Received: 11 February 2022 | Revised: 17 June 2022 Accepted: 20 June 2022

DOI: 10.1002/pei3.10086
PLANT-ENVIRONMENT

&
INTERACTIONS €l

RESEARCH ARTICLE

Stomatal clustering in Begonia improves water use efficiency by
modulating stomatal movement and leaf structure

Meng-Ying Tsai®? | ChiKuan'® | Zheng-Lin Guo'® | Hsun-An Yang? |

Kuo-Fang Chung? | Chin-Min Kimmy Ho!

LInstitute of Plant and Microbial Biology,
Academia Sinica, Taipei, Taiwan

Abstract

?Research Museum and Herbarium Stomata are a pivotal adaptation of land plants and control gas exchange. While most

(HAST), Biodiversity Research Center,

Academia Sinica, Taipei, Taiwan plants present solitary stomata, some plant species experiencing chronic water defi-

ciency display clustered stomata on their epidermis; for instance, limestone-grown
begonias. Moreover, the membrane receptor TOO MANY MOUTHS (TMM) plays a

major role in spacing stomata on the epidermis in Arabidopsis, but the function of
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function of stomatal clustering. We also introduced the Begonia TMMs into Arabidopsis
tmm mutants to study the function of Begonia TMMs. B. hernandioides showed higher

water use efficiency under high light intensity, smaller stomata, and faster pore open-
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Academia Sinica ing than B. formosana. The short distance between stomata in a cluster may facili-

tate cell-to-cell interactions to achieve synchronicity in stomatal movement. Begonia
TMMs function similarly to Arabidopsis TMM to inhibit stomatal formation, although
complementation by TMM from the clustered species was only partial. Stomatal clus-
tering in begonias may represent a developmental strategy to build small and closer
stomata to achieve fast responses to light which provides tight support between sto-

matal development and environmental adaption.
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1 | INTRODUCTION

likely a consequence of the rise in atmospheric carbon dioxide

(CO,) concentrations since the beginning of the industrial revolution

Stomata are microscopic structures over the leaf epidermis that
mediate gas exchange coming in and leaving the plant. These min-
ute structures make plants an integral part of the global carbon and
water cycles. Investigation of herbarium specimens collected over

the last 200years revealed a 40% decrease in stomatal density,

(Woodward, 1987). Rising CO,, concentrations might have also been
associated with the observed increase in forest water use efficiency
(WUE) due to the partial closure of stomata (de Boer et al., 2011;
Keenan et al., 2013). Consequently, stomata not only bridge plants

and climate but potentially modulate the global water cycle.
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Atmospheric CO, is the carbon source for plant photosynthe-
sis. CO, diffuses from the atmosphere into the substomatal cavity
and then enters mesophyll cells and reaches the chloroplasts where
carbon fixation takes place (Lawson & Blatt, 2014). In parallel, water
evaporates from leaves in the reverse direction, generating a conun-
drum: Plants need to open their stomata to uptake carbon essential
for photosynthesis but will lose water at the same time. Therefore,
WUE reflects the rate of photosynthesis and transpiration, making it
a useful metric that is often used to explore the trade-offs between
carbon gain and water loss through stomata.

Plants often cope with external stresses by reshaping their de-
velopmental programs to ensure survival and reproductive success
in diverse environments. Stomatal development is one such pro-
gram. Atmospheric CO, concentrations and water availability are
two factors at the interface between abiotic stimuli and stomatal
development, resulting in the alternation of stomatal density in
plants (Xu et al., 2016). In addition to the solitary form of dumbbell-
shaped stomata seen in monocots and the kidney-shaped stomata
of dicots, clustered stomata have been reported in 65 genera from
36 flowering plant families (Gan et al., 2010). Stomatal clustering
has been suggested to be related to adaptation to specific environ-
ments. For example, the incidence of stomatal clustering in broad
bean (Vicia faba) increases with the degree of water deficit and
salinity (Gan et al., 2010; Hoover, 1986). Ecological studies of star
begonia (Begonia heracleifolia) and lily pad begonia (B. nelumbiifolia),
two Mexican begonias with clustered stomata, showed that plants
inhabiting drier habitats tend to exhibit higher mean stomatal cluster
size and a higher range of cluster sizes (Hoover, 1986). Begonia ple-
beja, an American species with two or more stomata clustered in one
complex, showed higher WUE than Begonia coccinea (with solitary
stomata) under low light intensity (~7Opm0|-m'2-s'1) (Papanatsiou
et al., 2017). In addition, a correlation between the occurrence of
clustered stomata and a multiseriate epidermis has been previously
reported (Boghdan & Barkley, 1972; Tang et al., 2002). These ob-
servations suggest that stomatal clustering and a multiseriate hypo-
dermis assist with water conservation. However, what physiological
function stomatal clusters hold and how they are formed are still
unknown.

In most plants, stomatal distribution on the leaf surface obeys the
one-cell-spacing rule, whereby a stomate is separated from another
stomate by at least one pavement cell. In Arabidopsis (Arabidopsis
thaliana), this cell-to-cell communication is mediated by a signaling
pathway initiated by EPIDERMAL PATTERNING FAMILY (EPF) pep-
tide ligands (Hara et al., 2007; Hara et al., 2009; Hunt & Gray, 2009)
and the ERECTA family of receptors and its co-receptor TOO MANY
MOUTHS (TMM). TMM is a conserved and single-copy gene in many
plants including poplar (Populus trichocarpa), the grasses, and the
moss Physcomitrium (Physcomitrella) patens (Peterson et al., 2010).
Loss of TMM function results in contiguous stomatal clusters and
increases the density of palisade mesophyll cells (Dow et al., 2017).
Interestingly, tmm mutants have better WUE compared to wild-
type plants, suggesting that WUE is not only controlled by stomata
but also by interlayer coordination between the epidermis and the

mesophyll (Dow et al., 2017). Although TMM is well studied in
Arabidopsis, its function in other plant species with clustered sto-
mata remains poorly known.

Here, we selected two Asian Begonia species, B. formosana (with
solitary stomata) and B. hernandioides (with clustered stomata), to
study the relationship between stomatal morphology and WUE. B.
formosana inhabits forest floors in Taiwan, the southern Ryukyus
Islands, and Japan. B. hernandioides is found along the coastal lime-
stone hills of northern Luzon and the Philippines. We examined
intrinsic WUE (WUEi), leaf characteristics, and stomatal responses
to determine the factors contributing to the different gas exchange
strategies used in these two Begonia species. We also explored the
function of TMM from Begonia species with different stomatal types
to ascertain whether TMM participates in the formation of stomatal
clustering in Begonia. Overall, our results showed that Begonia plants
with clustered stomata have higher WUEi than Begonia plants with
solitary stomata. This increase in WUEi was caused by the multi-
seriate epidermis and a rapid and synchronous stomatal response
under saturated light conditions (100-200 pmol-m'z-s'l) in B. hernan-
dioides. Moreover, complementation of the Arabidopsis tmm mutant
was more effective when using the TMM locus from the solitary sto-
mata Begonia species compared to TMM from the clustered stomata
Begonia species in inhibiting stomatal formation in Arabidopsis.

2 | MATERIALS AND METHODS

2.1 | Plant material and growth conditions

Three biological replicates of Begonia hernandioides (with clustered
stomata) and Begonia formosana (with solitary stomata) were grown
in the natural light greenhouse of the Biodiversity Research Center
at Academia Sinica (BRCAS), Taiwan, with the maximum light inten-
sity, maintained about 100pmol-m2-s™%. B. hernandioides was col-
lected from the Philippines by the collector Rosario Rubite (#106),
and B. formosana was collected from Hsiulin, Hualien, Taiwan, by the
collector C.K. Yang (#1637).

2.2 | Cryo-SEM observations of the leaf abaxial
epidermis and leaf cross sections

Mature leaves were collected from the second or third node of the
two Begonia spp. The major veins were removed to retain only the
inter-vein leaf blade, which was dissected into 5- to 10-mm? sections.
Prepared leaf sections were attached on a stub vertically or horizon-
tally with Tissue-Tek O.C.T. compound mixed with carbon powder
and then cryo-fixed by liquid nitrogen directly, before being trans-
ferred to a pre-cooled cryo-preparation chamber for sample prepa-
ration. After etching for 15min and platinum coating for ca.1-2 min,
the samples were transferred to a pre-cooled scanning electron mi-
croscope (SEM). For observing leaf cross sections, the cryo-fixed leaf
samples in the cryo-preparation chamber were fragmented with a
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razor knife after etching. All samples were observed at 20kV. The
digital images of the stomatal morphology from the abaxial epider-
mis and each leaf cross section from the two Begonia spp. were pro-

cessed and labeled by Adobe lllustrator software.

2.3 | Gas exchange measurements

Measurements of gas exchange were conducted using the LI-COR
6400XT Infrared Gas Analyzer with a 6-cm? standard leaf chamber.
The environment of the leaf chamber was maintained at 25°C leaf
temperature, 1.0-1.2 vapor water deficit, and 400 ppm CO,. Gas ex-
change responses were measured at 50, 100, and 200pmo|-m'2-s'1
using an external light source (LI-COR 6400-18). The parameter
of stomatal ratio was set to zero, as stomata are only on the abax-
ial leaf epidermis of Begonia spp. All plants were moved from the
greenhouse to the laboratory for environmental acclimation the day
before the measurement (ca. 12h). To find the suitable saturated
light for most Begonia species in the same greenhouse, we used at
least two individuals of B. cavaleriei and B. quixiensis to construct
light curves for Asia-begonias. Light intensities at 50, 100, and
200 pmol-m’z-s’1 were then applied to the experiments of B. hernan-
dioides and B. formosana. To reduce the fluctuation of gas-exchange

response in experimental plants, ca. 70pmo|-m'2-s'1

artificial light
in a laboratory was used for 1h before the gas-exchange measure-
ment. Those two Begonia species showed the same diurnal pattern;
hence, we made the gas-exchange measurement of each individual
plant starting from 8 am to 3 pm throughout the day. One individual
was measured per day. Three plants of B. formosana and B. hernandi-

oides were measured on different days.

2.4 | Leaf morphology and chlorophyll contents
Leaf mass per area (LMA) was calculated as the ratio between leaf
dry mass (g) and leaf area (m?). Leaf thickness (mm) was measured
with a vernier scale. Chlorophyll contents were measured with a
chlorophyll content meter (CCM-300, Opti-Sciences, Inc, USA).

2.5 | Quantification of stomatal images and
calculationofg_ -

Stomatal patterns in B. formosana and B. hernandioides from nail-
polish peels of abaxial epidermis were observed under a Leica light
microscope (DM 500) and recorded by a Canon digital camera (EOS
800D). The stomatal density (SD), stomatal index (Sl), and the width
and length of stomata and guard cells were then quantified with Fiji/
ImageJ (Schindelin et al., 2012). Because it is difficult to determine
the open or closed state of stomata based on nail-polish peels, the

maximum pore of a stomate (a__ ) was estimated to be an ellipse

max
with the major axis being stomatal length and the minor axis being

half of the stomatal length. The stomatal depth () was estimated as
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the half-width of guard cells. The g, . was calculated based on the

following equation from Dow et al. (2014):
anatomical g . = (d X SD X apyy ) /(v - (1 + 7/ 2)),

where d (m%s™Y) is the diffusivity of water in air and v (m®mol™?)
is the molar volume of air in 25°C.

2.6 | Response of stomatal opening

The day before the experiment, plants were transferred to constant
darkness for at least 12h to induce stomatal closure. Mature leaves
from the second or third node position were collected, the major vein
was removed, and the leaf blade was dissected into 1-cm? squares
and submerged into the opening buffer. To capture images from the
same position of the leaf section, the microscope light source was
used at a light intensity maintained to 100-200pmol-m™2s™! using
a light meter (LI-250A, LI-COR) with a quantum sensor (LI-190, LI-
COR). Leaf sections were observed under a Leica light microscope
(DM 500). All images were recorded every 30 for 240min (nine
images taken per sample). The preparation of the opening buffer
followed the method of Papanatsiou et al. (2017) with a few modi-
fications, including 10mM MES and 50mM KCI. After testing for
series of pH adjustments from 4.0 to 9.0, alkaline pH offered better
responses for stomatal opening in the two Begonia spp. tested here.
The opening buffer was thus adjusted to a pH of 8.86. All image
recordings and quantification were performed as above for stomatal
images for g ...

2.7 | Generation of transgenic constructs

Begonia TMM genes were amplified by PCR from genomic DNA ex-
tracted from B. formosana and B. hernandioides (F primer: 5'-GCC
GCG GCC ACC ATG TTT ATT CAC CTA CTT ATT TCC CC-3; R
primer: 5'-GCT GGC GCG CCC GCA ACC CAACTT AAG TGT AAA
CCA CA-3') and using restriction enzyme cloning into the pENTR/D-
TOPO vector (Thermo Fisher). An LR Clonase™ reaction was used to
recombine the resulting subcloned BITMM and BhTMM coding se-
quences into the R4pGWB540 vector to be placed under the control
of the cloned AtTMM promoter (Nakagawa et al., 2008). The binary
constructs were then introduced into Agrobacterium tumefaciens
GV3101 and used for Arabidopsis floral dip transformation. Plants
from the T2 generation were used for the data collection of stomatal

density.

2.8 | Data statistical analyses

All statistical analyses were performed in R version 4.0.3. Graphs
were produced using the ggplot2 package in R. All data were first
subjected to the Shapiro-Wilk test to check for normality and to the
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equal variance test to check homogeneity of variance. If the data
were deemed to be normally distributed with homogenous variance,
a Student's t-test, or a Mann-Whitney rank-sum test was conducted
for two-sample comparisons; a Kruskal-Wallis one-way analysis of
variance (ANOVA) on ranks was conducted for comparing multiple
samples. The gas exchange data, such as A, E, and g, parameters be-
tween different light intensities in the same species, were compared
by one-way RM ANOVA. The association of stomatal opening pat-
terns within species or individuals was tested by correlation analy-
sis with Spearman's rank correlation coefficient. The relationship
between distance and response of stomatal opening was tested by
linear regression analysis. The a-level was set to 0.05.

3 | RESULTS

3.1 | B.hernandioides leaves have large substomatal
cavities and a multiseriate hypodermis

We characterized the leaf morphology of two Begonia species by
cryo-scanning electron microscopy (Cryo-SEM) (Figure 1). The abax-
ial epidermis of B. formosana presented solitary stomata (Figure 1a,
arrowheads), while that of B. hernandioides displayed four to six sto-
mata grouped into a cluster (Figure 1c, white circle). Cross-section
images indicated that B. formosana has thinner leaves and smaller
substomatal cavities than B. hernandioides (Figure 1b and d). In B.
hernandioides, stomata of the same cluster (Figure 1d, arrowheads)
shared the same substomatal cavity (Figure 1d). In addition, B. her-
nandioides leaves showed a multiseriate hypodermis under both epi-
dermis and resulted in a large substomatal cavity (Figure 1d).

3.2 | B. hernandioides has higher WUEi under
saturated light conditions

To explore the physiological significance of stomatal clustering,
we selected four Asian Begonia species with different stomatal
morphologies; B. cavaleriei and B. formosana (solitary stomata), B.
guixiensis (one to three stomata in a cluster), and B. hernandioides
(more than four stomata in a cluster). We measured net CO, assimi-
lation rates (A) in response to varying light intensity (Figure 1e). All
four Begonia species exhibited similar photosynthetic responses,

as A rose exponentially from 25pmo|-m'2-s'1

, reaching a plateau
around 100pmol-m’2-s'1, with little change in A when increasing
light intensity to 200pmo|-m’2-s'1 (Figure 1e). Based on this result,
we focused on the three light irradiance levels 25 pmol-m’z-s’1 (ex-
ponential point), 100umol-m™-s™? (beginning of light saturation),
and 200pmol-m™s7! (beyond light saturation) to study WUE. We
selected the two Begonia species B. formosana and B. hernandioides
for their similar leaf shapes and leaf sizes but contrasting stomatal
types.

WUE can be expressed as intrinsic WUE (WUEi), via net carbon
assimilation rate (A, pmol-m™ -s™)) and stomatal conductance (s,
or as instantaneous WUE via A and transpiration rate (E, mol-H,O
m2s). We thus measured net CO, assimilation rate (A), stomatal
conductance (g,), and transpiration rate (E) in B. formosana and B.
hernandioides under the same well-watered growth conditions and
at three light intensities (Table S1). We observed no significant dif-
ferences in various parameters of gas exchange (A, g, or E) between
the two Begonia species (Table S1). However, WUEi and WUE of B.
hernandioides did increase compared to B. formosana under 100 and
200pm0|-m'2-s’1 significantly (Figure 1f and g, p<.05, Student's t
test).

To determine which component contributed to higher WUEi in
B. hernandioides, we plotted A as a function of g, under the three
light intensities (Figure 1h). When excluding data points collected at

25umol-m2s7?

,Aand g_followed a linear relationship with the same
slope in both species, indicating that the strategy employed by B.
hernandioides to maintain higher WUEi comes from a combination of

slightly higher A and slightly lower g, than in B. formosana.

3.3 | Leaf structures and stomatal morphology
determine WUEi in B. hernandioides

The photosynthetic potential of a leaf (A) has been reported to
correlate with internal leaf characters such as chlorophyll con-
tents, leaf mass per area (LMA, g:m™), and leaf thickness (mm)
(Buttery & Buzzell, 1977; Flexas et al., 2008; Hanba et al., 1999;
Henry et al., 2019; Papanatsiou et al., 2017). The anatomical maxi-
mum rate of stomatal conductance to CO, (anatomical g, . or
theoretical g,) contributed by stomatal pattern (as measured by
stomatal density; SD) and stomatal structure (theoretical maxi-

mum stomatal pore, a__) connects stomatal development and

max

FIGURE 1 Scanning electron microscopy (SEM) images from the leaves of two Begonia species and their water use efficiency under
well-watered growth conditions. (a and c) Abaxial view of B. formosana (solitary stomata) (a) and B. hernandioides (clustered stomata) (c).
Arrowheads indicate guard cells. Five stomata packed in a single cluster are circled in (c). (b and d) Cross-section view of leaf layers and the
substomatal cavity below a stomate (arrowhead) in B. formosana (b) and B. hernandioides (d). B. hernandioides presents a large substomatal
cavity with multiseriate hypodermis. Scale bars, 100 um. Ep, epidermis. H, hypodermis. PM, palisade mesophyll. SM, spongy mesophyll. (e)
Changes in net CO, assimilation rate (a) with photosynthetic photon flux density (PPFD) across four Begonia species: B. cavaleriei and B.
formosana (solitary), and B. guixiensis and B. hernandioides (clustered). (f and g) Intrinsic WUE (WUEi) (f) and instantaneous WUE (WUE) (g)
under three light intensities. Asterisks indicate significant differences between the two Begonia species, as determined by Student's t-test
(n = 3 biological replicates, **p <.01 and *p <.05). (h) Relationship between net CO, assimilation rate (a) and stomatal conductance (gs) in
the two Begonia species. Regression lines were obtained from measurements at 100 and 200 pmol m~2 s7%in B. formosana (solid line) and B.

hernandioides (dashed line) (n = 3 plants).
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leaf photosynthetic potential (Dow et al., 2014; Dow et al., 2017).
Therefore, understanding the above parameters should help us
understand which component(s) plays a major role in the higher
WUEi seen in clustered Begonia.

We detected no significant differences in chlorophyll contents,
SD, or a,,, between the two Begonia species (Tables 1 and 2).
However, B. hernandioides did have lower anatomical g, ..., indicat-
ing that the lower g, seen in B. hernandioides results from the com-
bination of stomatal structure (a,,,) and stomatal pattern (SD). B.
hernandioides also had higher LMA and leaf thickness (Tables 1 and
2), suggesting that higher WUEi is also influenced by leaf structure.

Interestingly, B. hernandioides formed smaller stomata (p = .037,
Mann-Whitney rank-sum test, Table 2) compared to B. formosana.
Smaller stomata are thought to respond faster than larger stomata
(Drake et al., 2013; Kardiman & Raebild, 2017). Therefore, the higher
WUEi of B. hernandioides may combine changes in leaf structure,
stomatal morphology, and quicker stomatal response.

3.4 | Fast stomatal opening of clustered stomata

Next, we measured the stomatal response of the two Begonia species.
Accordingly, we first placed whole plants in complete darkness for 12h
to close their stomata. Just before the measurement, we irradiated
leaves (100—200pmo|-m'2-s'1) in opening buffer and recorded pore
size every 30min (Figure 2a and Figure S1). We quantified pore area
and stomatal size (white solid line and black dashed line, respectively;
Figure 2a, inset, using an elliptic approximation using ImageJ/Fiji).
The gradual increase in pore size over time indicated that the open-
ing buffer is effective in both Begonia species (Figure Sla and b). To

remove possible artifacts arising from incomplete stomatal closure at

TABLE 1 Summary of leaf traits for B. formosana and B.
hernandioides

Parameters B. formosana B. hernandioides p-value®

Chlorophyll content 1303.3 £15.9 1309.2 +44.5 .840
(mg:m™?)

Leaf thickness (mm) 0.36 +0.02 0.55+0.01 <.001

LMA (g-m™) 17.33+0.63  28.06 +1.53 .011

aStudent's t-test from n = 3 biological replicates.

the starting point and variable stomatal sizes between the two Begonia
species, we normalized the data by subtracting the initial pore size
(0 min) over the entire time course (zeroing, Figure S1c and d) or zeroed
and normalized pore size by the average maximum length of individual
stomata (Figure Sle and f). However, the resulting graphs exhibited
similar trends as non-normalized data (Figure S1a and b). Therefore, we
used the original data for the following analyses.

In both Begonia species, the rate of pore opening was positively
correlated with stomatal size (Figure 2a). The steeper slope in B. her-
nandioides compared to B. formosana (Figure 2a) suggested that B.
hernandioides stomata open faster than those of B. formosana for the
same stomatal size (p<.001, linear regression model and ANOVA
to compare slopes). When the average pore area was plotted over
time, we noticed that B. formosana showed greater stomatal opening
30min into the time course, while B. hernandioides started to pres-
ent bigger pore sizes than B. formosana after 90 min (Figure 2b). The
difference in stomatal opening between B. formosana and B. hernan-
dioides was statistically significant between 30 and 90 min (p =.002,
Mann-Whitney rank-sum test). Thus, the smaller stomata of B. her-

nandioides exhibited faster opening kinetics.

3.5 | Synergistic effect of pore opening in
clustered stomata

Since cluster stomata appeared to open faster, we wondered
whether individual stomata within clusters might affect its neigh-
bors, which would lead to a similar stomatal response across neigh-
boring stomata. We estimated this effect with a half-stomatal
opening (A'?), that is, the time required to reach half of the final
pore size, and the extent of stomatal opening 2 h into the experi-
mental time course (Figure 2c and d). For comparison, we set the
percentage of pore opening to O at the starting point (O min) and to
100% at the endpoint (240min) (Figure 2d). The distribution of A2
in B. hernandioides was more right-skewed than that in B. formosana
(Figure 2c). After 2 h, the median pore opening in B. hernandioides
had reached 60-70% opening compared to 50-60% in B. formosana
(Figure 2d). These results suggested a quicker stomatal response
in B. hernandioides, which was consistent with the above observa-
tions (Figure 2a). Interestingly, B. hernandioides showed a narrower
distribution in pore opening compared to the broader peak of B.

TABLE 2 Summary of stomatal traits in

el B. formosana and B. hernandioides
Parameters B. formosana B. hernandioides p-value®
Stomatal density (um™2) 67.83 +16.78 51.23 £8.66 400
Stomatal size (pm?) 568.6 +140.1 519.4 +82.6 .037
o (1Y) 193.4 £85.9 183.7 £52.6 921
Anatomical g, (molm™?s™) 0.07 +0.01 0.06 +0.00 <.001

2For each species, 90 stomata were measured (n = 3 biological replicates). Comparison of stomatal
density and other stomatal parameters between the two Begonia species was conducted by Mann-

Whitney rank-sum test. Significant differences are in bold.
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FIGURE 2 Responses and patterns of pore opening in the two Begonia species B. hernandioides and B. formosana. (a) Relationship
between the rate of pore opening and the average maximum stomatal area over 240 min. B. hernandioides, black line and symbols;

B. formosana, gray line and symbols. The null hypothesis of equal slopes between the two regression lines was rejected by ANOVA with the
p<.05. Inset, Pore area (solid white line) and stomatal area (dashed black line). Scale bar, 10 um. Maximum stomatal area was calculated using
the average of stomatal area of each stomate from the last two time points. (b) Pore area increases over time. n = 69 stomata (B. formosana),
n = 64 stomata (B. hernandioides). Data are shown as means+standard error (S.E.). (c) Distribution of the time required to reach half-pore
opening (AY2). B. formosana, solid line; B. hernandioides, dashed line. (d) Distribution of the percentage of open pores 2 h into the experiment
(t¥2). Most pores in B. hernandioides were 60-70% open at 2 h. B. formosana, solid line; B. hernandioides, dashed line. (e) Pearson's correlation
coefficients (r) for pairwise comparisons between individual opening dynamics from 30 to 150 min in B. formosana and B. hernandioides.

B. hernandioides shows more positive correlations than B. formosana. (f) Heatmap representation of Pearson's correlation coefficients (r)
between 30 and 150 min for B. formosana and B. hernandioides in each sample (N = 3). Stomata with similar pore dynamics cluster together
and exhibit more intense colors. Blue and red represent positive and negative correlations, respectively. n = 69 stomata (B. formosana),

n = 64 stomata (B. hernandioides). Different clusters in B. hernandioides were separated by yellow line.
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formosana at 2h (Figure 2d). We observed a similar trend in the Al2

distribution (Figure 2c). Taken together, B. hernandioides exhibited
a faster and more synchronous pore opening than in B. formosana.
To further investigate synchronicity across leaf stomata, we mea-
sured the Pearson's correlation coefficient (r) to estimate the relation-
ship between opening patterns of individual stomata between 30 and
150min. We obtained more positive (r>.5) correlations in B. hernandi-
oides than in B. formosana (Figure 2e). When we visualized the correla-
tions as a heatmap of the correlation matrix in the individual samples,
B. hernandioides exhibited larger intense blue zones relative to B. for-
mosana (Figure 2f). Since the middle sample in B. hernandioides showed
higher correlations compared to the other two samples (Figure 2f), we
excluded it and calculated Pearson's correlation coefficient (r) again.
The result showed there were still more positive correlations in B. her-
nandioides than in B. formosana (Figure S1g), indicating that clustered

stomata tend to behave more similarly than solitary ones.

3.6 | The rate of pore opening weakly correlates
with mean distance between stomata in a cluster

One important characteristic of clustered stomata is the short dis-
tance separating individual stomata. To assess whether stomatal
dynamics are influenced by neighboring stomata, we calculated
the mean distance (X') between one stomate and its close neigh-
bors in B. formosana and B. hernandioides (Figure 3a and b). We
obtained a weak but significant positive relationship between the
rate of pore opening and X in B. hernandioides, but not in B. for-
mosana (r> = .22, p = .002, Figure 3b). Thus, the farther one sto-
mate was from its neighbors, the faster it opened in the range of
40-120pum in B. hernandioides. With an average width of 30um
(this study) for clustered stomata, one stomate may thus compete
with its nearest neighbors while opening (Edwards et al., 1976;
Harrison et al., 2020). Therefore, although clustered stomata
are synchronized in their opening, the degree of opening also re-
flected the topology of the cluster.

3.7 | Thelargest stomate in a cluster facilitates
stomatal dynamics of its closely related neighbors

The rate of pore opening was positively correlated with mean max-
imal stomatal size (Figure 2a), which prompted us to test whether
bigger stomata exert a stronger influence on pore opening than
smaller stomata within a cluster. We ranked stomata according
to their final pore area in each cluster complex (Figure 3c and d,
largest stomate being 1). We considered two types of interaction:
closely related and distantly related to its neighbors (Figure 3c
and d). When we plotted the rate of pore opening as a function
of distance between closely related or distantly related neigh-
boring stomata for the largest stomate, we observed a positive
correlation for closely related stomata (Figure 3e). We followed
a similar approach for neighboring stomata of a stomate with the

smallest pore size. However, in this case we detected no relation-
ship between the rate of pore opening and distance, regardless of
a closely or distantly related interaction (Figure 3f). We conclude
that the stomate with the largest pore size within a cluster plays a
dominant role in facilitating stomatal dynamics for the entire sto-
matal cluster.

3.8 | Begonia TMMs differentially rescue the
Arabidopsis tmm mutant phenotype

How are stomatal clusters formed? TMM, a single-copy and well-
conserved gene, encodes a membrane receptor that negatively
regulates stomatal formation in many plant species (Peterson
et al., 2010). Loss of TMM function resulted in contiguous stoma-
tal clusters that restrict CO, diffusion and reduce the photosyn-
thetic potential of a leaf (Dow et al., 2014; Lawson & Blatt, 2014).
As the B. hernandioides or B. formosana genome sequences are not
available, we searched the draft genome of B. luzhaiensis (with
solitary stomata) with Arabidopsis TMM as a query. We identi-
fied one TMM sequence from B. luzhaiensis. As B. formosana is
an allopolyploid, we used B. luzhaiensis as another example of a
Begonia species with solitary stomata. With the primers designed
from B. luzhaiensis TMM genomic sequences, we cloned and se-
quenced TMM from B. hernandioides. The encoded TMM proteins
from B. hernandioides (BhTMM; clustered stomata) and B. luzhaien-
sis (BITMM; solitary stomata) were longer than their Arabidopsis
ortholog (521 amino acids for Begonia and 496 amino acids for
Arabidopsis) (Figure S2). Based on sequence predictions of protein
families and domains (Prosite) (Sigrist et al, 2012), both Begonia
TMMs had several leucine-rich repeat (LRR) domains near the C
terminus, like Arabidopsis TMM. The most obvious difference be-
tween Begonia and Arabidopsis TMM was the addition of 38 amino
acids with an unknown function at the N terminus of Begonia
TMM. We also compared Begonia TMMs with other TMM protein
sequences obtained from the 1000 Plants (1KP) project (Leebens-
Mack et al., 2019) and the website of the Universal Protein
Resource (UniProt) (The UniProt Consortium, 2021). The phylo-
genetic tree indicated that TMM is conserved among families in
eudicots (Figure S3). To explore the function of Begonia TMMs,
we cloned the Begonia TMM genes downstream of the Arabidopsis
AtTMM promoter and in-frame of the enhanced yellow fluorescent
protein (eYFP) sequence and introduced the resulting constructs
in the Arabidopsis tmm mutant. All three TMM constructs (AtTMM,
BhTMM, and BITMM) showed YFP fluorescence associated with
the plasma membrane in the stomatal lineage (Figure 4a-c). In
addition, AtTMM and the two Begonia TMM constructs rescued
normal stomatal clustering in the tmm mutant (Figure 4d-h) and
returned stomatal density from ca. 469 mm™2 in tmm to wild-type
levels (on average ca. 225 mm~2 for AtTMM, 212 mm~2 for BITMM,
and 247 mm™2 for BhTMM) (Figure 4i). The stomatal clusters were
smaller in all complementation lines compared to the clusters

observed in the tmm mutant, suggesting that Begonia TMMs can
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FIGURE 3 Relationship between opening rate and distances between stomata. (a and b) Influence of mean stomatal distance on

pore opening in B. formosana (a) and B. hernandioides (b). There was no relationship between pore opening and mean distance (X) in B.
formosana (n = 69, p = .265, Student's t-test). There was a weak but significant relationship in B. hernandioides (n = 64, r?> = .22, p<.001,
t-test). (X) is the average distance between one stomate and its closely related neighbor stomata. (c and d) lllustration of closely related
and distantly related stomatal connection in B. hernandioides. In contrast to panel (b), clustered stomata were ranked here by their

final pore area, with #1 being the largest and #10 the smallest. (e and f) To see the influence of a stomatal size on the opening of its
neighbors, the pore dynamics and the distances between the largest (c) or smallest (d) stomate to its adjacent or faraway neighbors are
shown. (e) Stomata closely related to the largest stomate show a positive correlation (solid dots, n = 31, r? = .25, p = .004, Student's t-
test), but distantly related stomata do not (open dots, n = 24, p = .538, Student's t-test). (f) Stomata surrounding the smallest stomate do
not show a correlation with either closely related stomata type (solid dots, n = 21, p = .189, Student's t-test) or distantly related stomata
(open dots, n = 34, p = 0.122, Student's t-test).
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prevent cluster formation as Arabidopsis TMM does (Figure 4j).
However, the expression of BITMM or BhnTMM in the tmm mutant
did not fully rescue the mutant phenotypes in terms of stomatal
density (Figure 4i) and stomatal cluster events (Figure 4j). In sum-
mary, the localization and function of Begonia TMMs were similar
to that of AtTMM, but BhTMM from a species with clustered sto-
mata was less efficient in reducing stomatal density and clustering

in tmm mutants than BITMM from a species with solitary stomata.

4 | DISCUSSION

Stomatal clustering and multiseriate (multilayer) hypodermis in
Begonia appear to be correlated with drought tolerance in field stud-
ies (Gan et al., 2010; Rudall et al., 2018). Mathematical modeling sug-
gested that the transpiration rate (E) could be reduced by 5-15%
through overlapping vapor shells in clustered stomata (Lehmann &
Or, 2015), which improved WUE if the same assimilation rate (A) was
maintained. Consistent with the reports, our observation in Figure 1h
suggested that the increased WUEi and instantaneous WUE at 100-

200 pmol-m’2 st

were due to the improved photosynthetic potential
(A) and the reduced stomatal conductance (g,) in B. hernandioides. B.
hernandioides (with clustered stomata) was originally collected from
arocky environment where it experiences partial water deficit, while
B. formosana (with solitary stomata) was collected from the under-
story soil layer and does not suffer from water shortage. Although
these two Begonia species have been grown in the same environ-
ment (greenhouse) for many years, their habitats and differing WUE
suggested a connection between environmental adaptation and ge-
netic control of stomata development.

41 | Leaf anatomy and WUEi

B. hernandioides exhibited thicker leaves and higher leaf mass per
area (LMA) than B. formosana (Tables 1). The study of evergreen tree
species in Japanese warm temperate forests showed that leaves
with thicker mesophyll tended to have higher LMA, larger surface
aera of mesophyll cells exposed to intercellular air spaces, and higher
carbon isotopic composition in leaf dry mass (Hanba et al., 1999).
Because carbon isotopic composition was correlated with water-
use efficiency in crops, it suggested that higher leaf mass per area is

correlated to higher WUE (Hanba et al., 1999). The well-developed
multiseriate hypodermis beneath both epidermis layers in B. hernan-
dioides (Figure 1 and Table 1) provides a large substomatal cavity
to increase carbon capture (Roth-Nebelsick, 2007) that would also
optimize the placement of photosynthetic mesophyll cells (Rudall
et al.,, 2018). In woody angiosperm species, LMA is positively related
to the sensitivity of stomatal closure during dehydration (Henry
et al., 2019). Therefore, B. hernandioides with a large substomatal
cavity and higher LMA may facilitate the gas exchange and be more

sensitive to dehydration stress to survive in the arid environment.

4.2 | Stomatal morphology and dynamics

The anatomical features of stomata, such as stomatal number and
size, are strongly correlated to g, (Lawson & Vialet-Chabrand, 2019).
We expected plants with higher stomatal density due to clustering
to have lower A (Dow et al., 2014). However, we observed that B.
hernandioides instead displays a lower stomatal density compared
to B. formosana (Table 2), suggesting coordination between stoma-
tal morphology and density to achieve a proper balance between
stomatal number and photosynthesis efficiency. g, ... the theoreti-
cal maximum conductance assuming fully open stomata under ideal
conditions (Conesa et al., 2019), is calculated using the theoretical
maximum stomatal pore (a,, ), stomatal density, and stomatal depth
(I) (Dow et al., 2017; Harrison et al., 2020). Although we did measure
a slight difference for g, between the two Begonia species (Table 2),
3, max Was significantly lower in B. hernandioides relative to B. for-
mosana. In combination with our other observations, the difference
between g, and anatomical g .. suggested that the degree of sto-
matal opening is different in these two Begonia species.

Small stomatal size (guard cells) is correlated with a fast re-
sponse to the environment (Drake et al., 2013; Henry et al., 2019;
Papanatsiou et al., 2017). In our study, the clustered stomata of B.
hernandioides were smaller (Table 2) and showed a faster opening
response following the transition from darkness to light when com-
pared to the solitary stomata of B. formosana (30-90min Figure 2b).
Moreover, stomatal opening in B. hernandioides behaved more syn-
chronously upon exposure to light, reaching half pore opening faster
than in B. formosana at 90-120min (Figure 2c) and with more sto-
mata bearing a bigger pore size at 120min (Figure 2d). Although ev-
idence is currently lacking in the literature to support whether the

FIGURE 4 Begonia TMM expression patterns and their complementation of the Arabidopsis tmm mutant. (a-c) Fluorescence images

in transgenic lines expressing AtTMMp:AtTMM-eYFP (a), AtTMMp:BITMM-eYFP (b), and AtTMMp:BhTMM-eYFP (c) in the tmm knockout
background. Begonia TMMs localize to the plasma membrane as Arabidopsis TMM. Scale bar, 10 pm. (d-h) Differential interference

contrast (DIC) images of cotyledon epidermis from Col-0 (wild type, WT) non-transgenic control (d), tmm (e), AtTMMp:AtTMM-eYFP (f),
AtTMMp:BITMM-eYFP (g), and AtTMMp:BhTMM-eYFP (h) seedlings. The categories of cluster events are indicated: stomatal pairs, 2-mer; three
clustered stomata, 3-mer; more than three adjacent stomata, >3-mer. Clusters of stomata are highlighted in yellow. Scale bar, 50 um. (i and

j) Stomatal density (SD) (i) and average number of cluster events (j) in Arabidopsis tmm complementation lines transformed with Arabidopsis
or Begonia TMM. T, lines with positive TMM-eYFP signals were used for quantification. The WT (Col-0) and the tmm knockout mutant were
used as positive and negative controls, respectively. The gray area represents the SD range in the WT (n = 13 for the WT and tmm; n = 5-20
for complementation lines). Different lowercase letters indicate significant differences, p <.05, Kruskal-Wallis one-way ANOVA on ranks and

Dunn's test.
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synchronicity in stomatal response is beneficial to carbon gain or/
and water loss, synchronous stomatal movements were reported in
black elder (Sambucus nigra), a species with solitary stomata (Kaiser
& Kappen, 2001). We speculate that the combination of fast stoma-
tal opening and synchronicity may maximize carbon uptake, result-
ing in higher photosynthetic potential in B. hernandioides.

A specific communication between stomata within a cluster,
such as mechanical forces through turgor pressure from surround-
ing epidermal cells or signal transduction from internal leaf tissue,
may facilitate or synchronize stomatal movement. Improper spac-
ing between stomata may impede ion exchange between cells, re-
sulting in stomatal misfunction (Kim et al., 2010; Outlaw Jr., 1983).
For example, Arabidopsis tmm mutant plants violate the single-cell
spacing rule, as it is characterized by contiguous clustered stomata,
which reduces the accumulation of potassium (K*) ions and K* chan-
nel activity in guard cells, leading to impaired guard cell function
(Papanatsiou et al., 2016). Subsidiary cells adjacent to guard cells may
facilitate guard cell movement by offering a reservoir for water and
ions, and modify stomatal morphologies (i.e., sunken and raised sto-
mata) to improve gas exchange (Gray et al., 2020). In monocots, sub-
sidiary cells have been reported to control stomatal kinetics. Franks
and Farquhar (2007) reported that maximum stomatal opening can-
not be achieved without a reduction in the turgor pressure of sub-
sidiary cells. Moreover, the loss of subsidiary cells in Brachypodium
distachyon negatively affected stomatal kinetics and yielded lower g,
(Raissig et al., 2017). These observations underscore the role of sub-
sidiary cells in stomatal opening. B. hernandioides has non-contiguous
stomatal clusters with cells spaced in a cluster (Figure 1), and the
farther one stomate was from its neighbors, the faster it opened in
the range of 40-120um within a cluster (Figure 3b). It is possible
that the arrangement between epidermal cells could limit each other
by influencing the influx and efflux of solutes (Drake et al., 2013;
Hetherington & Woodward, 2003) or by interfering with the physi-
cal tension on the surface, thereby modulating the stomatal behav-
iors in a cluster. Moreover, stomatal kinetics have been reported to
respond to vapor pressure deficit (Merilo et al., 2018) and internal
CO, concentrations (C) (Engineer et al., 2016) through internal signal
transduction cascades. We cannot exclude these factors as contrib-
uting to the results in our experiments, as we used the whole tissue
of leaf. Therefore, the coordination between stomata in species with
clustered stomata may reflect the mechanical force caused by ionic
exchange between each stomate as well as the signal(s) derived from

the internal leaf cell layers.

4.3 | Begonia TMMs

Arabidopsis TMM plays an important role in spacing stomata over the
surface of the leaf epidermis (Yang & Sack, 1995). Loss of TMM func-
tion causes contiguous stomatal clustering, making Begonia TMM a
good candidate responsible for variation in cluster formation. However,
TMM from either Begonia species with solitary or clustered stomata
rescued the Arabidopsis tmm mutant in terms of stomatal density

(Figure 4). Notably, BhTMM from the species with clustered stomata
did not complement the tmm mutant to the same extent as BITMM
from the species with solitary stomata (Figure 4i and j), suggesting that
the canonical role of TMM is to mediate cell-to-cell signaling. By con-
trast, the magnitude of inhibition of stomatal development may vary
among Begonia TMMs, with TMM from species with clustered stomata
being less active than TMM from solitary stomata, raising the possibil-
ity that the efficacy of TMM may be one of the factors contributing
to the formation of clustered stomata. Future studies of isolating and
comparing TMM sequences from genetically related Begonias will re-
veal the importance of TMM in forming clustered stomata.

In conclusion, the xerophytic species Begonia with stomatal clus-
ters showed higher WUEI due to its small and more closely packed
stomata. The rapid and synchronous stomatal movements within a
cluster ensured efficient CO, intake, while the multiseriate hypoder-
mis also provides a reservoir of carbon for photosynthesis. TMM from
Begonia species with clustered stomata may be less active compared
to species with solitary species, providing a potential rationale for the
observed clustering. Therefore, besides manipulating the number of
stomata, stomatal clustering may offer an additional developmental
strategy by which to modulate leaf structure, stomatal morphology,
and dynamics to achieve better WUEI. Further exploration of the mo-
lecular mechanisms behind stomatal clustering and the formation of a
multiseriate hypodermis in a leaf using different Begonia species will

advance our knowledge of plant fitness, adaptation, and evolution.

AUTHOR CONTRIBUTIONS

MYT, CK, HAY, KFC, and CMKH designed experiments. MYT, CK,
and ZLG performed the wet-lab and statistical analysis. HAY and
KFC provided and maintained plant materials. MYT, KFC, and CMKH

wrote the manuscript.

ACKNOWLEDGMENTS

We thank Biodiversity Research Center at Academia Sinica (BRCAS)
experimental greenhouse for providing space to grow begonias and
Dr. Isheng Jason Tsai at BRCAS, Academia Sinica for providing the
draft genome of Begonia luzhaiensis. We thank Dr. Wann-Neng Jane,
Chia-Me Hsu, and Yi-Chia Chou at the Cell Biology Core Lab (IPMB,
Academia Sinica) for advice on conducting Cryo-SEM. We thank
Mei-Jane Fang and Ming-Ling Cheng at the Genomic Technology
Core Lab (IPMB, Academia Sinica) for DNA sequencing. This work
was supported by Academia Sinica.

CONFLICT OF INTEREST

The authors declare no competing interests.

DATA AVAILABILITY STATEMENT
The data available in the article supplementary.

ORCID
Chi Kuan
Zheng-Lin Guo
Chin-Min Kimmy Ho

https://orcid.org/0000-0002-9624-6739
https://orcid.org/0000-0002-5114-638X
https://orcid.org/0000-0002-7994-0630


https://orcid.org/0000-0002-9624-6739
https://orcid.org/0000-0002-9624-6739
https://orcid.org/0000-0002-5114-638X
https://orcid.org/0000-0002-5114-638X
https://orcid.org/0000-0002-7994-0630
https://orcid.org/0000-0002-7994-0630

TSAI ET AL

PLANT-ENVIRONMENT H 153

REFERENCES

Boghdan, K. S., & Barkley, F. A. (1972). Stomatal patterns in the genus
Begonia. Phytologia, 23(4), 327-333.

Buttery, B. R., & Buzzell, R. I. (1977). The relationship between chloro-
phyll content and rate of photosynthesis in soybeans. Canadian
Journal of Plant Science, 57(1), 1-5.

Conesa, M. A., Muir, C. D., Molins, A., & Galmés, J. (2019). Stomatal
anatomy coordinates leaf size with Rubisco kinetics in the Balearic
Limonium. AoB PLANTS, 12(1), plz050.

de Boer, H. J., Lammertsma, E. |., Wagner-Cremer, F., Dilcher, D. L.,
Wassen, M. J., & Dekker, S. C. (2011). Climate forcing due to optimi-
zation of maximal leaf conductance in subtropical vegetation under
rising CO,. Proceedings of the National Academy of Sciences of the
United States of America, 108(10), 4041-4046.

Dow, G. J., Berry, J. A., & Bergmann, D. C. (2014). The physiological
importance of developmental mechanisms that enforce proper
stomatal spacing in Arabidopsis thaliana. New Phytologist, 201(4),
1205-1217.

Dow, G. J., Berry, J. A,, & Bergmann, D. C. (2017). Disruption of stomatal
lineage signaling or transcriptional regulators has differential ef-
fects on mesophyll development, but maintains coordination of gas
exchange. New Phytologist, 216(1), 69-75.

Drake, P. L., Froend, R. H., & Franks, P. J. (2013). Smaller, faster stomata:
Scaling of stomatal size, rate of response, and stomatal conduc-
tance. Journal of Experimental Botany, 64(2), 495-505.

Edwards, M., Meidner, H., & Sheriff, D. W. (1976). Direct measure-
ments of turgor pressure potentials of guard cells: Il. The me-
chanical advantage of subsidiary cells, the spannungsphase, and
the optimum leaf water deficit. Journal of Experimental Botany,
27(1), 163-171.

Engineer, C. B., Hashimoto-Sugimoto, M., Negi, J., Israelsson-
Nordstréom, M., Azoulay-Shemer, T., Rappel, W.-J., Iba, K., &
Schroeder, J. I. (2016). CO, sensing and CO, regulation of stoma-
tal conductance: Advances and open questions. Trends in Plant
Science, 21(1), 16-30.

Flexas, J., Ribas-Carbé, M., Diaz-Espejo, A., Galmés, J., & Medrano, H.
(2008). Mesophyll conductance to CO,: Current knowledge and fu-
ture prospects. Plant, Cell & Environment, 31(5), 602-621.

Franks, P. J., & Farquhar, G. D. (2007). The mechanical diversity of sto-
mata and its significance in gas-exchange control. Plant Physiology,
143(1), 78-87.

Gan, Y., Zhou, L., Shen, Z.-J,, Shen, Z.-X., Zhang, Y.-Q., & Wang, G.-X.
(2010). Stomatal clustering, a new marker for environmental per-
ception and adaptation in terrestrial plants. Botanical Studies, 51(3),
325-336.

Gray, A, Liu, L., & Facette, M. (2020). Flanking support: How subsidiary
cells contribute to stomatal form and function. Frontiers in Plant
Science, 11(881).

Hanba, Y. T., Miyazawa, S.-1., & Terashima, I. (1999). The influence of leaf
thickness on the CO, transfer conductance and leaf stable carbon
isotope ratio for some evergreen tree species in Japanese warm-
temperate forests. Functional Ecology, 13(5), 632-639.

Hara, K., Kajita, R., Torii, K. U., Bergmann, D. C., & Kakimoto, T. (2007).
The secretory peptide gene EPF1 enforces the stomatal one-cell-
spacing rule. Genes & Development, 21(14), 1720-1725.

Hara, K., Yokoo, T., Kajita, R., Onishi, T., Yahata, S., Peterson, K. M., Torii,
K. U., & Kakimoto, T. (2009). Epidermal cell density is autoregulated
via a secretory peptide, EPIDERMAL PATTERNING FACTOR 2 in
Arabidopsis leaves. Plant and Cell Physiology, 50(6), 1019-1031.

Harrison, E. L., Arce Cubas, L., Gray, J. E., & Hepworth, C. (2020). The in-
fluence of stomatal morphology and distribution on photosynthetic
gas exchange. The Plant Journal, 101(4), 768-779.

Henry, C., John, G. P,, Pan, R., Bartlett, M. K., Fletcher, L. R., Scoffoni, C.,
& Sack, L. (2019). A stomatal safety-efficiency trade-off constrains
responses to leaf dehydration. Nature Communications, 10(1), 3398.

INTERACTIONS @l

Hetherington, A. M., & Woodward, F. I. (2003). The role of stomata in
sensing and driving environmental change. Nature, 424(6951),
901-908.

Hoover, W.S.(1986). Stomata and stomatal clusters in Begonia: Ecological
response in two Mexican species. Biotropica, 18(1), 16-21.

Hunt, L., & Gray, J. E. (2009). The signaling Peptide EPF2 Controls asym-
metric cell divisions during stomatal development. Current Biology,
19(10), 864-869.

Kaiser, H., & Kappen, L. (2001). Stomatal oscillations at small apertures:
indications for a fundamental insufficiency of stomatal feedback-
control inherent in the stomatal turgor mechanism. Journal of
Experimental Botany, 52(359), 1303-1313.

Kardiman, R., & Rabild, A. (2017). Relationship between stomatal den-
sity, size and speed of opening in Sumatran rainforest species. Tree
Physiology, 38(5), 696-705.

Keenan, T. F., Hollinger, D. Y., Bohrer, G., Dragoni, D., Munger, J. W.,
Schmid, H. P., & Richardson, A. D. (2013). Increase in forest water-
use efficiency as atmospheric carbon dioxide concentrations rise.
Nature, 499(7458), 324-327.

Kim, T. H., Bohmer, M., Hu, H., Nishimura, N., & Schroeder, J. I. (2010).
Guard cell signal transduction network: advances in understand-
ing abscisic acid, CO,, and Ca?* signaling. Annual Review of Plant
Biology, 61, 561-591.

Lawson, T., & Blatt, M. R. (2014). Stomatal size, speed, and responsive-
ness impact on photosynthesis and water use efficiency. Plant
Physiology, 164(4), 1556-1570.

Lawson, T., & Vialet-Chabrand, S. (2019). Speedy stomata, photosyn-
thesis and plant water use efficiency. The New Phytologist, 221(1),
93-98.

Leebens-Mack, J. H., Barker, M. S., Carpenter, E. J., Deyholos, M. K,
Gitzendanner, M. A., Graham, S. W., Grosse, |., Li, Z., Melkonian, M.,
& Mirarab, S. (2019). One thousand plant transcriptomes and the
phylogenomics of green plants. Nature, 574, 679-685.

Lehmann, P., & Or, D. (2015). Effects of stomata clustering on leaf gas
exchange. New Phytologist, 207(4), 1015-1025.

Merilo, E., Yarmolinsky, D., Jalakas, P., Parik, H., Tulva, |., Rasulov, B, Kilk,
K., & Kollist, H. (2018). Stomatal VPD response: There is more to
the story than ABA. Plant Physiology, 176(1), 851-864.

Nakagawa, T., Nakamura, S., Tanaka, K., Kawamukai, M., Suzuki, T.,
Nakamura, K., Kimura, T., & Ishiguro, S. (2008). Development of R4
gateway binary vectors (R4pGWB) enabling high-throughput pro-
moter swapping for plant research. Bioscience, Biotechnology, and
Biochemistry, 72(2), 624-629.

Outlaw, W. H., Jr. (1983). Current concepts on the role of potassium in
stomatal movements. Physiologia Plantarum, 59(2), 302-311.

Papanatsiou, M., Amtmann, A., & Blatt, M. R. (2016). Stomatal spac-
ing safeguards stomatal dynamics by facilitating guard cell ion
transport independent of the epidermal solute reservoir. Plant
Physiology, 172(1), 254-263.

Papanatsiou, M., Amtmann, A., & Blatt, M. R. (2017). Stomatal cluster-
ing in Begonia associates with the kinetics of leaf gaseous exchange
and influences water use efficiency. Journal of Experimental Botany,
68(9), 2309-2315.

Peterson, K. M., Rychel, A. L., & Torii, K. U. (2010). Out of the mouths of
plants: the molecular basis of the evolution and diversity of stoma-
tal development. The Plant Cell, 22(2), 296-306.

Raissig, M. T., Matos, J. L., Anleu Gil, M. X., Kornfeld, A., Bettadapur,
A., Abrash, E., Allison, H. R., Badgley, G., Vogel, J. P, Berry, J. A, &
Bergmann, D. C. (2017). Mobile MUTE specifies subsidiary cells to
build physiologically improved grass stomata. Science, 355(6330),
1215-1218.

Roth-Nebelsick, A. (2007). Computer-based studies of diffusion through
stomata of different architecture. Annals of Botany, 100(1), 23-32.

Rudall, P. J., Julier, A. C. M., & Kidner, C. A. (2018). Ultrastructure and
development of non-contiguous stomatal clusters and helicocytic
patterning in Begonia. Annals of Botany, 122(5), 767-776.



FES N PLANT-ENVIRONMENT X

TSAI ET AL.

INTERACTIONS _ P€

Sigrist, C. J., De Castro, E., Cerutti, L., Cuche, B. A., Hulo, N., Bridge,
A., Bougueleret, L., & Xenarios, I. (2012). New and continu-
ing developments at PROSITE. Nucleic Acids Research, 41(D1),
D344-D347.

Schindelin, J., Arganda-Carreras, ., Frise, E., Kaynig, V., Longair, M.,
Pietzsch, T., Preibisch, S., Rueden, C., Saalfeld, S., & Schmid, B.
(2012). Fiji: an open-source platform for biological-image analysis.
Nature Methods, 9(7), 676-682.

Tang, M., Hu, Y., Lin, J., & Jin, X. (2002). Developmental mechanism and
distribution pattern of stomatal clusters in Begonia peltatifolia. Acta
Botanica Sinica, 44(4), 383-389.

The UniProt Consortium. (2021). UniProt: the universal protein knowl-
edgebase in 2021. Nucleic Acids Research, 49(D1), D480-D489.

Woodward, F. I. (1987). Stomatal numbers are sensitive to increases in
CO, from pre-industrial levels. Nature, 327(6123), 617-618.

Xu, Z., Jiang, Y., Jia, B., & Zhou, G. (2016). Elevated-CO, response of
stomata and its dependence on environmental factors. Frontiers in
Plant Science, 7, 657.

Yang, M., & Sack, F. D. (1995). The too many mouths and four lips mu-
tations affect stomatal production in Arabidopsis. The Plant Cell,
7(12), 2227-2239.

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Tsai, M-Y, Kuan, C., Guo, Z-L, Yang,
H-A, Chung, K-F, & Ho, C-M. (2022). Stomatal clustering in
Begonia improves water use efficiency by modulating
stomatal movement and leaf structure. Plant-Environment
Interactions, 3, 141-154. https://doi.org/10.1002/pei3.10086



https://doi.org/10.1002/pei3.10086

	Stomatal clustering in Begonia improves water use efficiency by modulating stomatal movement and leaf structure
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Plant material and growth conditions
	2.2|Cryo-­SEM observations of the leaf abaxial epidermis and leaf cross sections
	2.3|Gas exchange measurements
	2.4|Leaf morphology and chlorophyll contents
	2.5|Quantification of stomatal images and calculation of gs max
	2.6|Response of stomatal opening
	2.7|Generation of transgenic constructs
	2.8|Data statistical analyses

	3|RESULTS
	3.1|B. hernandioides leaves have large substomatal cavities and a multiseriate hypodermis
	3.2|B. hernandioides has higher WUEi under saturated light conditions
	3.3|Leaf structures and stomatal morphology determine WUEi in B. hernandioides
	3.4|Fast stomatal opening of clustered stomata
	3.5|Synergistic effect of pore opening in clustered stomata
	3.6|The rate of pore opening weakly correlates with mean distance between stomata in a cluster
	3.7|The largest stomate in a cluster facilitates stomatal dynamics of its closely related neighbors
	3.8|Begonia TMMs differentially rescue the Arabidopsis tmm mutant phenotype

	4|DISCUSSION
	4.1|Leaf anatomy and WUEi
	4.2|Stomatal morphology and dynamics
	4.3|Begonia TMMs

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


