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Abstract

Polar callose deposition into the extracellular matrix is tightly controlled in time and space. Its presence in the cell wall modifies
the properties of the surrounding area, which is fundamental for the correct execution of numerous processes such as cell
division, male gametophyte development, intercellular transport, or responses to biotic and abiotic stresses. Previous studies
have been invaluable in characterizing specific callose synthases (CalSs) during individual cellular processes. However, the com-
plex view of the relationships between a particular CalS and a specific process is still lacking. Here we review the recent pro-
ceedings on the role of callose and individual CalSs in cell wall remodelling from an evolutionary perspective and with a
particular focus on cytokinesis. We provide a robust phylogenetic analysis of CalS across the plant kingdom, which implies
a 3-subfamily distribution of CalS. We also discuss the possible linkage between the evolution of CalSs and their function in
specific cell types and processes.

B-1,3-linked glucose subunits that form the disaccharide la-
minaribiose and occasional -1,6-glucosyl side chains, the fi-
nal polysaccharide has an amorphous structure, in contrast
to microcrystalline B-1,4 glucan cellulose (Stone 2009;
Pirselova and Matusikova 2013; Zhang et al. 2021b). Even
though the structural role of callose in the cell wall is still a
subject of ongoing studies, reduced permeability to com-
pounds (Heslop-Harrison and Mackenzie 1967; Yim and

Callose as a polar cell wall component

The primary cell wall is a unifying characteristic of all plants
and is composed of a variety of polysaccharides with distinct
functions such as cellulose (conferring the cell wall mechan-
ical stability while allowing its extensibility), hemicelluloses
(affecting self-assembly of cellulose microfibrils and deter-
mining cell wall extensibility), and pectins (supporting cell

wall integrity and controlling cell wall thickness) (Cosgrove
2022; Colin et al. 2023). This composition varies during plant
ontogeny, with a controlled polar rearrangement of the cell
wall facilitating distinct developmental processes and envir-
onmental responses in the inherently immobile plant cells
(De Lorenzo et al. 2018; Gigli-Bisceglia et al. 2020; Zhang
et al. 2021a). Unlike the 3 “canonical” cell wall components,
B-1,3-glucan polysaccharide callose is a temporal part of the
cell wall whose presence in the extracellular space, resulting
from its polar synthesis, alters the physical and mechanical
properties around the site of the deposition. Composed of

Bradford 1998; Gensler 2019) and enhanced rigidity at main-
tained flexibility (Parre and Geitmann 2005; Abou-Saleh et al.
2018; Kapoor and Geitmann 2023) are 2 primary conse-
quences stemming from the callose synthesis. Moreover,
the composition of callose distinct from other cell wall com-
ponents enables its controlled degradation when it is no
longer necessary, further punctuating its significance as a po-
lar compound in both space and time.

The changes in cell wall properties driven by callose depos-
ition are essential for many tissue and cell types. For example,
during male gametophyte development (Fig. 1), the inherent
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ADVANCES BOX

® The recent explosion of quality omics data from
different species across the plant kingdom en-
ables the studies of the evolution of distinct
cellular processes such as callose synthesis with
unprecedented detail.

® (Callose is polarly synthesized at the plasma
membrane by the callose synthase (CalS).

® Polar synthesis of callose is essential for a port-
folio of cellular processes, each controlled by a
specific paralog from the CalS family.

® A comprehensive phylogenetic analysis revealed
that CalS is highly conserved in the plant king-
dom, and 3 ancestral subfamilies form the CalS
family.

impermeability of callose protects the developing microspor-
ocyte tetrads from the outer environment, preventing water
uptake and subsequent microsporocyte rupture (Dong et al.
2005). Simultaneously, it acts as a mould for the deposited
exine of the future pollen grain (Dong et al. 2005;
Nishikawa et al. 2005). After the microspores reach full ma-
turity, callose is selectively degraded, releasing the individual
microspores from the tetrad (Stieglitz 1977). In the growing
pollen tube, callose is the predominant polysaccharide in the
subapical cell wall, conferring simultaneous rigidity and flexi-
bility of the tissue, possibly in cooperation with cellulose
(Parre and Geitmann 2005; Vogler et al. 2013; Abou-Saleh
et al. 2018). The mechanical properties of the pollen tube
cell wall enable the pollen tube to efficiently navigate
through the transmitting tract of the style, improving but
not substantiating the fertilization efficiency (Nishikawa
et al. 2005).

Another process that utilizes the amorphous gel-like prop-
erties of callose is the regulation of intercellular connectivity
(Fig. 1). As such, callose is synthesized in a controlled manner
at the neck region of the plasmodesma, constricting its aper-
ture and thus lowering the size exclusion limit (Fitzgibbon
et al. 2010; Maule et al. 2012). By this simple mechanism,
plants can control the transport of nutrients, proteins, and
signaling compounds or prevent the spread of viruses
(Vatén et al. 2011; Li et al. 2012b; Zavaliev et al. 2013;
Ross-Elliott et al. 2017). Similarly, during the development
of the phloem, callose deposition to the cell-cell junctions
between the future sieve elements results in an increased
sieve plate pore diameter, eventually affecting the rootward
transport of nutrients (Xie et al. 2011). However, callose is
also an essential regulator of transport in the fully developed
phloem; callose impregnation of the sieve plates has been ob-
served in response to a variety of stress treatments, including
heat (McNairn and Currier 1968), cutting (Ehlers et al. 2000),
leaf tip burning (Furch et al. 2010), and aphid feeding, ob-
structing the basipetal flow. Likewise, plants have evolved a
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2-component mechanism activated upon phloem damage
composed of a quick P-protein plugging of sieve plates, fol-
lowed by their gradual impregnation by callose. This helps
to prevent infection from spreading and restricts the amount
of the escaped sap (Knoblauch and van Bel 1998; Ehlers et al.
2000; Furch et al. 2010).

One of the best models for studies of the polar secretion of
callose is papilla formation during pathogen response (Fig. 1).
The papilla is a dome-shaped callose-rich structure deposited
at the location of the pathogen infection, acting as a re-
inforcement layer (Aist 1976), as well as preventing the diffu-
sion and activity of the cell wall hydrolyzing enzymes (Eggert
et al. 2015). Colocalization analysis of immunolabeled poly-
saccharides induced upon powdery mildew Blumeria grami-
nis f. sp. hordei infection of barley revealed that papilla callose
is accompanied by arabinoxylans, known cellulose cross-
linkers (Chowdhury et al. 2014). Because callose-cellulose
mixtures have been observed to possess improved resistance
to orthogonal pressure (Abou-Saleh et al. 2018), arabinoxylan
cross-linking leads to additional strengthening of the sur-
rounding cell wall (Chowdhury et al. 2014). Even if the papilla
fails, the callose creates a collar around the neck of the pro-
truding hyphae, the constriction presumably restricting nutri-
ent transport within the pathogen (Donofrio and Delaney
2001; Micali et al. 2011).

In all the aforementioned cases, callose is deposited as a
secondary compound into the existing cell wall. However,
this is not true throughout the plant body. In plants, the ul-
timate step of cell division, cytokinesis, depends on the for-
mation of the cell plate, a membranous structure whose
centrifugal growth controls the separation of daughter nuclei
(Fig. 1). The cell plate is initialized by the fusion of
Golgi-derived vesicles at the dividing cell equator, subse-
quently transforming into a tubulo-vesicular network. In
contrast to cellulose deposited from the tubulo-vesicular
network stage, callose is the first and fundamental polysac-
charide of this nascent cell plate, present from the vesicle fu-
sion stage for the duration of cytokinesis (Samuels et al. 1995;
Miart et al. 2014). On the subcellular level, callose forms a
uniform coat on the extracytoplasmic side of the plasma
membrane, which is believed to enable the further spreading
of cell plate tubules, eventually transforming into a smooth
perforated sheet (Samuels et al. 1995; Jawaid et al. 2022).
The sheet is then stabilized by cellulose microfibrils formed
during the later stages of its development at a simultaneous
degradation of callose (Samuels et al. 1995). Ultimately, cal-
lose also facilitates the perpendicular connection of the ma-
ture cell plate with the parental cell wall (Thiele et al. 2009).

Enzymatic control of polar callose deposition

The extracellular deposition of callose in plants depends on
callose synthase (CalS), a large 200-kDa integral membrane
protein. CalS is in Arabidopsis (Arabidopsis thaliana) en-
coded by a family of 12 genes, CalS/Glucan synthase-like 1
to 12. Its structure encompasses 3 functional regions—
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Figure 1. Polar deposition of callose in the individual cell types. Callose (light red) is synthesized during male gametophyte development on the
outer side and between the tetrad microsporocytes. After pollen germination, callose is deposited in the subapical region of the protruding pollen
tube and makes up callose plugs, which restrict the location of sperm cells at the tip. Controlled callose deposition at plasmodesmata also regulates
symplastic transport, a special case employed in the developing phloem, where callose is synthesized at the future sieve element junctions and en-
larges the sieve plate pore. During cytokinesis, callose is the main component of the nascent cell plate, which mediates the separation of the daugh-
ter nuclei. Callose is also essential in preventing pathogen entry during infection by forming a special thickened structure called the papilla.

Vta1 domain, FKS1 domain, and glucan synthase domain—as
well as 16 transmembrane helices and a central cytoplasmic
loop that confers the $-1,3-glucan synthesis activity (Zaveska
Drabkova and Honys 2017). Data from protein—protein
interaction assays suggest that CalS is part of a bigger struc-
ture called CalS complex (CALSC) (Verma and Hong 2001). In
this complex, CalS interacts with phragmoplastin (with un-
known function in CALSC), Rho of plants 1 small GTPase,
and annexin (both possibly controlling CalS activity) (Hong
etal. 2001; Verma and Hong 2001). The same studies also de-
scribed UDP-glucose transferase as an interacting partner of
CalS (presumably providing the UDP-glucose precursors for
laminaribiose synthesis). However, a major UDP-glucose
transferase isoform in Arabidopsis, UGT71C5, was shown
to play an important role in abscisic acid homeostasis by

glucosylating abscisic acid to an abscisic acid-glucose ester
(Liu et al. 2015) and thus brings into question the role of
this UDP-glucose transferase in the CALSC. It is therefore es-
sential to address which UDP-glucose transferase isoform is
part of CALSC and provide functional evidence of the inter-
action. Recently, additional partners of Arabidopsis CalS10,
PLASMODESMATAL-RELATED PROTEIN 5 and f-1,3-
glucanase, were identified; the same study also revealed the
interaction of AtCalS10 with AtCalS9, providing the first evi-
dence of CalS oligomerization (Saatian et al. 2018).

Polar callose synthesis assumes the specific regulation of
CalS. This regulation can be mediated directly at the mem-
brane by post-translational modifications of the functional
protein. Indeed, several putative phosphorylation and glyco-
sylation sites have been identified in the N-terminus of CalS
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(Verma and Hong 2001). Moreover, several studies described
the different CalS phosphorylation statuses after stress treat-
ment, although the specific kinases and phosphatases remain
unknown to this date (Ellinger and Voigt 2014). Alternatively
to post-translational modifications, polar callose deposition
might also be controlled by CalS trafficking. Indeed, inactive
AtCalS5 and AtCalS12 have been observed to localize to
Golgi and endomembrane system components, correlated
with a lack of aniline blue staining of the callose signal (Xie
et al. 2017; Ellinger et al. 2013). Similarly, the endomembrane
fractions of the Nicotiana alata pollen tubes contained only
trace amounts of active CalS compared with the plasma
membrane fractions (Brownfield et al. 2008). Several distinct
Arabidopsis CalSs have also been identified in exocytic vesi-
cles, although the authors did not focus on CalS activity mea-
surements (Drakakaki et al. 2012). These data altogether
show that there are multiple levels of control of polar callose
deposition.

Studies of other enzymes synthesizing polysaccharides at
the plasma membrane, such as plant cellulose synthase
(CESA) or fungal chitin synthase (ChS), can provide valuable
insight into spatiotemporal regulation of the CalS dynamics,
serving as a blueprint for future CALSC research. Recent pro-
ceedings have shown that CESA is transported to the plasma
membrane via an endomembrane system-dependent man-
ner. Inside the Golgi apparatus, CESA presumably undergoes
post-translational modifications such as glycosylation
(Nibbering et al. 2022) and assembles into a multimeric
structure called the CESA complex, adopting a rosette-
shaped architecture (Zhang et al. 2016; Purushotham et al.
2020). The newly formed complex is trafficked through the
trans-Golgi network (TGN) toward the plasma membrane.
Clathrin-mediated endocytosis further regulates its turnover
at the plasma membrane, thus affecting the cellulose synthe-
sis rate (Lei et al. 2015; McFarlane et al. 2021; Vellosillo et al.
2021). Alternatively, the extracellular deposition of cellulose
is also modified by a portfolio of CESA interactors, which af-
fect the dynamics of microfibril deposition in space and time
(Li et al.2012a; Vain et al. 2014; Liu et al. 2016; Schneider et al.
2022). A large body of data is available regarding trafficking
and regulation of ChS. In brief, ChS is synthesized and pack-
aged in the endoplasmic reticulum (Sanchez and Roncero
2022). Subsequently, COPIl coatomer mediates ChS trans-
port to Golgi (Jakobsen et al. 2013; Sacristan et al. 2013),
where it is subject to further sorting; the incorrectly folded
molecules return to endoplasmic reticulum via COPI-
dependent retrograde transport, and Exomer promotes the
anterograde transport through TGN toward the plasma
membrane (Starr et al. 2012; Anton-Plagaro et al. 2021).
During its trafficking by the endomembrane system, ChS
forms an oligomeric structure consisting of multiple Chs sub-
units and a set of interacting factors, which together mediate
correct ChS delivery while controlling its enzymatic activity
at the distinct subcellular compartments (DeMarini et al.
1997; Reyes et al. 2007; Gohlke et al. 2017; Dharwada et al.
2018; Ren et al. 2022). Similarly to CESA, chitin deposition
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is terminated by ChS internalization (Reyes et al. 2007).
Ultimately, the inactive ChS is either recycled back to the
plasma membrane or marked by ubiquitin and sorted by
the endosomal sorting complex required for transport com-
plex for vacuolar degradation (Chuang and Schekman 1996;
McMurray et al. 2012; Arcones et al. 2016; Knafler et al. 2019).
Because CalS, CESA, and ChS are all large (>100 kDa) integral
membrane proteins that mediate polysaccharide synthesis in
the cell wall, similar mechanisms could perhaps underlie the
tight control of callose synthesis, as well.

Besides its synthesis, the spatial and temporal polarity of
callose is also controlled by its selective degradation. This
degradation is facilitated by B-1,3-glucanases, a large set of
hydrolytic enzymes. -1,3-Glucanases contain several func-
tional domains: a targeting sequence at the N terminus
(for extracellular targeting), a glycosyl hydrolase domain (ac-
tive core), a CBM43 domain (binding to callose), and a
C-terminal sequence (Xu et al. 2016). As revealed from the
analysis of their phylogenetic clustering, domain compos-
ition, and expression pattern, B-1,3-glucanases cluster into
13 functional groups (Doxey et al. 2007; Xu et al. 2016). On
the subcellular level, the activity of 3-1,3-glucanases is most
notable in cell-cell junctions, where their activity loosens
the callose-dependent constriction of plasmodesmata, thus
effectively regulating the size exclusion limit. 3-1,3-Glucanases
are also essential for pollen, where they release the callose-
bound microsporocytes from tetrads (Perrot et al. 2022).
During infection, the B-1,3-glucanase activity has also been con-
firmed to digest the pathogen cell wall, often abundant in
B-1,3-glucans (Ruiz-Herrera and Ortiz-Castellanos 2019; Wang
et al. 2027; Liu et al. 2022b), which is probably a result of plant
coevolution with biotic factors because the -1,3-glucan hydro-
lyzing activity during cell division or cell wall remodeling is pre-
sumed to be the ancestral role of -1,3-glucanases (Doxey et al.
2007).

Cytokinetic callose across the plant kingdom

The role of callose in cell plate formation is conserved
throughout the Embryophyta clade. Naturally, a question
arises: If all embryophytes divide by a callose-rich cell plate,
what was the situation in their ancestors? In the
Chlorophyta lineage of Viridiplantae, the cytokinesis depends
on a centripetal cleavage furrow (Fig. 2A) (Cross and Umen
2015; Katsaros et al. 2017; von der Heyde and Hallmann
2022). In contrast, the high-resolution microscopy data deter-
mined a more complex situation in Streptophyta, the sister
clade to Chlorophyta. As such, the Mesostigmatophyceae,
Chlorokybophyceae, and Klebsormidiophyceae classes of
Streptophyta all divide by a centripetal constriction (Fig, 2A)
(Manton and Ettl 1965; Floyd et al. 1972; Lokhorst et al.
1988), whereas Charophyceae, Coleochaetophyceae, and
Embryophyta strictly utilize a centrifugal mechanism of cytokin-
esis (Fig. 2A) (Gambardella and Alfano 1990; Cleary et al. 1992;
Cook et al. 1998; Cook 2004; Smertenko et al. 2017; Kanazawa
et al. 2020). These studies led to the proposition of centrifugally
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dividing Phragmoplastophyta clade, a sister clade to
Klebsormidiophyceae (Adl et al. 2012; Nishiyama et al. 2018),
and also concurring that the last common ancestor of plants
possessed Opisthokont-like cytokinesis, which was replaced
with a cell plate-dependent mechanism in the rest of the lineage
(Buschmann and Zachgo 2016). However, the evolutionary pro-
gression from the cleavage furrow to the cell plate has long been
a mystery. The discovery of Zygnematophyceae as a sister clade
to land plants provided a novel insight into the stages of cyto-
kinesis evolution because some Zygnematophyceae, such as
Spirogyra or Penium margaritaceum, divide by combined cyto-
kinesis mediated by cleavage and cell plate simultaneously
(Fig. 2A) (McIntosh and Pickett-Heaps 1995; Davis et al.
2020). These results also suggested possible cooperation be-
tween the 2 mechanisms. However, dual cytokinesis is not ubi-
quitous in Zygnematophyceae, with many representatives
possibly exhibiting only the cleavage furrow (Hall et al. 2008;
Hess et al. 2022). The latest data suggest that in the
Zygnematophyceae, the cleavage furrow has reappeared sec-
ondarily, along with the reduction of their centrifugal division
apparatus. Therefore, the emergence of centrifugal machinery
within plants is more likely connected to the most recent com-
mon ancestor (MRCA) of Phragmoplastophyta (Buschmann
and Zachgo 2016; Hess et al. 2022).

The distinct division between Klebsormidiophyceae and
Phragmoplastophyta would hint at the vastly different pro-
cesses underlying their cytokinesis mechanisms. However,
the presence of callose during nuclei separation has also
been observed in plants dividing by furrowing, most notably
Klebsormidium flaccidum or Fritschiella tuberosa (Scherp
et al. 2001), thus implying that the recruitment of callose
in cross wall formation was a much earlier event, possibly
linked to the emergence of multicellularity (Scherp et al.
2001). Because of this, several studies have tried to address
the evolution of cytokinetic callose deposition by focusing
on the borderline between the centripetally and centrifugally
dividing streptophyte classes: bryophytes sensu lato (a sister
group to vascular plants; Puttick et al. 2018; Harris et al. 2020)
and streptophyte green algae. In Marchantiophyta represen-
tative Riella helicophylla, the callose content was present in
the whole cell plate, although slightly increased in the con-
tact sites between the cell plate and parental walls (Scherp
et al. 2002). A similar pattern as in Riella was observed in fur-
rowing Zygnema and Klebsormidium crenulatum, with callose
detected during the centripetal progression of the cross
wall. In contrast, callose was restricted to the central part
of the cross wall in K. nitens (Herburger and Holzinger
2015). In both of these studies, the callose signal was not
quantified, thus not allowing their direct comparison. In
Zygnematophyceae representative P. margaritaceum, the
cross wall is started by a constricting septum, which is then
complemented by an expanding central punctum (a cell
plate—like structure), both rich in callose (Fig. 2A) (Ochs
et al. 2014; Davis et al. 2020). This mechanism is presumed
to be reduced in a successor of Spirogyra cytokinesis, which
is more closely related to canonical Embryophyta cytokinesis.

Usak et al.

Interestingly, in both species, callose synthesis inhibition by
the Endosidin 7 treatment led to incomplete division and
fused cells that exhibited a complete absence of the central
punctum, whose function could not be supplemented by a
functional cleavage apparatus. The Endosidin 7 treatment
abolished the cell plate in Arabidopsis, showing that callose
might not play a significant role during furrowing but does
so in the cell plate formation (Park et al. 2014; Davis et al.
2020; Jawaid et al. 2022).

CalSs form a 3-subfamily system across the
Phragmoplastophyta lineage

What could be the evolutionary driving force behind the
mechanism of plant cytokinesis? The protein machinery facili-
tating nuclei separation is composed of several components,
including microtubular phragmoplast, Phragmoplastin (also
called Dynamin-related protein 1), SH3P and SNARE proteins,
as well as their related partners, whose evolutionary contribu-
tion has been previously addressed in various insightful works
(Buschmann and Zachgo 2016; Arakaki et al. 2017; Park et al.
2018; Buschmann and Mdiller 2019; Forero and Cvrckova
2019). Other essential players encompass actin filaments (es-
pecially during the cleavage furrow progression), motor pro-
teins (POK2 and Myosin VIII), the TPLATE complex, or
phospholipids (see Mdiller and Jirgens 2016; Smertenko
et al. 2017; Caillaud 2019; Livanos and Miiller 2019; Sinclair
et al. 2022) (Fig. 2B). Another key component is CalS, which
is responsible for callose deposition into the nascent cell plate.
Previous analyses of CalS phylogeny, although mostly focused
on a limited number of studied species and phylogenetic
groups, identified many genes homologous to CalS across
the plant kingdom (Yamaguchi et al. 2006; Schuette et al.
2009; Abercrombie et al. 2011; PirSelova and Matusikova
2013; Yu et al. 2016; Zaveska Drabkova and Honys 2017; Liu
et al. 2018; Saatian et al. 2018; Granato et al. 2019; Davis
et al. 2020; Feng et al. 2021; Cao et al. 2022; Wang et al. 2022).

The highly conserved presence of CalS in the plant lineage,
combined with the pattern of callose deposition during cyto-
kinesis, makes CalS a perfect subject for the studies of cell div-
ision evolution. To obtain a comprehensive view of CalS
evolution, we constructed a phylogenetic tree from a diverse
set of the CalS family protein sequences. To limit any bias in
the analysis, we prepared a balanced dataset with the number
of assayed species roughly equal between the main plant
clades. Notably, concerning Klebsormidiophyceae and all
Phragmoplastophyta, the CalS family forms 3 distinct mono-
phyletic subfamilies, which we title CalSA, B, and C, respective-
ly (Fig. 3 and Supplemental data). A similar 3-subfamily
distribution was previously mentioned in several works
(Schuette et al. 2009; Abercrombie et al. 2011; PirSelova and
Matusikova 2013; Yu et al. 2016; Liu et al. 2018; Wang et al.
2022). However, not all groups within this proposed distribu-
tion contain paralogs in each subfamily. For example,
Klebsormidiophyceae (K. nitens, K. subtile, and Interfilum
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Figure 2. Plant cytokinesis in space and time. A) Cytokinetic mechanism of the specific plant groups. The algae from Chlorophyta,
Mesostigmatophyceae, and Klebsormidiophyceae lineages divide by centripetal constriction, mediated by the cleavage furrow. This is presumably
the basal mechanism of plant cytokinesis. Selected Zygnematophyceae species undergo a combined form of cytokinesis, characterized by the com-
plementary action of the inward-growing cleavage furrow and the outward building of the cell plate-like structure punctum. Due to the distinct
evolution of Zygnematophyceae, this is considered to be a result of the secondary reduction of land plant cytokinesis because the rest of the plants
from the Phragmoplastophyta lineage exhibit a “canonical” centrifugal mode of cytokinesis. This depends on the cell plate, a membranous structure
created by the phragmoplast-mediated delivery of vesicles fusing at the division plane and its progressive enlargement towards the cell edge. In all
cases, the nascent cross wall is enriched by the polysaccharide callose. B) Overview of selected molecular players involved in centrifugal cytokinesis.
The vesicles containing the necessary membrane material are delivered as a cargo of Kinesin motor proteins (including POK2) along the phragmo-
plast microtubules, nucleated by MAPG5. Their docking to the cell plate membrane is promoted by tethering complexes TRAPP-II and Exocyst, and
the final fusion requires KEULE and the SNARE protein KNOLLE. The fused vesicles form a tubulo-vesicular network, which is further planarized by
CalS-dependent callose deposition into a fenestrated sheet. The synthesis of cellulose microfibrils by the CSC stabilizes the cell plate and enables its
maturation. During cell plate growth, the excess membrane material is recycled endocytotically with the help of Dynamin-related proteins (DRPs).
The cytokinesis is finalized by the fusion of the cell plate with the parental cell wall, guided by POK2 and Myosin VII.
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paradoxum) possess 1 CalS clustering inside the subfamily
A. In addition to this CalSA, K. nitens and K. subtile contain
an additional isoform forming an individual clade sister to
the rest of the Streptophyta lineage (Fig. 3). On the other
hand, contrary to Klebsormidiophyceae, CalSA is absent in
Chara braunii and Nitella mirabilis but also in
Anthocerotophyta. As for the rest of the bryophyte clade,
Marchantiophyta species have only a single paralog per sub-
family, and mosses exhibit large gene multiplications, especial-
ly in the subfamilies B and C. This pattern differs from
Euphyllophyta, whose CalSs have predominantly diverged in
the subfamily A (especially because most assayed
Embryophyta species have a comparable number of roughly
12 CalS paralogs), possibly reflecting the differences in selec-
tion pressures and developmental innovations during the
bryophytes and Embryophyta evolution (Schuette et al. 2009).

Similarly to the rest of the plant lineages with the A-B-C
divergence, in each of the Zygnematophyceae species, there
are several CalS paralogs. Their distribution across the 3 sub-
families follows a similar pattern as in bryophytes, with the
early diverging species exhibiting a CalSA loss and the later
diverging species retaining all CalS paralogs. Paralogs from
each subfamily are present in P. margaritaceum and
Mesotaenium kramstae (Desmidiales and Zygnematales, re-
spectively), whereas a subfamily A paralog is absent in
Mesotaenium endlicherianum (Serritaeniales). However, it
cannot be ruled out that the genome and transcriptome
coverage was insufficient to identify all CalS paralogs within
the assayed species (Zhou and von Schwartzenberg 2020;
Hess et al. 2022). This also implies that the MRCA of
Zygnematophyceae and Embryophyta already possessed a
complete set of CalS, maintained from the Charophyceae
MRCA. Although Mesostigma viride, Chlorokybus atmophyti-
cus, and the Chlorophyceae algae Chlamydomonas reinhard-
tii, Volvox carteri, and Chromochloris zoofingiensis also
contain several CalS paralogs, their divergence is most likely
a more recent event, unrelated to the aforementioned A-B-C
subfamilies. Instead, all CalS from Mesostigmatophyceae
form a sister clade to the A, B, and C subfamily system.
Likewise, the Chlorophyceae CalS cluster into an independ-
ent monophyletic clade.

Besides the general 3-subfamily distribution, the distribu-
tion of CalS genetic structure between the paralogs also ap-
pears to correlate, at least in Arabidopsis. All AtCalS paralogs
contain approximately 40 introns, except for CalSC subfamily
members, which have the least number of introns. In con-
trast, CalSB paralogs generally have longer introns, and
CalSAs exhibit an intermediary composition (Enns et al.
2005). The evolution of each major subfamily tightly follows
the generally accepted phylogeny of the plant kingdom (One
Thousand Plant Transcriptomes Initiative 2019). As such, the
CalSC subfamily is characterized by AtCalS11 and 12, which
have most likely undergone a recent duplication, a similar
case as in monocot Brachypodium distachyon. This pattern
of recent duplications is primarily conserved in all
Spermatophyta, whereas in Monilophyta (represented by
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Ceratopteris richardii and Pteris vittata), the CalSCs have
undergone several rounds of duplication independent from
the rest of the Euphyllophyta lineage. In subfamily B, an
analogous multiplication within Monilophyta can be ob-
served, while 2 independent lineages in Arabidopsis repre-
sented by AtCalS9 and AtCalS10 have evolved within
Spermatophyta. Finally, the CalSA subfamily consists of 3 dis-
tinct branches. Of these, the CalS5-related clade is distinguish-
able already in Monilophyta, not only Spermatophyta as
observed previously by (Abercrombie et al. 2011), forming a
rather evolutionarily early diverging branch. This is in contrast
with other CalSA members within Euphyllophyta, which form
distinct branches starting from the level of Gymnospermae,
encompassing AtCalS1-4 and AtCalS6-8, respectively, with a
mutual sister clade containing Monilophyta CalSs.

A major role for CalSs in cell division

The emergence of novel gene families and their further ex-
pansion is a staple feature of plant transition to land (One
Thousand Plant Transcriptomes Initiative 2019; Bowles
et al. 2020). Moreover, the functional specialization is driven
by whole genome duplications, which occurred after plant
territorialization, as well as the duplication of individual
genes (One Thousand Plant Transcriptomes Initiative 2019;
Stull et al. 2021). The colonization of the land and the subse-
quent burst of land plant species was further enabled by ac-
companying diversification and modification of specialized
metabolic pathways (such as callose synthesis) (Rieseberg
et al. 2023). Nevertheless, these do not single-handedly ex-
plain the divergence into 3 subfamilies observed in the
CalS phylogeny because multiple paralogs that belong to
the distinct subfamilies were presumably already present in
the aquatic Phragmoplastophyta ancestor (Fig. 4). We also
suggest the 3-subfamily system has already been present in
some form in the MRCA of Klebsormidiophyceae and
Phragmoplastophyta due to the Klebsormidiophyceae homo-
log cluster within the CalSA subfamily. Interestingly, the diver-
gence of CalS into the 3 subfamilies strikingly coincides with
the emergence of centrifugal cytokinesis mediated by the
phragmoplast and cell plate (Buschmann and Zachgo 2016).
Indeed, Charophyceae, which divide by a centrifugal growth,
are the most evolutionarily distant Phragmoplastophyta
group from Embryophyta that exhibit the 3-subfamily diver-
gence (Nishiyama et al. 2018). The number and distribution
of CalSs from Coleochaetophyceae, a paraphyletic, cell
plate—dependent group between Charophyceae and
Zygnematophyceae (Ruhfel et al. 2014; One Thousand Plant
Transcriptomes Initiative 2019), remains unknown. A similar
CalS inventory as in Chara is present in the cell plate—de-
pendent Anthocerotophyta Anthoceros agrestis and
Leiosporoceros dusii. Marchantiophyta dividing by centrifu-
gal cytokinesis (Scherp et al. 2002) contain all 3 subfamily
representatives. The same is true for the rest of the
Embryophyta, in which a large CalS multiplication oc-
curred across the gene family. Similarly, P. margaritaceum,
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a Zygnematophyceae representative with combined cyto-
kinesis, also contains homologs in each subfamily. We
thus hypothesize that the CalS divergence was necessary
to evolve centrifugal cell division machinery.

Although polar callose synthesis is crucial for the correct
execution of cytokinesis, only 2 CalS paralogs in
Arabidopsis have been described to localize to the nascent
cell plate and synthesize callose there: AtCalS1 and
AtCalS10 from the subfamily A and B, respectively (Hong
et al. 2001; Toller et al. 2008; Thiele et al. 2009; Saatian
et al. 2018). If we hypothesize that establishing the 3 subfam-
ilies is related to the evolution of centrifugal cytokinesis, then
either A or B subfamily should contain cytokinesis-specific
CalS. Consistently, CalSA and CalSB representatives are pre-
sent in the Zygnematophyceae species tested previously for
the polar localization of callose during cell division. It is plaus-
ible these specific paralogs likewise control the maturation of
the observed centrifugally expanding cell plate-like structure
during Penium and Spirogyra cytokinesis (Davis et al. 2020).
Even though AtCalS10 has also been described in a variety
of unrelated processes, for example, the division of pollen
generative cells or in plasmodesmata, the mutant cals10
plants are seedling lethal because of the impaired callose syn-
thesis during cytokinesis (Toller et al. 2008; Saatian et al.
2018). Interestingly, mutation of AtCalS1 causes no visible
phenotype, possibly due to its sequence and expression simi-
larity to AtCalS2, 3, and 4 (Dong et al. 2008). Except for
AtCalS3, these all are functionally unknown, and their activ-
ity could play a redundant role to AtCalS1 during cytokinesis.
Even though CalSA is perhaps the first diverging subfamily, its
emergence does not necessarily sanction cell plate-depend-
ent cell division (a case of Klebsormidiophyceae). Moreover,
CalS phylogeny with the history of multiple independent
CalSA subfamily losses in Charophyceae, Serritaeniales,
and Anthocerotophyta shows that they were perhaps insig-
nificant in regards to the centrifugal cytokinesis of
Phragmoplastophyta.

Another paralog from the subfamily B, AtCalS9, is essential
for the entry of a microsporocyte into mitosis, and its mu-
tants are gametophyte lethal (Toller et al. 2008; Huang
et al. 2009). Although the rice homolog of AtCalS9 and 10
has been implicated in vascular tissue development, this
has been mostly extrapolated from its promoter activity
and not on the level of a functional protein (Song et al.
2016). Is it therefore possible that the AtCalS9- and
10-containing B subfamily’s function in cell division is con-
served within Phragmoplastophyta? Proteins that execute in-
dispensable processes with a low margin of error (such as
cytokinesis) have a generally cosmopolitan pattern of expres-
sion and are conserved during evolution (Lloyd et al. 2015).
Indeed, AtCalS9 and 10, as well as their orthologs in Pyrus
brettschneiderii, are expressed throughout plant ontogeny
(Zaveska Drabkova and Honys 2017, Cao et al. 2022).
Moreover, CalSB subfamily proteins are always present in
all species exhibiting the centrifugal division, at least in one
copy. Compared with Spermatophyta, both Bryophyta and
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Monilophyta contain many copies of CalS from subfamily
B, which form 2 deep branches. These data suggest that for
the correct execution of centrifugal cytokinesis, the presence
of CalSB is strictly required.

From pollen development to plant defense—
are the roles of individual CalSs conserved?

Although some CalSA subfamily representatives are active in
cytokinesis, the function of CalSA paralogs is far from re-
stricted to cell division. The phylogenetic analyses showed
the early divergence of the AtCalS5-like branch conserved
from Monilophyta to Angiospermae. The callose production
during male gametophyte ontogeny and pollen tube growth
was found to be highly dependent on AtCalS5, whose disrup-
tion is gametophyte lethal (Dong et al. 2005; Nishikawa et al.
2005; Xie et al. 2011; Mizuta and Higashiyama 2014). This is
consistent with the localization of GFP-fused AtCalS5 into
the developing Arabidopsis pollen and callose staining be-
tween the microsporocytes, as well as the gametophyte-
specific expression of AtCalS5 (Dong et al. 2005; Zaveska
Drabkova and Honys 2017). Similarly, in other
Angiospermae and Gymnospermae, CalS5 mediates pollen
tube growth as well (Brownfield et al. 2008; Abercrombie
et al. 2011; Cao et al. 2022; Kapoor and Geitmann 2023).
These results validate the previously proposed hypothesis
that CalS5-controlled deposition of callose has been conserved
from the common ancestor of seed plants. Our phylogeny also
provides a new insight into the role of callose in the evolution
of pollen tubes, which is manifested particularly by the
changes in the subcellular localization of callose as well as cal-
lose plug emergence (compared with Gymnospermae), pos-
sibly facilitating its rapid growth as observed in
Angiospermae (Williams 2008; Lora et al. 2016; Dehors et al.
2019). Interestingly, in Pinus taeda, pollen tube growth has
been connected to its homolog, termed CalS13, which is
only distantly related to AtCalS5, showing at least a partial
functional redundancy between the individual CalS subfam-
ilies in plant evolution (Abercrombie et al. 2011).

Continuing with other CalSA subfamily paralogs, the pres-
ence of AtCalS8 was linked to callose deposition in the plasmo-
desmata of the phloem pole pericycle, possibly affecting the
phloem unloading (Ross-Elliott et al. 2017; Liu et al. 2022a).
The analyses of cals7 (close homolog of AtCalS8) mutant
Arabidopsis lines revealed its function in the deposition of cal-
lose at the cell-cell junctions of the newly forming sieve plates.
Such specificity was also supported by the phloem-specific ex-
pression pattern of the AtCalS7 promoter (Barratt et al. 2011;
Xie et al. 2011), as well as the actual localization of fluorescently
fused AtCalS7 (Kalmbach et al. 2023), implying the conserva-
tion of phloem activity within the CalS7/8 (and presumably
CalS6-8) cluster of the subfamily A. However, even though
the cals7 lines had a virtually non-existent callose synthesis in
the forming sieve plates, this could be mitigated by the in-
creased expression of AtCalS3 (utilizing a gain-of-function
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Figure 4. A summary of callose synthase evolution in the streptophyte lineage of plants. The divergence of CalSs into 3 independent subfamilies
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Anthocerotophyta. After transitioning from water to land, the CalS family underwent several multiplications in true mosses, but especially in
Euphyllophytes, which could drive or be driven by their functional specialization and/or whole genome duplications.

cals3 allele), hinting at the cooperation between AtCalS7 and
AtCalS3 in phloem ontogeny (Vatén et al. 2011). AtCalS3 is a
plasmodesmatal CalS, which, although belonging to the same
subfamily A, clusters with CalS1, 2, and 4. Although this could
still be explained by the developmental relatedness of sieve
plates and plasmodesmata (Kalmbach and Helariutta 2019),
other paralogs, including ones from different subfamilies
(AtCalS1, AtCalS3 AtCalS8, AtCalS10, and AtCalS12) have
been observed to regulate the permeability of plasmodesmata
(Guseman et al. 2010; Cui and Lee 2016; Saatian et al. 2018,
2023). This is unlikely an experimental artefact because the
same paralogs were identified in a poplar plasmodesmatal frac-
tion proteomic screen with the addition of CalS12 and CalS9
(Leijon et al. 2018). Interestingly, AtCalS1-3 have all been im-
plicated in cell-to-cell connectivity, increased upon the effector
protein binding from Phytophthora (Tomczynska et al. 2020).

A member of the subfamily C, AtCalS12 has been identified
as an essential player in papilla formation during powdery
mildew infection (Jacobs et al. 2003; Wawrzynska et al.
2010; Ellinger et al. 2013). Contrary to expectations, the
cals12 mutants exhibited improved resistance to a pathogen
after the plant infection (Jacobs et al. 2003; Dong et al. 2008;
Wawrzynska et al. 2010). A recent study showed that CalS
homologs in Zygnema (clustering within the CalSC and
CalSB subfamilies) co-express with several components of
the plant immune system (Feng et al. 2023), suggesting
that the involvement of CalSC representatives in plant de-
fense has been conserved in some form in the MRCA of
Zygnematophyceae and land plants, although more insight
into this is still required. Nevertheless, the function of

CalSCs is not exclusive only to pathogen response because
cals11 and cals12 exhibit defective phenotypes also in the
generative tissues, ranging from reduced seed viability in sin-
gle mutants and various combinations of null allele hemizy-
gotes to pollen infertility in the double mutant (Enns et al.
2005). A similar situation was also observed in rice (Shi
et al. 2015). AtCalS12 is indeed rather strongly expressed in
the male gametophyte, which would validate its supporting
role in pollen development (Zaveska Drabkova and Honys
2017).

Altogether, the discussed results suggest that even the
distantly related CalS paralogs may be active in similar pro-
cesses requiring polar callose synthesis. Perhaps the
activity of distinct CalS paralogs should be viewed as partially
universal, with its specificity in a given cell type and develop-
mental process preferred but not restricted. This substanti-
ates the evolution of CalS, which eventually resulted in the
explosion of CalS paralogs in Embryophyta, their complex
regulation and mutual interaction enabling the fine-tuning
of callose deposition in a large portfolio of cell types and
processes during plant development. Alternatively, the func-
tion of individual CalSs could be mediated by additional
interactors that localize to such cell types and facilitate the
correct execution of processes requiring polar callose
synthesis.

Concluding remarks and perspectives

Although callose has been known to be deposited in different
cells across the plant body for more than a century, it is rarely
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considered a polar compound despite the fact that due to its
high spatial and temporal specificity, callose synthesis is an
archetypal polar process. Moreover, the role of callose syn-
thesis in plant development has only begun to unravel in
the last 2 decades. This was enabled by reverse genetic ap-
proaches or analyses of specific CalS expression, which have
been mostly restricted for usage in Arabidopsis and a few
closely related species. Alternatively, visualization of callose
either by aniline blue staining or immunostaining with anti-
bodies against callose has been insightful for determining the
subcellular localization of callose deposition but requires tis-
sue fixation, leading to the loss of temporal information and
possible artefacts.

All living organisms rely on cytokinesis to correctly segre-
gate the daughter nuclei. In most eukaryotic species, cytokin-
esis is carried out in a centripetal way. Therefore, it is
fascinating that land plants have evolved a largely novel cen-
trifugal mechanism facilitating nuclei separation during their
evolution. Plant biologists have naturally tried to describe the
underlying mechanisms, and, as such, the importance of po-
lar callose deposition for cell plate formation was described.
However, the aforementioned methodical drawbacks have,
for a long time, hampered the efforts to study cytokinesis
from an evolutionary perspective.

In recent years, the exponential increase of the available
genomes has provided the basis for studies of plant phyl-
ogeny based on molecular data. Moreover, by enabling us
to analyze the tissue-specific expression of the putative
orthologs of the protein of interest, this has also improved
our ability to track the evolution of gene and protein players
driving the plant ontogeny across the plant kingdom. Indeed,
several CalS paralogs with their function conserved during
the evolution were proposed. This update review sum-
marizes the recent proceedings on the role of individual
CalSs in distinct cellular processes utilizing polar callose syn-
thesis, which, combined with a complex phylogenetic ana-
lysis of CalS, implies the relationship between the evolution
of callose-dependent processes (especially cell plate forma-
tion), the emergence of multiple CalS paralogs, and their re-
cruitment in these processes. We also confirm the presence
of CalS homologs in all plants, thus corroborating the previ-
ous observations of callose deposition across the plant king-
dom (Scherp et al. 2001). Our analysis can serve as the basis
for the experimental validation of the evolutionary conserva-
tion of CalS function in future studies.

Although identifying individual CalS activity in specific cell
types can already provide valuable information into the po-
larity of callose synthesis, it offers little insight into the up-
stream regulatory processes controlling it (see outstanding
questions box). The regulation of CalS activity has only begun
to be studied, particularly the possible post-translational
modification sites. However, any signaling components gov-
erning these modifications remain largely unknown. The
number of available methods to analyze protein—protein in-
teractions has surged in the past few years, including those
compatible with large integral membrane proteins, for
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OUTSTANDING QUESTIONS BOX

® What is the subcellular localization of specific
CalS homologs, and does it correlate with the
callose synthesis in the distinct tissues?

® What controls the activity of individual CalSs in
different cell types and processes?

® |s callose an essential component for centripetal
septum formation?

® Are there evolutionarily conserved functions
within the CalSA, B, and C subfamilies?

® Which CalS possessed the ancestral role in cyto-
kinesis? Could the CalS duplications play a role in
the cell plate establishment?

example, proximity biotinylation (Arora et al. 2020). In
the near future, we expect an identification of proteins
controlling the activity of specific CalS paralogs (kinases,
phosphatases). Similarly, because CalS acts as part of a
larger complex, we anticipate broadening the portfolio of
known CALSC components, providing more insight into
the mechanism of callose synthesis at the molecular level.
These may also include players whose interaction with CalS
is characteristic of callose deposition in the specific cell
type. Therefore, their coevolution could drive the assumed
CalS 3-subfamily divergence and functional specialization.
Ultimately, by combining these approaches with the techni-
ques for sensitive spatio-temporal analyses (e.g. live-cell mi-
croscopy of fluorescently tagged CalSs, cell fractionation of
specific tissues), we can gain an unprecedented level of detail
into the dynamics of subcellular CalS localization, players
controlling the trafficking and degradation of individual
CalSs, and eventually answer the question of what makes
the callose synthesis polar in regards to both space and
time (see outstanding questions box).
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