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The responses of stomatal aperture to light intensity and CO2 concentration were studied

in both Vicia faba (C3) and Kalanchoë fedtschenkoi (Crassulacean acid metabolism;

CAM), in material sampled from both light and dark periods. Direct comparison wasmade

between intact leaf segments, epidermises grafted onto exposedmesophyll, and isolated

epidermal peels, including transplantations between species and between diel periods.

We reported the stomatal opening in response to darkness in isolated CAM peels from

the light period, but not from the dark. Furthermore, we showed that C3 mesophyll has

stimulated CAM stomata in transplanted peels to behave as C3 in response to light and

CO2. By using peels and mesophyll from plants sampled in the dark and the light period,

we provided clear evidence that CAM stomata behaved differently from C3. This might be

linked to stored metabolites/ions and signalling pathway components within the guard

cells, and/or a mesophyll-derived signal. Overall, our results provided evidence for both

the involvement of guard cell metabolism and mesophyll signals in stomatal responses

in both C3 and CAM species.

Keywords: stomata, CAM, mesophyll, Vicia faba, Kalanchoë fedtschenkoi, conductance, stomatal dynamics

INTRODUCTION

The waxy leaf surface is almost impermeable to carbon dioxide and water and therefore nearly
all gaseous exchange between the leaf interior and the external environment passes through the
stomatal pores on the leaf surface (Lawson, 2009). Stomata open and close in response to changes
in both external environmental and internal plant signals (e.g., Mott, 1988; Outlaw, 2003; Vavasseur
and Raghavendra, 2005; Shimazaki et al., 2007; Lawson, 2009). The nuanced control of stomatal
aperture ensures sufficient carbon dioxide (CO2) uptake for photosynthesis, as well as maintaining
an appropriate water (H2O) status and leaf temperature (Lawson and Blatt, 2014). In species with
C3 and C4 photosynthetic metabolism, stomata open in response to low CO2 concentration, high
light, and low VPD, whereas closure is driven by the reverse, high CO2 concentration, low light,
and high VPD (Outlaw, 2003; Vavasseur and Raghavendra, 2005; Shimazaki et al., 2007; Lawson,
2009).
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FIGURE 2 | (A) Kalanchoë fedschenkoi leaf segment; (B) Abaxial peeled epidermis of Kalanchoë fedschenkoi leaf on abaxial exposed mesophyll of Kalanchoë

fedschenkoi, from the “light” growth chamber; (C) Abaxial isolated epidermis of Kalanchoë fedschenkoi leaf, from “light” growth chamber (light period 8:00 a.m. to

8:00 p.m.). Light intensity was changed from photon flux density of 400 ± 10 µmol m−2 s−1 to darkness, as indicated, and [CO2] was changed from 120 to 650 µmol

mol−1, as indicated. The temperature of the chamber was maintained at 23 ± 1◦C. The values are means of four repetitions (± SE). The sun symbol represents plants

taken from the light-grown chamber.
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FIGURE 3 | (A) Abaxial peeled epidermis of Vicia faba leaf on abaxial exposed mesophyll of Kalanchoë fedschenkoi leaf from the “light” growth chamber; (B) Abaxial

peeled epidermis of Kalanchoë fedschenkoi leaf on abaxial exposed mesophyll of Vicia faba leaf, from the “light” growth chamber (light period 8:00 a.m. to 8:00 p.m.).

Light intensity was changed from photon flux density of 400 ± 10 µmol m−2 s−1 to darkness, as indicated, and [CO2] was changed from 120 to 650 µmol mol−1, as

indicated. The temperature of the chamber was maintained at 23 ± 1◦C. The values are means of four repetitions (± SE). The sun symbol represents plants taken

from the light-grown chamber.

cabinet and subjected to the same light and CO2 changes, stomata
showed no response to light or changing [CO2], with stomatal
aperture maintained <4µm (Figure 7B).

DISCUSSION

In this study, we compared stomatal responses and the influence
of mesophyll on stomatal aperture in two species with different
types of photosynthetic metabolism, namely V. faba (C3) and

K. fedtschenkoi (CAM). We showed that stomata from isolated
peels (in which the influence of mesophyll had been removed)
behaved in a similar manner (although sometimes with different
magnitudes for response) to both intact leaf segments and
epidermal transfers, with exception of those from the CAM
“dark” chamber (Figure 5B). Stomatal responses observed in
the C3 V. faba samples were as expected (Olsen et al., 2002;
Fujita et al., 2013), with a characteristic opening in response
to increasing light intensity, closure in response to dark, and
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FIGURE 4 | (A) Vicia faba leaf fragment from the “dark” cabinet.; (B) Abaxial isolated epidermis of Vicia faba leaf from the “dark” growth chamber (reverse light period

8:00 p.m. to 8:00 a.m.). Light intensity was changed from photon flux density of 400 ± 10 µmol m−2 s−1 to darkness, as indicated, and [CO2] was changed from 120

to 650 µmol mol−1, as indicated. The temperature of the chamber was maintained at 23 ± 1◦C. The values are means of four repetitions (± SE). The moon symbol

represents plants taken from the dark-grown chamber.

closure at high [CO2] (Lawson and Blatt, 2014). In contrast,
the stomatal aperture in the CAM leaf sections/peels sampled
in the light, as well as intact leaf segments sampled in the dark,

increased in response to darkness (Figures 2, 5A), although it
was noteworthy that dark sampled K. fedtschenkoi epidermal
peels did not respond to changes in light or [CO2] (Figure 5B).
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FIGURE 5 | (A) Kalanchoë fedschenkoi leaf segment from the “dark” growth chamber; (B) Abaxial isolated epidermis of Kalanchoë fedschenkoi leaf, from the “dark”

growth chamber (light period 8:00 p.m. to 8:00 a.m.). Light intensity was changed from photon flux density of 400 ± 10 µmol m−2 s−1 to darkness, as indicated, and

[CO2] was changed from 120 to 650 µmol mol−1, as indicated. The temperature of the chamber was maintained at 23 ± 1◦C. The values are means of four

repetitions (± SE). The moon symbol represents plants taken from the dark-grown chamber.

To date, we are unaware of any previous studies that reported
stomatal opening as a direct response to darkness in CAM plants,
and the fact that this could be observed in isolated peels from

CAM leaves sampled in the light (Figure 2C) suggested that light
intensity is perceived by the guard cells themselves. Although
it was well established that CAM plants open stomata in the
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FIGURE 6 | (A) Abaxial peeled epidermis of Vicia faba leaf on abaxial exposed mesophyll of Kalanchoë fedschenkoi leaf both from the “dark” growth chamber; (B)

Abaxial peeled epidermis of Kalanchoë fedschenkoi leaf on abaxial exposed mesophyll of Vicia faba leaf from the “dark” growth chamber (reverse light period 8:00

p.m. to 8:00 a.m.). Light intensity was changed from photon flux density of 400 µmol m−2 s−1 to darkness, as indicated, and [CO2] was changed from 120 to 650

µmol mol−1, as indicated. The temperature of the chamber was maintained at 23◦C. The values are means of four repetitions (± SE). The moon symbol represents

plants taken from the dark-grown chamber.

dark period (Cockburn, 1983), this has been associated with the
reduction in Ci when PPC activity in the mesophyll increases at
dusk (Wyka et al., 2005; Griffiths et al., 2007; von Caemmerer
and Griffiths, 2009). Similarly, stomatal closure during the
light period was thought to be driven by the generation of
internal CO2 (increased Ci) due to the decarboxylation of stored
malic acid (Cockburn et al., 1979; Spalding et al., 1979). The

above theoretical framework for understanding the physiological
responses of stomata in CAM species implied that a mesophyll
signal (including Ci) was required for stomatal responses to
changes in light and [CO2], which was not fully supported by
our findings.

Specifically, the findings presented here suggest the
presence of additional autonomous guard cell behaviour
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FIGURE 7 | (A) Abaxial peeled epidermis of Kalanchoë fedschenkoi leaf from the “light” growth chamber, on abaxial exposed mesophyll of Kalanchoë fedschenkoi

leaf, from the “dark” growth chamber; (B) Abaxial peeled epidermis of Kalanchoë fedschenkoi leaf from the “dark” growth chamber, on abaxial exposed mesophyll of

Kalanchoë fedschenkoi leaf from the “light” growth chamber (light period 8:00 a.m. to 8:00 p.m.), and from the “dark” growth chamber (reverse light period 8:00 p.m.

to 8:00 a.m.). Light intensity was changed from photon flux density of 400 ± 1 0 µmol m−2 s−1 to darkness, as indicated, and [CO2] was changed from 120 to 650

µmol mol−1, as indicated. The temperature of the chamber was maintained at 23 ± 1◦C. The values are means of four repetitions (± SE). The sun symbol represents

plants taken from the light-grown chamber and the moon symbol represents plants taken from the dark-grown chamber.

in the guard cell pairs of CAM leaves of K. fedtschenkoi.
However, this can be overridden by the presence of C3

mesophyll (Figure 3B), indicating that stomatal behaviour
in CAM plants can be influenced by a signal transmitted
from the mesophyll in stomatal responses to light intensity,
as has been proposed for C3 and C4 plants (Shimazaki et al.,
2007).

Stomatal Responses to Changes in Light
Intensity
In C3 and C4 plants, stomatal responses to light are divided
into two categories (Matthews et al., 2020). The first is the
red light or photosynthetic response, which is dependent on
mesophyll and/or guard cell chloroplasts (Mott et al., 2008;
Suetsugu et al., 2014), and is often closely associated with
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stomatal responses to Ci as described above (although other
signals have been suggested; see Lawson et al., 2014, 2018). The
second is the blue light (BL) response. This is independent of
photosynthesis and the result of a signalling cascade that starts
with the perception of low fluence rates of BL in the guard
cells by phototropin (Kinoshita et al., 2001, 2003; Inoue et al.,
2008) which triggers the action of the plasmalemma H+-ATPase
pumps, resulting in hyperpolarization of the plasma membrane
and stomatal opening. Interestingly a recent study has shown that
guard cell H+ -ATPase pumps were also activated by red light
and their action correlates with the stomatal opening. However,
DCMU abolished this response indicating that a photosynthetic
factor in the mesophyll was also required (Ando and Kinoshita,
2018). A subsequent study confirmed red light-driven stomatal
opening in epidermal peels of Commelina communis, although
mesophyll involvement was not essential. However, the presence
of mesophyll tissue accelerated stomatal opening (Fujita et al.,
2019). The stomatal BL response is species-specific (Vialet-
Chabrand et al., 2021), and has been reported to be absent in
the facultative CAM species Mesembryanthemum crystallinum
when the plant shifts from C3 metabolism to CAM (Tallman
et al., 1997). In contrast to this, a recent study reported BL-
dependent stomatal opening in the obligate CAM plants K.
pinnata and K. daigremontiana, and that BL-induced opening
was not linked to CO2 assimilation (Gotoh et al., 2019). Since
our study was conducted using white light on peels, our findings
could support CAM guard cell perception of blue (or red) light
in K. fedtschenkoi leading to a change in aperture (in a different
direction to C3 and depending on whether the CAM leaf was
sampled from the light or dark period). Evenmore intriguing was
the fact thatV. fabaC3 mesophyll overrode the stomatal response
of the K. fedtschenkoi CAM epidermis sampled in the light. This
finding supported the proposal that a mesophyll-derived signal
can dominate over a guard cell signal resulting in stomata in
CAM peels behaving as C3 in response to light (Figure 3B).
Interestingly, CAM mesophyll was unable to override the C3

stomatal response in peels from V. faba (Figure 3A).

The Influence of Mesophyll on Stomatal
Responses
Several studies in C3 species have shown that a mesophyll
signal other than [CO2] is required to drive stomatal responses
(Mott et al., 2008; Fujita et al., 2013, 2019), and the same may
also be true for CAM stomata. Isolated C3 epidermal peels
responded to changing light intensity and [CO2], at a slower
and reduced magnitude of response (Figure 1C) supporting
the involvement of a mesophyll signal (Mott et al., 2008),
but indicated that this is not essential. Other studies have
shown that the speed of stomatal responses to light in peels
also depends on epidermal turgor pressures (as shown in
Zeiger et al., 1987 and references therein). The nature of a
mesophyll signal remains unclear, some studies have suggested
that guard cell chloroplastic photosynthetic electron transport is
involved in C3 stomatal behaviour (Olsen et al., 2002; Lawson
et al., 2002, 2003; Lawson, 2009), while others suggested a

vapour ion (Mott et al., 2014) or aqueous signal (Fujita et al.,
2013).

The study of Mott et al. (2008) reported no stomatal
responses to light and [CO2] in epidermal peels from Vicia,
Tradescantia, or Pisum. However, they also showed that stomatal
responses were restored in Tradescantia and Pisum, but not
Vicia, when the peels were grafted back onto the underlying
mesophyll. The authors used these data to suggest that the
mesophyll is responsible for detecting changes in light and
[CO2] and a mesophyll-driven signal coordinates changes in
stomatal aperture. These findings did not entirely agree with
our data since we demonstrated a stomatal response in both
Vicia epidermal peels with and without the mesophyll, although
the stomatal response to [CO2] was greatly dampened in some
peel experiments, suggesting that a mesophyll signal plays a
role in the CO2 response. A major difference between our
experiments and those conducted by Mott et al. (2008) was
their use of a 12-h incubation time of epidermal peel samples
before use, which may have altered any stored carbohydrates,
e.g., starch, within the guard cells, and/or lead to greater stomatal
apertures in peels due to hydro-passive effects both of which
could have influenced stomatal behaviour. The study of McAdam
and Brodribb (2012), using a similar xenografting approach
to ours demonstrated that stomata responded to increasing
light intensity in isolated peels of angiosperms but closure to
decreasing light was not observed and only restored when they
were placed back onto their own mesophyll or the mesophyll
from ferns. Although our data for the isolated epidermises of
V. faba illustrated stomata closing in response to decreasing
light, the response to increasing light and [CO2] after this
closure were somewhat dampened. The lower ambient [CO2]
used in our experiment could explain some of the differences
between our experiments and those of McAdam and Brodribb
(2012).

In this study, we had shown that CAM stomatal responses
to changing [CO2] (particularly in material with attached K.
fedtschenkoi mesophyll) were somewhat dampened compared
with the C3 response in V. faba (Figures 1, 2), and whether
the plant was sampled from the dark period or the light
period prior to measurements did not influence the responses
(Figures 4, 5). The fact that these measurements were performed
under illumination and stomata responded to changes in light
intensity may suggest that light signals override other signals
including those driven by changing [CO2] (Lawson et al.,
2010). However, when CAM epidermal peels were placed on
C3 mesophyll (from either light or dark chamber) stomata
opened in response to a decrease [CO2] (Figures 3B, 6B). The
greater sensitivity to [CO2] of CAM stomata when grafted onto
C3 mesophyll could be explained by an enhanced CO2 draw-
down from C3 metabolism, which for V faba has photosynthetic
rates of around 20 µmol m−2 s−1 (e.g., Lawson and Blatt,
2014), which was generally greater than K. fedtschenkoi which
has been reported to be somewhere between 5 and 8 µmol
m−2 s−1 (e.g., Boxall et al., 2020; Ceusters et al., 2021). These
findings could also suggest that signals in the CAM mesophyll
are preventing stomatal opening supporting a role for mesophyll
signals as well as Ci in stomatal responses. Several studies

Frontiers in Plant Science | www.frontiersin.org 13 October 2021 | Volume 12 | Article 740534

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Santos et al. Mesophyll Influences on Stomata

support the suggestion, that Ci is not the only and major signal
to which CAM stomata respond and that other signals must
be involved (von Caemmerer and Griffiths, 2009 Males and
Griffiths, 2017).

Stomatal Aperture Responses Using
Leaves Sampled From the Dark seriod
Crassulacean acid metabolism has a completely different diel
pattern of gas exchange physiology and associated mesophyll
metabolism in comparisonwith C3 plants, plus both the circadian
clock, along with malic acid content stored in the mesophyll
vacuole, are believed to play important roles in CAM stomatal
responses (Wilkins, 1991; Nimmo, 2000; Dodd et al., 2002;
Borland et al., 2006; Hartwell, 2006). Due to this distinctive
temporal regulation of stomatal physiology associated with
CAM, we also repeated the epidermal peel transfer experiments
using plants in which the lighting regime had been swapped
and grown under a “dark” regime and sampled at the start
of the dark period (Figures 4–7). When grown in the “dark”
growth chamber, stomata on leaf segments from C3 V. faba
plants showed little difference in their responses compared
with the “light” conditions (Figures 1, 4). However, stomatal
responses in the isolated epidermis from the “dark” grown
plants showed much more rapid responses compared with
the whole leaf segment of plants sampled from the “light”
regime (Figure 4B). It is noteworthy that maximum stomatal
aperture was initially observed in V. faba peels from the dark
material, which might be due to pre-dawn stomatal opening,
or due to biological or technical differences when sampling
dark material. Surprisingly stomata in CAM epidermal peels
from the “dark” chamber (Figure 5B) were unresponsive to
both light and [CO2] and this response was not restored
by placing the epidermal peels onto CAM mesophyll from
the light period (Figure 7B). Stomata in C3 V. faba peels
sampled in the dark period and placed onto dark sampled
K. fedtschenkoi CAM mesophyll (Figure 6A), showed a typical
C3 type stomatal response, with relatively large magnitudes of
change. The second and third light switch events showed some
deviation from the expected results with stomata starting to
open even though the light was off, and this is most likely
due to lags in stomatal behaviour (Lawson and Matthews,
2020) and/or sluggish stomatal responses in peels that have
been reported previously (Lee and Bowling, 1992; Roelfsema
et al., 2002). These findings could also indicate a slow CAM
mesophyll response. When CAM K. fedtschenkoi epidermises
sampled from the dark were placed on C3 V. faba mesophyll
from the dark period, the stomatal aperture showed very little
response to changing light intensity and remained at a steady
aperture (Figure 6B). However, a typical, although small, C3 type
response was observed with changing [CO2]. These data and
those from the other experiments presented indicated strongly
that stomatal responses to [CO2] are influenced by the presence
of the mesophyll.

These findings could be explained solely by changes in Ci,
as light would trigger activation of Calvin cycle enzymes in C3

which would drive the mesophyll consumption of CO2, reducing

Ci, which should have elicited changes in stomatal aperture
during light-dark transitions (Roelfsema et al., 2002) which were
not observed. It is worth noting that, unlike leaves from the
“light” growth chamber (Figure 3B), C3 mesophyll from plants
grown in the “dark” chamber was unable to drive a stomatal
response to light (Figure 6B). This provided strong support for
the proposal that in the plants from the “dark” chamber, there was
a factor missing from either the guard cells themselves, or such a
factor needs to be provided from the CAM “dark” mesophyll and
is essential for light-driven stomatal behaviour.

To further investigate the influence of the CAM
mesophyll/photosynthetic signals on stomatal responses,
we conducted a reciprocal epidermal peel transfer experiment
in which epidermis from K. fedtschenkoi grown in the “light”
chamber was placed on CAM mesophyll from plants in
the “dark” chamber, and vice versa (Figure 7). In the first
part of this experiment, stomata in epidermal peels from
the light transplanted onto exposed mesophyll from the
dark displaying a typical CAM response (cf. Figures 2, 7) to
light although the CO2 response was dampened. However,
when K. fedtschenkoi CAM leaf epidermal peels from the
dark period were transplanted onto the CAM mesophyll
from the “light” cabinet, no stomatal responses to light or
[CO2] were observed (Figure 7B). Under the first conditions,
the K. fedtschenkoi mesophyll had just experienced a 12-h
dark period and would therefore be transitioning through
Phases II and III of CAM, producing internal CO2 through
decarboxylation of stored malate, which could explain the
lack of a stomatal response. However, this was not the
case when dark period V. faba epidermal peels were placed
on dark period CAM mesophyll (Figure 6A), suggesting
that C3 V. faba guard cells in the dark period were not
influenced by the K. fedtschenkoi CAMmesophyll that they were
transplanted onto.

Our findings suggested both a direct mesophyll influence
and a guard cell-specific response, depending on the
growth environment. The guard cell-specific component
was demonstrated for CAM peels sampled from the light
period, which responded to light, whereas the lack of any
stomatal response in epidermal peels taken from CAM leaves
of K. fedtschenkoi plants sampled in the dark (Figures 5B,
7B) has supported the requirement for a mesophyll signal,
as demonstrated for the intact leaf segment (Figure 5A).
Furthermore, the fact K. fedtschenkoi peels from the “light”
chamber grown plants were able to respond to both
light off and the light was switched back on (Figure 2C),
suggesting that the light period K. fedtschenkoi guard
cells had the required stores and/or metabolites and other
regulatory/signalling components required for guard cell
osmoregulation and that these might be lacking in guard cells
sampled from the “dark”’chamber plants (see Lawson et al., 2014,
2018).

Under the conditions of the present study, a logical hypothesis
was that stomata would be less responsive, particularly to
changes in light intensity, due to the fact that CAM leaves
sampled from the “light” growth chamber would possess high
levels of malic acid, Furthermore, we hypothesised that leaves
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sampled from the “dark” growth chamber would open stomata
more readily due to the low malic acid content early in the
dark period when the experiments were started. However, our
findings demonstrated that the mechanism is not as simple
as this, as CAM mesophyll sampled from both the light and
the dark period stimulated stomatal responses in C3 and CAM
peels sampled from the light period. Conversely, stomata in
K. fedtschenkoi epidermal peels from the dark period had no
response, supporting the conclusion that both stored products
in guard cells and signals from mesophyll cells influence
stomatal responses.

In summary, we concluded that guard cells can respond
independently of the mesophyll, but this was greatly dampened
when underlying mesophyll signals were removed. These
results further highlighted the importance of the mesophyll
for both the rapidity and the magnitude of the observed
stomatal aperture responses. Furthermore, we had demonstrated
that mesophyll signals could alter the typical CAM stomatal
response, with C3 V. faba mesophyll tissue able to stimulate
the stomata in K. fedtschenkoi epidermal peels from CAM
leaves sampled in the light growth chamber to behave like
those of a C3 plant (Figure 3B). Therefore, both mesophyll
and guard cell metabolism and/or cell signalling machinery
contributed to stomatal responses. Additionally, mesophyll
influences were not solely through changes in Ci (although these
clearly play an important role) but also through some other
unknown signal.
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Supplementary Figure 1 | Photograph of the microscope system along with leaf

section chambers.

Supplementary Figure 2 | Examples of images taken using the microscopy

system. Image of stoma taken from intact leaf segments from (A) Kalanchoë

fedtschenkoi (B) Vicia faba, and from epidermal peels of (C) Kalanchoë

fedtschenkoi and (D) Vicia faba. All scale bars represent 10mm.

Supplementary Figure 3 | Changes in titratable acidity of Vicia faba (C3) and

Kalanchoë fedschenkoi (CAM) grown in a “light” growth chamber (light period

8:00 a.m. to 8:00 p.m.) and in reverse time “dark” cabinet (light period 8:00 p.m.

to 8:00 a.m.) for local time. All other variables were the same in both chambers:

light intensity of 390 µmol m−2 s−1, the temperature of 18◦C (night) and 25◦C

(day), and air humidity of 60%. The dawn moment was 7:30 a.m. and dusk was

7:30 p.m. The values are means of three repetitions (± SE). Means followed by

different letters denote differences among treatments (P < 0.005).
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