such as monocots, eudicots, bryo-
phytes, lycophytes, marchantiophytes, and chlorophytes, with
each group including a distinct branch of the TGase family (Par-
rotta et al., 2022). Monocots and eudicots form a separate clade,
indicating greater evolutionary divergence than other species.
Multiple sequence alignments revealed a typical conserved
domain characterized by the Cys-His-Asp catalytic triad. Compar-
ison of plant DNA databases with animal TGase sequences has
revealed low sequence homology, which has complicated the
characterization of plant enzymes, although, as reported, the
typical catalytic triad of TGases has been identified in plant se-
quences. Although plant TGase protein sequences are less
conserved at the N and/or C terminus than animal and microbial
sequences, this does not affect catalytic activity (Parrotta et al.,
2022). The gene structure analysis reveals that angiosperms
exhibit distinct intron/exon arrangements when compared to
other plant taxa. Interestingly, no significant disparity was
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observed between monocots and dicots in this regard. Most plant
TGases include one conserved large exon, which might be associ-
ated with the enzyme’s active site (Parrotta et al., 2022).

Some key biochemical and physiological properties of plant
TGases remain poorly understood, such as the effect of guano-
sine triphosphate (GTP) on TGase activity (transamidase and
cross-linking activities). In plants, GTP inhibition has been re-
ported for TGase from glycine leaves (Kang and Cho, 1996), Ara-
bidopsis (Della Mea et al., 2004; Serafini-Fracassini, 2021), maize
chloroplasts (Carvajal-Vallejos et al., 2007), and rice (Campos
et al., 2013). Regarding the mechanism of inhibition, studies on
mammalian TG2 suggest that GTP induces the opposite structural
modifications of the protein to that induced by Ca2þ. In mamma-
lian TGases, particularly in TGase 2, in the presence of Ca2þ, the
enzyme undergoes a conformational change exposing the cata-
lytic site, while in the absence of Ca2þ or and in the presence of
GTP, the enzyme remains in its catalytically inactive form, result-
ing in the relaxing and tightening of the four TG2 domains,
causing the inhibition of transamidase and protein cross-linking
activities (Griffin et al., 2002; Pinkas et al., 2007). A similar struc-
tural modification could also occur for plant TGase, as suggested
by bioinformatic analyses that show a possible homology of the
structure of mammalian TG2 and plant AtPng1p enzymes
(Serafini-Fracassini et al., 2009) as well as the H. tuberosus TGase
(Beninati et al., 2013). Specifically, AtPng1p is the first plant TGase
identified on the basis of TGase domain homology. Arabidopsis
AtPng1p is a putative N-glycanase encoded by a single gene and
contains the Cys-His-Asp catalytic triad; it consists of 721 amino
acids with a molecular weight of 86 kDa. It has been reported
that AtPng1p possesses both glycanase and TGase activities (Della
Mea et al., 2004; Masahara-Negishi et al., 2012).

In the organs of some plants, such as roots and leaves of
P. sativum, Phaseolus vulgaris, wheat, and barley, where the activ-
ity of the enzyme was Ca2þ-dependent, no inhibition by 1 mM
GTP was reported. Precisely because of this second feature, that
is, the different effect of GTP, in some cases, plant TGases may
be different from those of mammals; in other words, the active
site of some plant TGases may be similar, but not identical to
the active site of mammalian tissue TGases (Lilley et al., 1998).
This is further evidence that different forms of TGase may also
exist in plants.

Although there are differences among plant, animal, and mi-
crobial TGases, which would require further studies, recombi-
nant plant proteins containing the Cys-His-Asp triad of the
TGase catalytic domain have been produced from Arabidopsis
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thaliana, Z. mayze, and O. sativa. All these recombinant proteins
exhibited TGase activity (Serafini-Fracassini et al., 2021; Della Mea
et al., 2004; Campos et al., 2013; Villalobos et al., 2004).

3. Distribution and physiological roles of
TGases in plants

3.1 Plant growth
TGase activity was at first detected in growing cells of etio-

lated apical meristems of stems and during the cell cycle
(Icekson and Apelbaum, 1987; Serafini-Fracassini et al., 1988,
1989). In the synchronous cell cycle of parenchyma cells of
H. tuberosus L., the TGase activity was found to increase during
the second half of G1 and during the S phase (Serafini-
Fracassini et al., 1989). The incorporation of radioactive PAs
allowed the identification of radioactive proteins of high MW,
possibly due to PA conjugation to these proteins, and of two
bands of about 42 and 50 kDa; their nature is not known, but
they could presumably correspond to actin and tubulin, since
it is known that plant TGase can covalently modify these two
cytoskeletal proteins as shown in pollen with specific antibodies
(Del Duca et al., 1997, 2013a).

Immunostaining of plant proteins with antibodies against rat
prostatic gland TGase during the cell cycle allowed the identifica-
tion of two bands of 58 and 90 kDa, which increased during the
cell cycle, as did the TGase activity (Del Duca et al., 2000), suggest-
ing that TGase activity play a crucial role in regulating cell cycle
progression in plants. Further investigation is needed to deter-
mine the specific functions of these proteins and their implica-
tions in plant development and growth.

3.2 Mature vegetative organs
Analysis of TGase activity and its substrates in leaves, tubers,

sprouts, and flower buds of H. tuberosus showed that the enzyme
is widely distributed (Falcone et al., 1993), even among different
organisms (Del Duca and Serafini-Fracassini, 2005).

In seeds of G. max, the conjugation of PAs during germination
occurred preferentially in the protein bodies, which was much
higher than in the leaves (Kang and Cho, 1996). In Vicia faba,
the cross-linking activity of TGase was identified by the detection
of ε-(g-glutamyl)-lysine isodipeptide in tissues of seeds at
different stages of development (Maku and Bonner, 2014). An
intriguing feature to investigate in future research is the ability
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of plant TGase to catalyze a deamidating activity instead of, or in
addition to, a transamidation one. If plant TGase also possesses
deamidase activity, this could have important implications for
the study of gluten-related pathological states. The main TGase
reactions studied in plants are shown (Fig. 2.1). These consist of
(1) the ability to incorporate molecules with primary amino
groups (such as PAs which are the physiological substrate of
TGase) into proteins and (2) the ability to cross-link proteins. Pro-
tein cross-linking activity concerns the TGase catalyzed binding of
endo-glutamine residue of proteins with the lysine residue of the
same or of different proteins; this reaction leads to the formation
of ε-(g-glutamyl)-lysine isodipeptide linkages. Furthermore,
Fig. 2.1 also shows deamidase activity, which has not yet been
identified in plants, but should be investigated.

Figure 2.1 The main transglutaminase reactions studied in plants. (A) Amine incorporation, which involves the
binding of molecules with primary amino groups, such as polyamines, to the endoglutamyl residue of proteins.
(B) Protein cross-linking activity, which leads to the formation of ε-(g-glutamyl)-lysine isodipeptide bonds. (C)
The figure also shows the deamidase activity, which has not yet been identified in plants but should be
investigated.
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TGase activity was also found in sterile (petals) and fertile
(pollen) flower parts. A Ca2þ-dependent TGase activity was
measured by the recovery of glutamyl-derivatives of PAs in the
corolla of N. tabacum flowers during their life span (Serafini-
Fracassini et al., 2002). The high concentrations of bis-g-
glutamyl-putrescine (bis-PU) (at all stages of corolla life span)
and of bis-g-glutamyl-spermidine (bis-SD) (highest during devel-
opment and when the corolla changes its shape to facilitate polli-
nation) could be mainly related to the strengthening of the corolla
cell walls.

In apple pollen, Ca2þ-dependent TGase activity was found
both intracellularly and extracellularly. The intracellular TGase
activity catalyzed the incorporation of PAs into bands of 52e58
and 43 kDa, identified as a-tubulin and actin monomers and rela-
tively high-Mr complexes (Del Duca et al., 1997) and affects their
functional properties (Del Duca et al., 2009, 2013a). The involve-
ment of TGase in different aspects of cell life and physiology is
summarized in Fig. 2.2.

Figure 2.2 Involvement of TGase in plant cell physiology. TGase is involved in growing cells of apical meristems of
stems and during cell cycle, differentiation (leaf, root, seed), senescence, and programmed cell death events. In
plant reproduction, TGase plays a role during pollen tube apical growth by regulating cytoskeletal organization
and dynamics as well as pollenepistil interaction. Finally, in response to abiotic and biotic stresses, TGases are
involved in stress tolerance and response to pathogens.
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TGase activity was compared in eudicotyledonous (pea and
broad bean) and monocotyledonous (wheat and barley) seed-
lings, focusing on roots and shoots (Lilley et al., 1998). Roots
showed higher specific activity than leaves of the same age. In
roots, TGase activity was initially high during growth and develop-
ment but decreased with time. Conversely, TGase activity
remained at similar levels in developing and mature leaves
showing a Ca2þ-dependence, with the concentration of Ca2þ

influencing the nature of the catalytic reaction. In particular, the
incorporation of PA into proteins was activated by 20 nM Ca2þ,
suggesting a role for basal cytosolic Ca2þ in the intracellular func-
tion of TGase by affecting protein charge and conformation. In
contrast, the cross-linking function of plant TGase, leading to
the formation of ε-(g-glutamyl)-lysine isodipeptide linkages
required mM concentrations of Ca2þ. Cellular damage or stress
factors could cause such a high calcium concentration at the
cellular level, or even an alteration of calcium homeostasis;
the increased calcium concentration up to mM would stimulate
the TGase cross-linking activity with the formation of very exten-
sive protein networks.

3.3 TGases involvement in plant reproduction
In some angiosperm families, such as Rosaceae and Rutaceae,

TGase has been observed to play a role in pollen tube growth, be-
ing involved in the organization of cytoskeletal proteins (Del
Duca et al., 2019), but also in pollenepistil interaction and self-
incompatibility response (Del Duca et al., 2010; Gentile et al.,
2012; Mandrone et al., 2019).

In the pollen tube cytosol, TGase regulates various aspects of
the cytoskeleton, including the assembly of actin and tubulin
and their interaction with motor proteins, ultimately influencing
the development of pollen tubes (Del Duca et al., 2009). Some re-
ports also suggest an extracellular localization of the enzyme and
its involvement in the construction and organization of the pol-
len tube cell wall (Di Sandro et al., 2010). During pollenepistil in-
teractions, pollen tube growth and orientation through the
stigma and style are regulated by extracellular signals, including
PAs (Aloisi et al., 2015, 2017). In in vitro pollen germination ex-
periments, it has been observed that PAs are released into the
germination medium together with other factors (RNAs, pro-
teins). The extracellular TGase has been suggested to be involved
in the adhesion of pollen tube and style cells, thus favoring their
cross-talk (Guan et al., 2013). Within the pollen tube, in addition
to the soluble form, TGase was found to be associated with
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vesicles with diameters in the range of 150e250 nm, correspond-
ing to nanovesicles (Del Duca et al., 2013a,b). The presence of
nanovesicles in the pollen tube has been demonstrated in kiwi
pollen; in this experimental model, nanovesicles with diameters
ranging from 15 to 266 nm were found in the extracellular vesicle
fractions of both germinated and hydrated kiwi pollen (Suanno
et al., 2023). These vesicles contain a plant homolog of ALIX
(Apoptosis-Linked gene-2 Interacting protein X), a well-known
and accepted marker of small extracellular vesicles and exo-
somes in mammals. Although a complete understanding of
how nanovesicles function in plants remains elusive, plant exo-
somes are known to play a role in stress responses and defense
signaling. Furthermore, the literature suggests these released
vesicles may function as intercellular communication mediators
(Hansen and Nielsen, 2017; Rutter and Innes, 2017; Woith et al.,
2021).

This raises the possibility that TGase may be transported
outside the plasma membrane via vesicles, contributing to the
formation and organization of the pollen tube cell wall and
pollenepistil interactions. Such different localization extends
the functional range of pollen TGase, which can be precisely
redistributed to different cellular compartments (Del Duca
et al., 2013b). The existence of extracellular TGase prompts further
investigation into its local function and implications for plant
biology. It should be mentioned that PAs (Aloisi et al., 2016) could
influence TGase activity. PAs are one of the extracellular signals
that act during pollenepistil interaction, regulating pollen tube
growth and orientation via the stigma and style (Aloisi et al.,
2015, 2017).

3.4 Responses to abiotic and biotic stresses
During the last two decades, several studies have shown that

TGase activity is stimulated by various abiotic stresses (tempera-
ture, wound, light, and salt stress) and that this enhances plant
resilience through the activation of various signaling pathways
and the stimulation of physiological processes such as photosyn-
thetic efficiency, heat shock proteins (HSPs) response, and antiox-
idant system enhancement (Jahan et al., 2021; Ortigosa et al.,
2010; Sobieszczuk-Nowicka and Legocka, 2014; Zhong et al.,
2019; Shu et al., 2020; Serafini-Fracassini et al., 2021). In addition,
TGase has an important biological function in cadmium (Cd)
tolerance, acting as a positive regulator that induces the accumu-
lation of bound PAs and NO, thereby positively regulating Cd
tolerance in tomatoes (Zhong et al., 2023).
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With respect to biotic stress, it has been observed that TGase
may play an important role in plantepathogen interactions and
subsequent defense responses. Indeed, TGase is involved in the
hypersensitivity reaction (HR) in tobacco plants attacked by to-
bacco mosaic virus; both transamidation and cross-linking activ-
ities were stimulated in leaves subjected to HR (Del Duca et al.,
2007). In Capsicum annuum, the defense mechanism of resistant
plants could be based on the activation of specific plant TGase
isoforms (Piccini et al., 2019).

TGase activity is also present in pathogens; this is the case of
Phytophthora sojae, in which a 42 kDa TGase has been identified
that contains a surface-exposed fragment called PEP-13, which
acts as an elicitor of defense responses in parsley and potato
(Brunner et al., 2002; Halim et al., 2004).

4. Conclusions
The study of plant TGases has faced challenges due to purifi-

cation difficulties and the lack of significant amino acid sequence
similarities with animal TGases found in available plant data-
bases. However, progress was made when researchers identified
the gene AtPng1p in A. thaliana, which encodes a putative N-
glycanase containing the catalytic domain’s Cys-His-Asp triad.
Subsequently, other plant TGase genes were later identified,
revealing their presence in various plant organs across different
species.

These enzymes have been associated with a variety of cellular
processes, raising the question of whether they perform similar
fundamental functions as animal TGases. Some shared features
include participation in the wounding response, PCD, and cell-
to-cell adhesion, particularly during pollen-style interactions in
fertilization. Additionally, certain characteristics, such as light
dependence and involvement in apical growth, appear to be
unique to plant TGases, distinguishing them from their animal
counterparts. It would be interesting to investigate if also plant
possesses deamidase activity because this could be interesting
for the gluten-related sensitivity and to deep inside the subcellu-
lar localization in mitochondria.

The bioinformatic analysis of TGases from different plant spe-
cies revealed distinct gene structures, particularly in angiosperms
compared to other plant taxa, with no significant differences be-
tween monocots and dicots. This analysis also supported the ex-
istence of different types of plant TGases, corroborating
biochemical evidence and underscoring the evolutionary
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conservation of plant TGases in nature. As research advances, a
deeper understanding of plant TGases holds promise for shed-
ding light on their diverse functions and evolutionary
significance.
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