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Abstract
Background: Although the cellulose microfibril organization in guard cell (GC) walls play a crucial role in the mechanism of the stomatal function, recent work showed that matrix cell wall materials are also involved. Especially in the
kidney-shaped stomata of the fern Asplenium nidus, callose actively participates in the mechanism of opening and
closure of the stomatal pore.
Scope: The present review briefly presents and discusses recent findings concerning the distribution and role of callose in the kidney-shaped stomata of the dicotyledon Vigna sinensis as well as in the dumbbell-shaped stomata of the
monocotyledon Zea mays.
Conclusion: The discussed data support that, in both categories of angiosperm stomata, callose is implicated in the
mechanism of stomatal pore formation and stomata function by locally affecting the mechanical properties of the GC
cell walls.
Keywords: Callose, guard cells, Zea mays, Vigna sinensis
Background
Guard cell (GC) morphogenesis and function, in both
kidney and dumbbell-shaped stomata, is mainly based on
the particular organization of cellulose microfibril arrays
in cell walls, in particular in the periclinal ones, which is
controlled by microtubule arrays radially aligned similarly to microfibrils [1–4]. Recently, data mostly derived
from kidney-shaped stomata revealed that matrix cell
wall materials, like different types of pectins and xyloglucans, are also involved in the mechanism of stomatal
movement [2, 3, 5, 6]. The pectin network also seems to
be important for the functional cell wall properties of the
dumbbell-shaped stomata [7, 8].
The present article comments on the distribution
and the possible functions of callose in the two types of
*Correspondence: papostol@biol.uoa.gr
Section of Botany, Department of Biology, National and Kapodistrian
University of Athens, Athens, Greece

angiosperm stomata. Callose is an interesting multifunctional (1, 3)-β-d-glucan, produced by callose synthases
and degraded by β-1, 3-glucanases [9]. The data considered here have been mainly taken from a recent study
on the kidney-shaped stomata of Vigna sinensis and the
dumbbell-shaped ones of Zea mays [8]. Although, previous studies showed that callose plays an essential role in
both morphogenesis and function of the kidney-shaped
stomata of ferns [10], there is no information published
on any other angiosperm species apart from V. sinensis
and Z. mays.
Zea mays

In the newly formed stomata, callose has a prominent
and relatively prolonged appearance in the young ventral wall (VW), which is the cell wall that separates GCs
(Fig. 1A). Afterwards, it is deposited in the emerging
GC cell wall thickenings. During stomatal pore formation, callose is removed from the cell walls delimiting
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Fig. 1 Diagrammatic representation of callose depositions in successive developmental stages of Z. mays (A–J) and V. sinensis (K–M) stomata.
Newly formed (A), kidney-shaped (B) and dumbbell-shaped (C–J) stomata of Z. mays as well as newly formed (K), differentiating kidney-shaped
(L) and mature kidney-shaped (M) stomata are shown. The cell wall regions rich in callose are marked in red. All the drawings represent stomata in
paradermal view, except for (D–F) and (I), (J) that illustrate transverse stomatal sections. (D) shows a transverse view corresponding to the plane I of
(C), while (E) a transverse view corresponding to the plane II of (C). The arrowheads mark the terminal thickenings of the central canal. (G) and (H)
represent a closed and an open stoma respectively, in which callose is not depicted. CC central canal, DW dorsal wall, PVWE polar ventral cell wall
end, SC subsidiary cell, VW ventral cell wall

the developing stomatal pore but persists at the polar
VW ends, meaning the VW regions on both sides of
the stomatal pore (Fig. 1B). As periclinal are defined
the cell walls that are parallel to the epidermal surface,
while as anticlinal, the cell walls that are vertical to it.
In elongating and mature stomata, callose is localized
at the polar VW ends, in the periclinal cell wall thickenings of the central canal and at the terminal thickenings of the central canal, meaning those that extend
from the central canal towards the bulbous GC ends
(Fig. 1C–E). The pattern of callose deposition in the
central canal differs between open and closed stomata.
In closed stomata, callose appears in the periclinal cell
walls of the central canal. Notably, in the open ones, it
is present not only in the periclinal cell walls, but also
in the anticlinal ones that are shared between the GCs
and the subsidiary cells (Fig. 1F; compare to Fig. 1E).
Callose is also deposited at the transverse cell walls of
the intervening cells of the stomatal row, in contact
with the bulbous GC ends [8].

Vigna sinensis

The VW of the newly formed stomata is rich in callose
(Fig. 1K). In a similar way to Z. mays, in differentiating
stomata, although callose is absent from the VW regions
enclosing the developing stomatal pore, still persists at
the polar VW ends (Fig. 1L). In addition, it impregnates
the cell wall thickenings deposited at the junctions of
the dorsal cell walls (Fig. 1L). The open mature stomata
display the same pattern of callose distribution with that
of the differentiating ones (Fig. 1M). In the functioning
closed stomata, callose disappears from the major part
of the polar VW ends but remains at their junctions with
the dorsal cell walls [8].

Callose and local GC cell wall thickenings
Callose deposition in GC cell wall thickenings seems to
be a general characteristic of stomata. It has been found
in the kidney-shaped stomata of dicotyledon plants and
ferns [10], as well as in the monocotyledonous dumbbellshaped stomata [8]. Callose enriches the cell wall thickenings in cotton fibers [11–13], tracheary cells [9, 14]
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and transfer cells [15]. It has been suggested that callose
establishes a proper microenvironment for the local deposition of cellulose microfibrils and possibly of other cell
wall materials, thus facilitating the formation of the local
cell wall thickenings [8, 10, 11].
Shtein et al. [16, 17] showed that cellulose displays different degrees of crystallinity at different positions of
the GC walls. According to the authors, the term “cellulose crystallinity” is used to define arrays of β-1,4 glycan
chains, associated through numerous hydrogen bonds.
Furthermore, these amorphous and crystalline domains
of the cellulose microfibrils are further spatially organized into regions of differing crystallinity. In the kidneyshaped GCs, cellulose of high crystallinity has been
detected at the polar stomatal ends. Ιn the dumbbelllike ones, crystalline cellulose is observed at the polar
VW ends and in the central canal, including the terminal thickenings emerging from them. In both GC types,
all the cell wall regions displaying high cellulose crystallinity were enriched by distinct local callose depositions
(Fig. 1). The positional relationship between callose and
high cellulose crystallinity is obvious in cotton fibers [11],
tracheary cells [9] and characterizes the GCs of the fern
Asplenium nidus. In the latter species, cellulose of high
degree of crystallinity is deposited in the periclinal cell
walls [16], where also prominent radial callose fibril systems are co-localized [18]. Ιt has been supported that callose creates a hydrated zone outside the plasmalemma,
within which the cellulose microfibrils crystallize [9, 11,
13, 19]. However, the mechanism through which callose favors cellulose crystallinity still remains unknown.
In Asplenium nidus, the radial callose fibrillar arrays in
the periclinal cell walls are disassembled during stomatal opening and reappear during stomatal closure [10]. If
this disappearance is followed by a change in the degree
of cellulose crystallinity during stomatal movement, it
will further support the existence of spatial and probably functional relationship between callose and cellulose
crystallinity.

Callose and stomatal pore formation
The schizogenous stomatal pore formation in angiosperms is a phenomenon concomitant to GC morphogenesis, involving two processes: the weakening of the
middle lamella of the VW and the application of mechanical forces generated during assumption of the permanent kidney shape in V. sinensis and the temporary one
in Z. mays GCs [1]. These forces disrupt the periclinal
cell walls and separate the VW partners of the GC pair at
the stomatal pore site. Notably, the middle lamella of the
young VW of Ζ. mays and V. sinensis, in contrast to that
of the lateral cell walls of the former and to that of the
dorsal cell walls of the latter, appears electron transparent
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in TEM micrographs. In addition, it gives a negative
reaction to Thiery’s test that is specific for insoluble polysaccharides, apart from cellulose and callose [20, 21].
Recently, Rui et al. [22] concluded that in the dicotyledonous Arabidopsis thaliana ‘‘homogalacturonans delivery and modification, and guard cell pressurization, make
functional contributions to stomatal pore initiation and
enlargement’’ and that homogalacturonan degrading
enzymes are locally activated in the region of the stomatal pore.
In Z. mays and V. sinensis stomata callose has a prolonged appearance in young VW that is followed by the
progressive local callose removal from the cell walls of
the developing stomatal pore (Fig. 1B; compare to Fig. 1A
and L; compare to Fig. 1K). Obviously, the callose degrading enzyme is locally activated. Callose degradation from
the cell walls delimiting the forming stomatal pore, possibly facilitates the detachment of the adjoined VW
partners at this specific region. This can be understood
considering the stiffening property of callose on the cell
wall, since its presence allows the cell wall to resist in tension and compression stresses [23]. In contrast, callose
persists at the polar VW ends (Fig. 1B, L). Its maintenance at these sites may also constrain the detachment of
the cell wall strictly at the median region of the VW, preventing the expansion of the stomatal pore towards the
stomatal ends. A similar activity has been attributed to
callose during development of the intercellular spaces at
the mesophyll [24, 25]. This callose behaviour favours the
view that callose participates in the mechanism of stomatal pore formation in angiosperms, a phenomenon well
documented in the fern Asplenium nidus [10, 26].

Possible callose involvement in stomatal
movement
The radial callose fibrillar arrays deposited in the periclinal cell walls of the kidney- shaped GCs of the fern Asplenium nidus, which are co-aligned with the radial cellulose
microfibrils, possibly participate in stomatal opening,
reinforcing the role of the latter in the tangential periclinal GC wall expansion that is critical for stomatal opening [10, 27]. This suggestion has been experimentally
supported [27].
Callose is absent from the periclinal cell walls of the
functional kidney–shaped GCs of the dicotyledonous V.
sinensis. It is localized at the polar VW ends as well as in
the thickenings deposited at the junctions of the dorsal
cell walls (Fig. 1 L, M). It is well known that during stomatal opening, the polar VW ends of the kidney-shaped
stomata are under intense mechanical stress [3, 17, 28,
29]. Callose, functioning as a stiffening material, probably
strengthens the polar VW ends to withstand the mechanical forces generated during stomatal opening [8]. If the
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VW ends are not stiff enough, the stomatal pore will not
open successfully.
Gensler [19] considering the presence of callose in the
periclinal cell walls of the kidney-shaped GCs of the fern
Asplenium nidus [18, 27] has assumed that callose creates
a protonic electrical circuit at the periclinal cell walls of
the GCs. Such a circuit would facilitate proton transfer
between different parts of the VW and further provide
a driving force for concomitant potassium ion entry and
exit between GCs and subsidiary cells. In this way, callose
could participate in the stomata function mechanism.
However, this view cannot be applied in kidney-shaped
GCs of V. sinensis, because callose is absent from their
periclinal cell walls.
Although both the dicotyledonous V. sinensis and the
fern A. nidus have kidney-shaped stomata, callose displays a different distribution pattern between the two.
It implies that it plays a different role during stomatal
movement in them. In V. sinensis, callose is absent from
the periclinal cell walls of the GCs [8], while it is present
at these cell walls of A. nidus GCs [18, 27]. These differences may be related not only to the particular morphology of the GCs but also to the chemical composition of
the cell walls of the GCs of these two plants. In A. nidus,
the GCs display swollen polar ends facing the substomatal cavity and intense cell wall thickenings at the junction
sites of the polar VW ends with the external periclinal
cell wall [30]. These cell wall regions are traversed by
many cellulose microfibrils arranged parallel to the epidermal surface [30]. These structural features are absent
from the GCs of V. sinensis. Furthermore, while the GC
walls of the dicotyledonous, as V. sinensis, are rich in pectins [8, 17], they seem to participate in a lower degree in
the cell wall composition of A. nidus GCs [17]. According
to Shtein et al. [16, 17], the ferns, including A. nidus, use
crystalline cellulose as a localized strengthening material
in the central region of the GCs that participates in stomatal movement. This notion is further supported by the
presence of callose at the exact same sites. On the contrary, in dicotyledonous stomata, the role of crystalline
cellulose and callose is probably served by pectins located
at the respective regions [17]. Nevertheless, in A. nidus
stomata too, the callose deposited at the cell wall thickenings of the polar VW ends [18, 27] probably reinforces
the specific regions in order to withstand the mechanical
forces exerted during stomatal opening, as it has already
been suggested in V. sinensis stomata [8].
During opening of the dumbbell-shaped grass stomata, the bulbous GC ends swell and become deformed.
The radial cellulose microfibrils in both the periclinal
cell walls of the bulbous GC ends, which diverge from
the edge of the central canal towards their ends [20] and
the pairs of terminal central canal thickenings, seem to
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control the pattern of expansion and deformation of the
bulbous GC ends. The swelling of the bulbous GC ends
appears asymmetrical, being more intense towards the
VW than towards the dorsal cell wall (Fig. 1H; compare
to Fig. 1G). The mechanical forces generated by the elevated GC turgor are finally exerted on both the polar VW
ends and on the terminal canal thickenings, to induce
stomatal opening. It is achieved when the central canals
are displaced to some extent ‘‘into the subsidiary cells’’
[31, 32] (Fig. 1G; compare to Fig. 1H). When the bulbous ends of the GCs swell, the terminal cell wall thickenings that emerge from the central canal and enter the
junctions of the periclinal cell wall with the lateral ones
in the bulbous GC ends (arrowheads in Fig. 1) probably
enforce the central canals to move towards the subsidiary
cells, acting like “levers”. This becomes possible because
the central canal and the terminal cell wall thickenings
in each GC constitute a united system [20]. At the same
time mechanical forces applied on the VW ends also contribute to the lateral displacement of the central canals.
The development of this particular mechanism of stomatal movement became probably necessary because
of the unique morphology of the dumbbell-shaped stomata of the Poaceae. Usually, in Z. mays, the junctions of
the VW with the transverse cell walls display large gaps,
through which cytoplasm, plastids and mitochondria
can move from one GC to the other [20]. However, this
VW discontinuity enables GCs to be synchronized and to
function as one cell during stomatal movement. In addition, the osmotic and turgor pressure ‘‘synchronization’’
between the GCs and the subsidiary cells, ‘‘see-sawing’’
according to Franks and Farquhar [31], is also functionally important. The increase of the GC turgor, keeping pace with the decrease of that of the subsidiary cells
makes feasible the change of the shape of the latter cells
to ‘‘accept the lateral central canal displacement’’ [31, 32]
(Fig. 1F; compare to Fig. 1E and J; compare to Fig. 1I). As
Franks and Farquhar [31] and Nunes et al. [33] pointed
out, the four-celled dumbbell-shaped stomatal complexes
of Poaceae, due to their unique structure, became able to
attain wider pore apertures and faster response to environmental changes than any other stomatal type.
Callose enrichment of the central canal cell walls as
well as those of bulbous GC ends (Fig. 1C–E), increases
their stiffening making them rigid enough to secure the
lateral displacement of the central canal ‘‘into the subsidiary cells’’ [8]. Especially, callose deposition in the
terminal thickenings of the central canal increases their
stiffness to fulfil the critical role in stomatal opening suggested above. The endings of the cell wall thickenings of
the central canal display high degree of cellulose crystallinity [28], so Rui et al. [6] concluded that the cell wall
in these regions display intense stiffness. Obviously, this
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stiffness is further increased by the presence of callose.
Callose detection at the cell wall of the intervening cell
adjacent to the polar end of the open stomata [8] is probably a response to mechanical forces exerted on it during
increase in volume/deformation of the bulbous GC ends.
In addition, the presence of callose in the lateral GC cell
wall of the central canal, (Fig. 1F), may have either a sealing function for the preservation of GC and/or the subsidiary cell turgor or more possibly it is formed as the
result of mechanical stresses imposed on this cell wall
during the lateral movement of the GC central canal. The
above consideration allows the suggestion that the extensive GC callose depositions significantly reinforce the
rigidity of the dumbbell-shaped stomata during stomatal
opening and closure.

Conclusions
The above overview allows the hypothesis that callose
is implicated not only in morphogenesis of the angiosperm stomata but also in their function. It appears in
GC cell walls in an accurately spatially and temporarily
controlled manner, in order to perform specific functions. In the functioning angiosperm stomata, callose
constitutes a dominant matrix of the polar VW ends
and/or the local GC cell wall thickenings. Although it
seems likely that the described pattern of distribution
as well as the suggested role(s) of callose should represent general characteristics of the angiosperm stomata,
further studies are needed to verify them. Moreover,
since the mechanics of the dumbbell-shaped stomata
has not been adequately studied, further work should
be carried out to understand the mechanical aspect of
their movement. Evidently, the unique structure of the
dumbbell-shaped stomata has led to the development
of a specific mechanism of stomatal movement, deviating from that of the kidney-shaped ones.
Acknowledgements
The authors would like to thank Prof. T. Abatzopoulos for his assistance during
publication procedures.
Authors’ contributions
PA, EG and BG writing, original draft preparation, review and editing. All
authors read and approved the final manuscript.
Funding
This research received no external funding.
Availability of data and materials
The data sets analyzed during the current study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
Not applicable.

Page 5 of 6

Consent for publication
Not applicable.
Competing interests
The authors declare no conflict of interest.
Received: 13 May 2021 Accepted: 20 July 2021

References
1. Galatis B, Apostolakos P. The role of the cytoskeleton in the morphogenesis and function of stomatal complexes. New Phytol. 2004;161:613–39.
2. Marom Z, Shtein I, Bar-On B. Stomatal opening: The role of cell-wall
mechanical anisotropy and its analytical relations to the bio-composite
characteristics. Front Plant Sci. 2017;8:2061.
3. Woolfenden HC, Bourdais G, Kopischke M, Miedes E, Molina A, Robatzek
S, Morris RJ. A computational approach for inferring the cell wall properties that govern guard cell dynamics. Plant J. 2017;92:5–18.
4. Borowska-Wykręt D, Kwiatkowska D. Folding, wrinkling, and buckling
in plant cell walls. In: Geitmann A, Gril J, editors. Plant Biomechanics.
Springer: Cham; 2018. p. 209–33.
5. Amsbury S, Hunt L, Elhaddad N, Baillie A, Lundgren M, Verhertbruggen
Y, et al. Stomatal function requires pectin de-methyl-esterification of the
guard cell wall. Curr Biol. 2016;26:2899–906.
6. Rui Y, Chen Y, Kandemir B, et al. Balancing strength and flexibility: how
the synthesis, organization, and modification of guard cell walls govern
stomatal development and dynamics. Front Plant Sci. 2018;9:1202.
7. Jones L, Milne JL, Ashford D, McCann MC, McQueen-Mason SJ. A conserved functional role of pectic polymers in stomatal guard cells from a
range of plant species. Planta. 2005;221:255–64.
8. Giannoutsou E, Sotiriou P, Nikolakopoulou TL, Galatis B, Apostolakos P.
Callose and homogalacturonan epitope distribution in stomatal complexes of Zea mays and Vigna sinensis. Protoplasma. 2020;257:141–56.
9. Stone BA, Clarke AE.Chemistry and Biology of (1→3)-β-Glucans. In: La
Trobe University Press. 1992; Bundoora, Australia
10. Galatis B, Apostolakos P. A new callose function: involvement in differentiation and function of fern stomatal complexes. Plant Sign Behav.
2010;5:1359–64.
11. Waterkeyn L. Cytochemical localization and function of the 3-linked
glucan callose in the developing cotton fiber cell wall. Protoplasma.
1981;106:49–67.
12. Salnikov V, Grimson MJ, Seagull RW, Haigler CH. Localization of sucrose
synthase and callose in freeze – substituted secondary-wall-stage cotton
fibers. Protoplasma. 2003;221:175–84.
13. Haigler CH. Substrate supply for cellulose synthesis and its stress sensitivity in the cotton fiber. In: Brown RM, Saxena IM, eds. Cellulose: Molecular
and Structural Biology. Springer.2007; 147–168.
14. Gregory ACE, Smith C, Kerry ME, Wheatley ER, Bolwell GP. Comparative
subcellular immunolocation of polypeptides associated with xylan and
callose synthases in French bean (Phaseolus vulgaris) during secondary
wall formation. Phytochem. 2002;59:249–59.
15. Vaughn KC, Talbot MJ, Offler CE, McCurdy DW. Wall ingrowths in epidermal transfer cells of Vicia faba cotyledons are modified primary walls
marked by localized accumulations of arabinogalactan proteins. Plant
Cell Physiol. 2007;48:159–68.
16. Shtein I, Popper ZA, Harpaz-Saad S. Permanently open stomata of aquatic
angiosperms display modified cellulose crystallinity patterns. Plant Signal
Behav. 2017;12:7.
17. Shtein I, Shelef Y, Marom Z, et al. Stomatal cell wall composition: distinctive structural patterns associated with different phylogenetic groups.
Ann Bot. 2017;119:1021–33.
18. Apostolakos P, Livanos P, Galatis B. Microtubule involvement in the
deposition of radial fibrillar callose arrays in stomata of the fern Asplenium
nidus L. Cell Motil Cytoskel. 2009;66:342–9.
19. Gensler W. A hypothesis concerning callose. Plant Signal Behav. 2019;14:1.
20. Galatis B. Microtubules and guard cell morphogenesis in Zea mays L. J
Cell Sci. 1980;45(211):244.
21. Galatis B, Mitrakos K. The ultrastructural cytology of the differentiating
guard cells of Vigna sinensis. Amer J Bot. 1980;67:1243–61.

Apostolakos et al. J of Biol Res-Thessaloniki

(2021) 28:17

22. Rui Y, Chen Y, Yi H, Purzycki T, Puri VM, Anderson CT. Synergistic pectin
degradation and guard cell pressurization underlie stomatal pore formation. Plant Physiol. 2019;180:66–77.
23. Parre E, Geitmann A. More than a leak sealant The mechanical properties
of callose in pollen tubes. Plant Physiol. 2005;37:274–86.
24. Giannoutsou E, Sotiriou P, Apostolakos P, Galatis B. Early local differentiation of the cell wall matrix defines the contact sites in lobed mesophyll
cells of Zea mays. Ann Bot. 2013;112:1067–81.
25. Sotiriou P, Giannoutsou E, Panteris E, Apostolakos P, Galatis B. Cell wall
matrix polysaccharide distribution and cortical microtubule organization:
two factors controlling mesophyll cell morphogenesis in land plants. Ann
Bot. 2016;117:401–19.
26. Apostolakos P, Livanos P, Nikolakopoulou TL, Galatis B. The role of callose
in guard cell wall differentiation and stomatal pore formation in the fern
Asplenium nidus L. Ann Bot. 2009;104:1373–87.
27. Apostolakos P, Livanos P, Nikolakopoulou TL, Galatis B. Callose implication
in stomatal opening and closure in the fern Asplenium nidus. New Phytol.
2010;186:623–35.
28. Carter R, Woolfenden H, Baillie A, Amsbury S, Carroll S, Healicon E, et al.
Stomatal opening involves polar, not radial, stiffening of guard cells. Curr
Biol. 2017;27:2974-2983.e2.

Page 6 of 6

29. Woolfenden HC, Baillie AL, Gray JE, Hobbs JK, Morris RJ, Fleming AJ.
Models and mechanisms of stomatal mechanics. Trends Plant Sci.
2018;23:822–32.
30. Apostolakos P, Galatis B. Microtubule and actin filament organization
during stomatal morphogenesis in the fern Asplenium nidus. II Guard cells
New Phytol. 1999;141:209–23.
31. Franks PJ, Farquhar GD. The mechanical diversity of stomata and its
significance in gas-exchange control. Plant Physiol. 2007;143:78–87.
32. Chen ZH, Chen G, Dai F, Wang Y, Hills A, Ruan YL, et al. Molecular evolution of grass stomata. Trends Plant Sci. 2017;22:124–39.
33. Nunes TDG, Zhang D, Raissig MT. Form, development and function of
grass stomata. Plant J. 2020. https://doi.org/10.1111/tpj.14552.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

