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Abstract: A leaf structure with high porosity is beneficial for lateral CO2 diffusion inside the leaves.
However, the leaf structure of maize is compact, and it has long been considered that lateral CO2

diffusion is restricted. Moreover, lateral CO2 diffusion is closely related to CO2 pressure differences
(∆CO2). Therefore, we speculated that enlarging the ∆CO2 between the adjacent regions inside maize
leaves may result in lateral diffusion when the diffusion resistance is kept constant. Thus, the leaf
structure and gas exchange of maize (C4), cotton (C3), and other species were explored. The results
showed that maize and sorghum leaves had a lower mesophyll porosity than cotton and cucumber
leaves. Similar to cotton, the local photosynthetic induction resulted in an increase in the ∆CO2

between the local illuminated and the adjacent unilluminated regions, which significantly reduced the
respiration rate of the adjacent unilluminated region. Further analysis showed that when the adjacent
region in the maize leaves was maintained under a steady high light, the photosynthesis induction
in the local regions not only gradually reduced the ∆CO2 between them but also progressively
increased the steady photosynthetic rate in the adjacent region. Under field conditions, the ∆CO2,
respiration, and photosynthetic rate of the adjacent region were also markedly changed by fluctuating
light in local regions in the maize leaves. Consequently, we proposed that enlarging the ∆CO2

between the adjacent regions inside the maize leaves results in the lateral CO2 diffusion and supports
photosynthesis in adjacent regions to a certain extent under fluctuating light.

Keywords: fluctuating light; photosynthesis; respiration; CO2 partial pressure; leaf structure; sorghum

1. Introduction

It is well known that the CO2 required for photosynthesis mainly enters the leaves
through the stomata. Photosynthesis depends on the diffusion of CO2 to carboxylation
sites through gas and liquid phase pathways in the leaves. Gaseous diffusion refers to the
transport of CO2 in the atmosphere through the substomatal cavity and the intercellular
airspaces [1]. Thereafter, the diffusion of CO2 in the intercellular airspaces to the carboxy-
lation site mainly depends on the liquid pathway. Generally, the CO2 in the intercellular
airspaces is first dissolved in water and gradually diffuses to the carboxylation site in
mesophyll cells. Diffusion pathways include the cell wall, plasma membrane, cytoplasm,
chloroplast envelope, and matrix [2–5]. As the rate of gaseous diffusion is much higher
than that of liquid diffusion, maintaining a relatively high gaseous diffusion in plant leaves
plays a very important role in enhancing photosynthetic efficiency [6–8].

Photosynthesis in the leaves mainly takes place in the palisade tissue. The palisade
tissue is located on the adaxial side of the leaves and contributes to the leaf structure. In
order to reduce leaf transpiration and maintain leaf water balance, the stomata of many
plants are mainly distributed on the abaxial side of the leaves or on both sides of leaves,
with more on the abaxial side. In most cases, CO2 entering the leaf interior from the
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stomata needs to gradually diffuse to the carboxylation site of the palisade cells in the
vertical direction of the leaf blades [9]. Therefore, the gaseous diffusion of CO2 in the
vertical direction of the leaves plays an important role in photosynthesis. In addition
to transverse diffusion (vertical direction), some studies have demonstrated that there is
obvious lateral CO2 diffusion in many plant species through gas exchange, and the lateral
diffusion of CO2 can support photosynthesis in adjacent regions [10–12]. In fact, for both the
transverse and lateral diffusion of CO2 in the leaves, it is generally considered that gaseous
diffusion depends on the leaf porosity. Plants with low leaf porosity have low transverse
and lateral gaseous diffusion; on the contrary, plants with high porosity have high gaseous
diffusion [7,11,13]. Previously, it was considered that the leaf intercellular airspace (IAS)
was the key factor determining porosity and that it affected CO2 gaseous diffusion within
the leaves. Hence, the concept of gaseous conductance was developed based on the IAS
and porosity [14–16]. Recently, it was thought that tortuosity in the leaf IAS and lateral
path lengthening of CO2 diffusion are also important factors affecting lateral diffusion.
Accordingly, Earles et al. [7] corrected the calculation of gas conductance by considering the
tortuosity and lateral path lengthening in order to measure and analyze gaseous diffusion
more accurately. Furthermore, there is evidence that CO2 gaseous diffusion will also be
influenced by IAS connectivity [7,17]. Consequently, lateral gaseous diffusion depends on
porosity and related characteristics.

In previous studies, it was demonstrated that although the mesophyll cells of many
plant species, such as soybean, were loosely packed into a given leaf volume and had
higher porosity, the lateral diffusion of CO2 was still very low [11,18]. It was suggested
that these plant species have a vascular bundle sheath extension (BSE) structure. BSEs can
lead to the regionalization of photosynthetic function by compartmentalizing the leaf into
small areoles, thereby restricting lateral CO2 diffusion [18]. This type of leaf with a vascular
BSE structure is called a heterobaric leaf. On the contrary, homobaric leaves, in which
such BSE structures are absent, apparently allow for significant lateral diffusion of CO2
within the leaves. However, lateral CO2 gaseous diffusion can occur in heterobaric leaves
when a larger ∆CO2 is induced between the adjacent regions [19,20]. Accordingly, BSE, as a
physical barrier in heterobaric leaves, may no longer be the limiting factor affecting lateral
CO2 diffusion under a larger ∆CO2.

As an important C4 plant, maize has stomata on both sides of the leaf, the mesophyll
cells are densely arranged, and the porosity is very low. Photosynthesis can be carried
out effectively on both the adaxial and abaxial sides of the leaf. To date, many studies
have proposed that CO2 gaseous diffusion within maize leaves is very low and is not
only in the vertical direction [21] but also in the lateral diffusion [19,20]. Although the
mesophyll cells of maize are densely arranged and have a lower porosity, based on studies
of heterobaric leaves, we speculated that when the ∆CO2 between the adjacent regions of
maize leaves is large enough, it may also overcome the resistance of gaseous diffusion and
result in lateral diffusion, thereby affecting the photosynthesis of adjacent regions. Light is
an important environmental factor affecting the photosynthesis, growth, and development
of plants. Light fluctuations, including heteronomous or patchy light environments, may
occur more frequently under field conditions [22,23]. Highly heteronomous or patchy light
environments between adjacent leaf regions under natural conditions are likely to produce
a significant ∆CO2 and lateral diffusion inside the leaves. To test this hypothesis, the leaf
structure and gas exchange of maize, sorghum, and cotton were analyzed herein. Under
complex light environments, potential lateral CO2 diffusion inside the leaves may be of
great significance for maintaining carbon assimilation and improving water use efficiency.

2. Results
2.1. Differences in the Leaf Structure of Various Plant Species

As shown in Figure 1A,B, there was no differentiation between the palisade and sponge
tissues in the mesophyll tissues of the maize and sorghum leaves. The mesophyll cells
were more densely packed into a given leaf volume and had a typical rosette morphology.
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However, there was obvious differentiation of the palisade and sponge tissues in the
mesophyll tissues of the cotton and cucumber leaves. Moreover, the cells of the palisade
tissue were densely arranged, and the cells in the sponge tissue were loosely arranged
(Figure 1C,D). It was noticed that the cell arrangement of the cotton and cucumber leaves
was looser than that of maize and sorghum in terms of the microstructure. Further statistics
showed that the value of mesophyll porosity (θias) was 60% lower in maize and sorghum
than in cotton and cucumber, while the lateral path lengthening (λ) and tortuosity factor (τ)
were higher in maize and sorghum than in cotton and cucumber (Figure 2). Accordingly,
the conductance of the intercellular airspace (gias) was significantly lower in the leaves of
maize and sorghum than in cotton and cucumber.
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Figure 2. The differences in mesophyll porosity (θias), lateral path lengthening (λ), tortuosity factor 
(τ), and gaseous conductance of the intercellular airspace (gias) in maize, sorghum, cucumber, and 
cotton. (A) mesophyll porosity; (B) lateral path lengthening; (C) tortuosity factor; (D) gaseous 
conductance of the intercellular airspace. Data are means ± standard error (n ≥ 3); different lower-
case letters indicate significant differences between different species at the p < 0.05 level. 
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Figure 2. The differences in mesophyll porosity (θias), lateral path lengthening (λ), tortuosity factor (τ),
and gaseous conductance of the intercellular airspace (gias) in maize, sorghum, cucumber, and cotton.
(A) mesophyll porosity; (B) lateral path lengthening; (C) tortuosity factor; (D) gaseous conductance
of the intercellular airspace. Data are means ± standard error (n ≥ 3); different lowercase letters
indicate significant differences between different species at the p < 0.05 level.
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2.2. Effect of Local Illumination on the Respiration Rate of Adjacent Region in the Same Leaves

In this study, the area of the adjacent region was only 2.5 cm2, while the area of the
local regions was at least 100 times larger than that of the former (Figure 3). Clearly, the
adjacent region had little influence on the gas exchange in the local regions, while the local
regions had a great impact on the former. Thus, more attention has been paid to the changes
in respiration and photosynthetic rate in the adjacent region when the light environment of
local regions changes artificially or naturally.
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Figure 4. Effect of local illumination on the respiration rate of the adjacent region in the same cotton 
leaves. (A) photosynthetic induction under the dark–light transition in the local regions or respira-
tion in darkness in the adjacent region; (B) stomatal conductance under the dark–light transition in 

Figure 3. Schematic of gas exchange measurement. (A) Photosynthetic induction under the dark–light
transition or photosynthetic rate under natural fluctuating light in the local regions; (B) respiration
in darkness or photosynthetic rate under steady light intensity in the adjacent region; dark–light
transition, D–L transition; steady light treatment, SL treatment.

The effects of local illumination on the respiration rate of the adjacent unilluminated
region in the cotton, maize, and sorghum leaves are shown in Figure 4, Figure 5, and
Figure 6, respectively. The respiration rate was stable when the whole leaf was maintained
in darkness (from −300 to 0 s). When the local region of the leaf was suddenly exposed
to high light, the photosynthetic rate and stomatal conductance in this region increased
gradually and then peaked, while the intercellular CO2 concentration decreased rapidly
and then stabilized (from 0 to 1000 s). Concurrently, the stomatal limitation increased
rapidly (Figures 4D and 5D). During this process, respiration in the adjacent unilluminated
region was reduced sharply and then stabilized. Compared with 0 s, the respiration rate
of the cotton leaf dropped by about 25%, while that of the maize leaf fell by about 52%
(at 1000 s). As shown in Figures 4 and 5, there were no marked changes in the stomatal
conductance of the adjacent unilluminated region of the leaves in the two species during the
experiment, while the intercellular CO2 concentration declined slightly (Figure 4A–C and
Figure 5A–C). Obviously, the trend of maize (C4 monocotyledon) leaves was similar to that
of cotton ones (Figure 5). To further test these results of maize, the gas exchange in sorghum
(other C4 monocotyledon) leaves was carefully measured under the same condition. The
result of the sorghum was consistent with that of the maize (Figure 6). Consequently,
illumination in local regions of the leaves resulted in a decrease in respiration rate in the
adjacent region of the cotton, maize, and sorghum plants.
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Figure 4. Effect of local illumination on the respiration rate of the adjacent region in the same cotton 
leaves. (A) photosynthetic induction under the dark–light transition in the local regions or respira-
tion in darkness in the adjacent region; (B) stomatal conductance under the dark–light transition in 

Figure 4. Effect of local illumination on the respiration rate of the adjacent region in the same cotton
leaves. (A) photosynthetic induction under the dark–light transition in the local regions or respiration
in darkness in the adjacent region; (B) stomatal conductance under the dark–light transition in the
local regions or under the darkness in the adjacent region; (C) intercellular CO2 concentration under
the dark–light transition in the local regions or under the darkness in the adjacent region; (D) stomatal
limitation under the dark–light transition in the local regions or in darkness in the adjacent region.
Ci, intercellular CO2 concentration; D–L transition, dark–light transition; Gs, stomatal conductance;
Ls, stomatal limitation; Pn, photosynthetic rate; Rd, respiration in darkness.
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Figure 5. Effect of local illumination on the respiration rate of the adjacent region in the same maize 
leaves. (A) photosynthetic induction under the dark–light transition in the local regions or respira-
tion in darkness in the adjacent region; (B) stomatal conductance under the dark–light transition in 
the local regions or under the darkness in the adjacent region; (C) intercellular CO2 concentration 
under the dark–light transition in the local regions or under the darkness in the adjacent region; 
(D) stomatal limitation under the dark–light transition in the local regions or in darkness in the 
adjacent region. Ci, intercellular CO2 concentration; D–L transition, dark–light transition; Gs, sto-
matal conductance; Ls, stomatal limitation; Pn, photosynthetic rate; Rd, respiration in darkness. 

Figure 5. Effect of local illumination on the respiration rate of the adjacent region in the same maize
leaves. (A) photosynthetic induction under the dark–light transition in the local regions or respiration
in darkness in the adjacent region; (B) stomatal conductance under the dark–light transition in the
local regions or under the darkness in the adjacent region; (C) intercellular CO2 concentration under
the dark–light transition in the local regions or under the darkness in the adjacent region; (D) stomatal
limitation under the dark–light transition in the local regions or in darkness in the adjacent region.
Ci, intercellular CO2 concentration; D–L transition, dark–light transition; Gs, stomatal conductance;
Ls, stomatal limitation; Pn, photosynthetic rate; Rd, respiration in darkness.



Int. J. Mol. Sci. 2022, 23, 14530 6 of 16
Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 17 
 

 

Time (s)

-300-200-100 0 100 200 300 400 500 600 700 800 9001000

P
n 

(μ
m

ol
 m

-2
 s

-1
)

-5

0

5

10

15

20

25

30

35

R
d 

(μ
m

ol
 m

-2
 s

-1
)

0

1

2

3

4

5

D-L transition
Dark

Time (s)

-300-200-100 0 100 200 300 400 500 600 700 800 9001000

G
s 

(m
m

ol
 m

-2
 s

-1
)

0

50

100

150

200

250

300

G
s 

(m
m

ol
 m

-2
 s

-1
)

0

50

100

150

200

250

300

Time (s)

-300-200-100 0 100 200 300 400 500 600 700 800 9001000

C
i (

μm
ol

 m
ol

-1
)

0

100

200

300

400

500

600

C
i (

μm
ol

 m
ol

-1
)

0

100

200

300

400

500

600

Time (s)

-300-200-100 0 100 200 300 400 500 600 700 800 9001000

L s

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

L s

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

A B

C D

-300 -200 -100
-5

-300 -200 -100

-300 -200 -100 -300 -200 -100
-0.4

-0.2

-0.4

-0.2

 
Figure 6. Effect of local illumination on the respiration rate of adjacent region in the same sorghum 
leaves. (A) photosynthetic induction under the dark–light transition in the local regions or respira-
tion in darkness in the adjacent region; (B) stomatal conductance under the dark–light transition in 
the local regions or under the darkness in the adjacent region; (C) intercellular CO2 concentration 
under the dark–light transition in the local regions or under the darkness in the adjacent region; 
(D) stomatal limitation under the dark–light transition in the local regions or in darkness in the 
adjacent region. Ci, intercellular CO2 concentration; D–L transition, dark–light transition; Gs, sto-
matal conductance; Ls, stomatal limitation; Pn, photosynthetic rate; Rd, respiration in darkness. 
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Figure 7 shows the effect of local illumination on the photosynthetic rate in the ad-
jacent region of the same maize leaves. First, when the adjacent region of the leaves was 
exposed to high light, the photosynthetic rate reached the maximum value and main-
tained a stable trend. The local regions were maintained in darkness. Thereafter, the local 
unilluminated regions of the leaves were suddenly exposed to high light for photosyn-
thetic induction. During the process of photosynthetic induction in this region, the pho-
tosynthetic rate and stomatal conductance increased gradually and peaked at about 700 s 
(Figure 7A,B). Meanwhile, the intercellular CO2 concentration decreased rapidly, reach-
ing the minimum level at 400 s and then ultimately tending to stabilize (Figure 7C). 
Moreover, the stomatal limitation of the maize leaves increased quickly and peaked 
(Figure 7D). During this process, the photosynthetic rate in the adjacent region under 
steady high light was also enhanced rapidly, reaching the maximum value at 300 s. 
Compared to 0 s, the photosynthetic rate in the adjacent illuminated region was increased 
by about 25% (Figure 7A). Here, the stomatal conductance trend was consistent with that 
of the photosynthetic rate; yet, the intercellular CO2 concentration did not change signif-
icantly under steady high light (Figure 7A–C). These results indicated that the photo-
synthetic rate of the adjacent illuminated region could be improved by the illumination 
of local regions in the same maize leaves. 

Figure 6. Effect of local illumination on the respiration rate of adjacent region in the same sorghum
leaves. (A) photosynthetic induction under the dark–light transition in the local regions or respiration
in darkness in the adjacent region; (B) stomatal conductance under the dark–light transition in the
local regions or under the darkness in the adjacent region; (C) intercellular CO2 concentration under
the dark–light transition in the local regions or under the darkness in the adjacent region; (D) stomatal
limitation under the dark–light transition in the local regions or in darkness in the adjacent region.
Ci, intercellular CO2 concentration; D–L transition, dark–light transition; Gs, stomatal conductance;
Ls, stomatal limitation; Pn, photosynthetic rate; Rd, respiration in darkness.

As local illumination decreases the respiration rate of the adjacent unilluminated
region, the local illumination might also affect the photosynthetic rate in the adjacent
region. Therefore, the maize plants were used as plant material for further investigation
under complex light environments.

2.3. Effect of Local Illumination on the Photosynthetic Rate of the Adjacent Region in the Same
Leaves

Figure 7 shows the effect of local illumination on the photosynthetic rate in the adjacent
region of the same maize leaves. First, when the adjacent region of the leaves was exposed
to high light, the photosynthetic rate reached the maximum value and maintained a stable
trend. The local regions were maintained in darkness. Thereafter, the local unilluminated
regions of the leaves were suddenly exposed to high light for photosynthetic induction.
During the process of photosynthetic induction in this region, the photosynthetic rate
and stomatal conductance increased gradually and peaked at about 700 s (Figure 7A,B).
Meanwhile, the intercellular CO2 concentration decreased rapidly, reaching the minimum
level at 400 s and then ultimately tending to stabilize (Figure 7C). Moreover, the stomatal
limitation of the maize leaves increased quickly and peaked (Figure 7D). During this process,
the photosynthetic rate in the adjacent region under steady high light was also enhanced
rapidly, reaching the maximum value at 300 s. Compared to 0 s, the photosynthetic rate in
the adjacent illuminated region was increased by about 25% (Figure 7A). Here, the stomatal
conductance trend was consistent with that of the photosynthetic rate; yet, the intercellular
CO2 concentration did not change significantly under steady high light (Figure 7A–C).
These results indicated that the photosynthetic rate of the adjacent illuminated region could
be improved by the illumination of local regions in the same maize leaves.
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Figure 7. Effect of local illumination on the photosynthetic rate of the adjacent region in the same 
maize leaves. (A)photosynthetic induction under the dark–light transition in the local regions or 
photosynthetic rate under steady light intensity in the adjacent region; (B) stomatal conductance 
under the dark–light transition in the local regions or under steady light intensity in the adjacent 
region; (C) intercellular CO2 concentration under the dark–light transition in the local regions or 
region under steady light intensity in the adjacent; (D) stomatal limitation under the dark–light 
transition in the local regions or under steady light intensity in the adjacent region. Ci, intercellular 
CO2 concentration; D–L transition, dark–light transition; Gs, stomatal conductance; Ls, stomatal 
limitation; Pn, photosynthetic rate; SL treatment, steady light treatment. 

2.4. Effects of the Changing Light Environment on the Respiration and Photosynthetic Rate of the 
Same Maize Leaves in the Field 

To further test these results, the effects of fluctuating light intensity in local regions 
on the respiration rate and photosynthetic rate of the adjacent region were explored in 
the same maize leaves in the field. As shown in Figure 8, after the photosynthetic rate 
stabilized in the local regions of the leaves, the decrease in the light intensity resulted in 
the rapid reduction in photosynthetic rate and stomatal conductance in these regions and 
the increase in intercellular CO2 concentration. During this process, the stomatal con-
ductance in the adjacent unilluminated region dropped slightly, while the respiration 
rate and the intercellular CO2 concentration enhanced markedly. Until the light intensity 
of the illuminated region recovered to its original level, the photosynthetic rate and sto-
matal conductance increased gradually, and the intercellular CO2 concentration reduced. 
At this time, the stomatal conductance of the unilluminated region increased slightly, and 
both the respiration rate and the intercellular CO2 concentration decreased (Figure 
8A,C,E,G). These results confirmed that the change in light intensity in the local regions 
affected the respiration rate in the adjacent unilluminated region of the same leaves in the 
field. 

Furthermore, in the field, we also measured the effect of changes in local light in-
tensity on the photosynthetic rate of the adjacent region in the same maize leaves under 
steady high light. After the photosynthetic rate stabilized in the local regions, the de-
crease in the natural light intensity of the local regions resulted in a rapid decrease in 
photosynthetic rate and stomatal conductance and an increase in intercellular CO2 con-
centration (Figure 8B,D,F,H). Meanwhile, the photosynthetic rate under steady light in-

Figure 7. Effect of local illumination on the photosynthetic rate of the adjacent region in the same
maize leaves. (A) photosynthetic induction under the dark–light transition in the local regions or
photosynthetic rate under steady light intensity in the adjacent region; (B) stomatal conductance
under the dark–light transition in the local regions or under steady light intensity in the adjacent
region; (C) intercellular CO2 concentration under the dark–light transition in the local regions or
region under steady light intensity in the adjacent; (D) stomatal limitation under the dark–light
transition in the local regions or under steady light intensity in the adjacent region. Ci, intercellular
CO2 concentration; D–L transition, dark–light transition; Gs, stomatal conductance; Ls, stomatal
limitation; Pn, photosynthetic rate; SL treatment, steady light treatment.

2.4. Effects of the Changing Light Environment on the Respiration and Photosynthetic Rate of the
Same Maize Leaves in the Field

To further test these results, the effects of fluctuating light intensity in local regions
on the respiration rate and photosynthetic rate of the adjacent region were explored in
the same maize leaves in the field. As shown in Figure 8, after the photosynthetic rate
stabilized in the local regions of the leaves, the decrease in the light intensity resulted
in the rapid reduction in photosynthetic rate and stomatal conductance in these regions
and the increase in intercellular CO2 concentration. During this process, the stomatal
conductance in the adjacent unilluminated region dropped slightly, while the respiration
rate and the intercellular CO2 concentration enhanced markedly. Until the light intensity of
the illuminated region recovered to its original level, the photosynthetic rate and stomatal
conductance increased gradually, and the intercellular CO2 concentration reduced. At this
time, the stomatal conductance of the unilluminated region increased slightly, and both
the respiration rate and the intercellular CO2 concentration decreased (Figure 8A,C,E,G).
These results confirmed that the change in light intensity in the local regions affected the
respiration rate in the adjacent unilluminated region of the same leaves in the field.

Furthermore, in the field, we also measured the effect of changes in local light intensity
on the photosynthetic rate of the adjacent region in the same maize leaves under steady high
light. After the photosynthetic rate stabilized in the local regions, the decrease in the natural
light intensity of the local regions resulted in a rapid decrease in photosynthetic rate and
stomatal conductance and an increase in intercellular CO2 concentration (Figure 8B,D,F,H).
Meanwhile, the photosynthetic rate under steady light intensity in the adjacent region
also showed a decreasing trend, while the stomatal conductance declined slightly, and the
intercellular CO2 concentration did not change significantly (Figure 8B,D,F,H). Later, the
photosynthetic rate and stomatal conductance increased rapidly after the light intensity of
the local regions recovered to its original level, while the intercellular CO2 concentration
dropped. Concurrently, the photosynthetic rate under steady light intensity in the adja-
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cent region also increased significantly, and the stomatal conductance increased slightly.
There was no striking change in intercellular CO2 concentration in the adjacent region
(Figure 8B,D,F,H). These data suggested that the changes in local light intensity affected the
photosynthetic rate of the adjacent region in the same leaves.
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Figure 8. Effects of fluctuating light intensity in local regions on the respiration rate and photo-
synthetic rate of adjacent region in the same maize leaves in the field. (A) light intensity under 

Figure 8. Effects of fluctuating light intensity in local regions on the respiration rate and photosyn-
thetic rate of adjacent region in the same maize leaves in the field. (A) light intensity under natural
fluctuating light in the local regions or in darkness in the adjacent region; (B) light intensity under
natural fluctuating light in the local regions or under steady light intensity in the adjacent region;
(C) photosynthetic rate under natural fluctuating light in the local regions or respiration in darkness
in the adjacent region; (D) photosynthetic rate under natural fluctuating light in the local regions or
under steady light intensity in the adjacent region; (E) stomatal conductance under natural fluctuat-
ing light in the local regions or in darkness in the adjacent region; (F) stomatal conductance under
natural fluctuating light in the local regions or under steady light intensity in the adjacent region;
(G) intercellular CO2 concentration under natural fluctuating light in the local regions or in darkness
in the adjacent region; (H) intercellular CO2 concentration under natural fluctuating light in the local
regions or under steady light intensity in the adjacent region. Ci, intercellular CO2 concentration;
FL treatment, fluctuating light treatment; Gs, stomatal conductance; PAR, photosynthetically active
radiation; Pn, photosynthetic rate; Rd, respiration in darkness; SL treatment, steady light treatment.
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3. Discussion
3.1. Lateral CO2 Diffusion Supports Photosynthesis in Maize Leaves

Previous studies have shown that the lateral gas phase diffusion of CO2 takes place in
C3 plants (both heterobaric and homobaric leaves) and supports photosynthesis in adjacent
regions [10–12]. In this study, a stable respiration rate was reached (about 3.2 µmol m−2 s−1)
when entire cotton leaves were maintained in darkness (Figure 4A). After local regions
of the leaves were subjected to high light, the photosynthetic initiation of these regions
increased the utilization of CO2. At the initial stage of photosynthetic induction of the
local regions, the stomatal conductance in these regions of the cotton leaves increased very
slowly. At this time, CO2 cannot be quickly taken up from the atmosphere through the
stomata, and thus, the intercellular CO2 concentration decreased rapidly. More importantly,
the respiration rates of the adjacent unilluminated region of the cotton leaves decreased
rapidly, as did the intercellular CO2 concentration (Figure 4). These results are consistent
with previous studies on C3 plants [24]. Accordingly, the CO2 produced via respiration in
the adjacent unilluminated region was laterally transported to the local illuminated regions
by the gas phase pathway and utilized in photosynthesis. In this study, we found that
maize and sorghum also exhibited the same trend as cotton leaves (Figures 4–6). Therefore,
we deduced that in maize and sorghum leaves, the CO2 produced via respiration of the
adjacent unilluminated region could also be transported laterally by the gas phase pathway
to the neighboring illuminated regions.

Further analysis showed that the adjacent region of the maize leaves had a stable
photosynthetic rate when they were maintained under steady high light, while the local
regions exhibited respiration before illumination. Thereafter, the local unilluminated
regions were suddenly exposed to high light for photosynthesis induction. Due to the slow
increase in stomatal conductance at the initial stage of photosynthesis induction, these
regions could not quickly take up CO2 from the ambient air through the stomata, resulting
in a rapid decline in intercellular CO2 concentration. Concurrently, the CO2 produced by
self-respiration in these regions may be primarily used for photosynthesis. Alternatively,
the stomatal conductance of the adjacent illuminated region increased considerably without
an increase in light intensity, and the photosynthetic rate also increased rapidly from about
30 to 37 µmol m−2 s−1 (Figure 7), indicating that the initiation of photosynthesis induction
in the local regions of the same leaf enhanced the photosynthetic rate in the adjacent
illuminated region under steady high light. In addition to maize, sorghum leaves also
showed similar phenomena (data not shown). Therefore, these findings further confirm that
lateral CO2 diffusion may also occur in C4 plants, such as maize and sorghum, supporting
photosynthesis in the adjacent illuminated region of the same leaves.

3.2. Mechanism of Lateral CO2 Diffusion inside the Maize Leaves

Many studies have shown that the lateral diffusion of CO2 is related to mesophyll
porosity. Large mesophyll cell porosity is conducive to CO2 diffusion [11,12,25]. In our
investigation, however, the porosities of maize and sorghum were about twice as low as
those of cotton and cucumber (Figure 2). It has previously been shown that when gas
exchange is measured using double-gasket clamp-on leaf chambers, the enhancement of
the local CO2 concentration of the leaves (outer leaf chamber) increases the respiration
rate of the adjacent region (inner leaf chamber), proving that the ∆CO2 between the inner
and outer leaf chambers leads to the lateral CO2 diffusion between the adjacent regions
inside the leaf [10,24]. At the beginning of the experiment, local regions of the maize
leaves showed a stable respiration in darkness, while the adjacent region maintained a
steady photosynthesis under steady high light (Figure 7). At the same time, the CO2
concentration of the intercellular airspace in the two regions (the local darkened region
and the adjacent illuminated region) was about 500 and 60 µmol mol−1, respectively. The
former was about eight times higher than that of the latter. Under this condition, the high
∆CO2 was accompanied by obvious lateral CO2 diffusion, which was reflected by the clear
changes in photosynthetic rate in the adjacent illuminated region. Furthermore, when the
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local unilluminated regions were quickly exposed to high light, the stomatal conductance
in these regions was only about 10 mmol m−2 s−1 at the initial stage of photosynthesis
induction, and so, the intercellular CO2 concentration reduced sharply, which resulted in a
rapid decrease in the ∆CO2 between the two regions inside the leaf (Figure 7). With the
decrease in ∆CO2, the lateral CO2 diffusion between adjacent regions also dropped, which
was revealed by no further increase in photosynthetic rate. Under field conditions, when
the light intensity in local regions of the leaves decreased, the photosynthetic rate declined
quickly and the intercellular CO2 concentration enhanced rapidly, whereas there were no
remarkable changes in the intercellular CO2 concentration of the adjacent region exposed
to constant light intensity. Consequently, the enhanced ∆CO2 between the adjacent regions
may result in the diffusion of CO2 from the local regions under weak light to the adjacent
region under constant high light, as demonstrated by the decrease in photosynthetic rate
(Figure 8). Similarly, under field conditions, the increase in the light intensity of the
local regions in the leaves resulted in an increase in photosynthetic rate, which further
caused a reduction in the ∆CO2 between the adjacent regions and increased the steady
photosynthetic rate in the adjacent region (Figure 8). Thus, the lateral CO2 diffusion from
the original weak light regions to the high-light region decreased. As the changing and
patchy illumination induced the enhancement of the ∆CO2 between adjacent regions of the
same leaves, it was likely that the lateral CO2 diffusion was mainly related to the pressure
difference between the adjacent regions in the same leaf. We noticed that when the ∆CO2
between the adjacent regions of the maize leaves was about eight times higher, the change
in photosynthetic rate reached approximately 8 µmol m−2 s−1, whereas when the ∆CO2
between the adjacent regions was about twice as high, the change in photosynthetic rate
was about 2 µmol m−2 s−1, thus confirming that lateral CO2 diffusion in maize leaves is
related to the ∆CO2. Additionally, our results also showed that the ∆CO2 between the
adjacent regions of the same leaf was linearly correlated with the changing amplitude
of lateral CO2 diffusion in maize, sorghum, and other species (Figure 9). Accordingly,
we thought that the lateral CO2 diffusion between the adjacent regions is well reflected
by the formula of current (I = U/R). When the diffusion resistance of CO2 in the leaves
remains constant, the larger pressure difference between the adjacent regions of the same
leaf is conducive to lateral CO2 diffusion. In the converse scenario, lateral CO2 diffusion is
restricted.

In a previous study, the ∆CO2 between neighboring regions inside maize leaves was
found to be relatively small, which may have resulted in little lateral diffusion inside the
maize leaves by the gas phase pathway [19,20,26]. In our study, the larger changes in steady
photosynthetic rate demonstrated that the extent of CO2 lateral diffusion in maize was
significant (Figures 6–8). However, due to the low porosity, long lateral path lengthening,
and low conductance of the intercellular airspace in the maize leaves (Figures 1 and 2),
it was, therefore, possible that lateral CO2 diffusion might be not completely dependent
on gaseous diffusion through the intercellular space. Carbonic anhydrase (CA) plays an
important role in the initial fixation of CO2 [27–31]. More importantly, the CA activity in
the mesophyll cytoplasm of C4 plants is higher than that of C3 plants, while CA in the
leaves of C3 plants is mainly distributed in the chloroplasts [32–35]. The content of CA in
the cytoplasm is low. Accordingly, the CO2 produced during respiration in the leaves of C4
plants (such as maize and sorghum) might also diffuse partially through the liquid-phase
pathway. It is likely that both the gas- and liquid-phase pathways may co-influence the
lateral CO2 diffusion between different regions in the same maize leaf, further influencing
leaf photosynthesis.
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3.3. The Significance of Lateral CO2 Diffusion within the Leaf

More than 10 plant species, including maize, sorghum, cotton, sunflower, soybean,
cucumber, and spinach, were analyzed in the present study (Figure 9). We found that the
lateral diffusion of CO2 produced by leaf respiration not only reduced the value of respira-
tion rate (about 50%), but also resulted in the underestimation of steady photosynthetic
rate (by about 20%). Theoretically, the more drastic the changes in light intensity that take
place under a patchy light environment at the same time between neighboring regions of
the same leaf, the more obvious the underestimation of steady photosynthetic rate. Thus,
lateral CO2 diffusion into the leaves under a heterogenous light environment may cause
a striking underestimation of steady photosynthetic rate and carbon assimilation by gas
exchange measurements. In the field, the lateral CO2 diffusion caused by a complex or
patchy light environment also resulted in the fluctuation or instability of photosynthesis
when the partial leaf region was measured under steady light intensity, which may further
lead to considerable differences in the photosynthetic rate measured in different studies.
Moreover, the underestimation of photosynthetic rate due to the lateral CO2 diffusion from
dark or low-light regions to high-light regions also resulted in the undervaluation of the
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water use efficiency (WUE) to a certain extent (Figure 10). Therefore, the lateral diffusion of
CO2 in the leaves under a complex light environment is also beneficial for improving WUE.
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4. Materials and Methods
4.1. Plant Materials and Experimental Design

Experiments were carried out in 2021 at the Institute of Botany at the Chinese Academy
of Sciences in Beijing. C4 plants (maize and sorghum) and C3 plants (cotton, cucumber,
sunflower, soybean, and spinach) were used as the experimental materials. Before the
experiment, the maize, sorghum, and cotton seeds were imbibed on wet culture dishes for 48
h in the dark at 25 ◦C. Germinated seeds were then planted in containers (21 cm in diameter
and 30 cm in height) that had seepage pores and were filled with a 1:1 mixture of loess and
peat. Potted seedlings were cultured in the field. Normal water and fertilizer management
was performed throughout to avoid potential nutrient and drought stresses. In addition,
other species (cucumber, sunflower, soybean, and spinach) came from the nursery of
China National Botanical Garden. When the plant grew 7–8 leaves, gas exchange due
to respiration and photosynthesis under controlled light and natural light was measured
using only fully expanded leaves.

4.2. Determination of Anatomical Structure and Leaf Porosity

Semi-thin leaf sections were observed with reference to a method described by Gong
et al. [36] and Jiang et al. [37]. Leaf segments (2 mm × 3 mm) without major veins were cut
from the intermediate part of the leaf with a razor blade at 5:00. The segments were fixed in
3% glutaraldehyde, which was formulated with 8% glutaraldehyde, 0.1 mol L–1 phosphate
buffer, and distilled water, at 4 ◦C. Each segment was pumped by vacuum for complete
immersion. During sample preparation, the segment was rinsed with phosphate-buffered
solution three times, fixed in 1% osmic acid solution for 6 h, rinsed again three times
with 0.1 mol L–1 phosphate buffer, and then dehydrated in a graded series of ethanol and
acetone solutions and embedded in Spurr’s resin (Ladd Research Industries, Williston, VT,
USA). Light microscopy was carried out with 1 µm thick transverse sections of the leaf cut
with a glass knife on an ultramicrotome (Leica Ultracut R, Leica Microsystems, Wetzlar
City, Germany) and stained with 0.5% toluidine blue. Leaf structure was observed and
photographed with a light microscope (Nikon-E800, Scientific Imaging Inc., Salt Lake City,
UT, USA). Data analysis was conducted in Adobe Acrobat 7.0 Professional.

Mesophyll porosity (θias), tortuosity, lateral diffusivity, and IAS conductance were
determined as described by Syvertsen et al. [14] and Earles et al. [7]. Briefly, the fraction of
mesophyll volume occupied by the IAS was determined as

θias = 1 − Am/(WLmes) (1)
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where Am, W, and Lmes are the total cross-sectional region of the mesophyll cells, width of
the section, and mesophyll thickness between the two epidermises, respectively.

The tortuosity factor, τ (m2 m−2), was defined as the ratio of the diffusive path length
within the IAS (i.e., the actual path from the stomata to a cell surface; geodesic distance
(Lgeo)) to the straight path length in the absence of any physical obstacles to diffusion
between the stomata and the cell surface (Euclidean distance, LEuc). To calculate Lgeo
and LEuc, we first generated a binary image of the stomatal inlets for each leaf. Then, we
calculated two geodesic distance maps and Euclidean distance maps using Adobe Acrobat
7.0 Professional and then calculated τ at all voxels along the mesophyll surface as

τ = L2
geo/L2

Euc (2)

To calculate lateral path lengthening, λ (m m−1), we used the previously generated
distance map, LEuc. Then, we created a second distance map, again using the Adobe Acrobat
7.0 Professional, to quantify the shortest unobstructed straight-line distance between the
lower epidermis and all points along the mesophyll surface, Lepi. From these two distance
maps, we calculated λ at all voxels along the mesophyll surface as:

λ = LEuc/Lepi (3)

Using tortuosity and lateral diffusivity factors, we then calculated leaf-level IAS
conductance as:

gias = (θiasDm)/(0.5 Lmesτλ) (4)

where Dm is the diffusivity of CO2 in air (m2 s−1).

4.3. Determination of Gas Exchange under a Controlled Light Environment

As shown in Figure 3, photosynthetic induction under the dark–light transition, the
photosynthetic rate in steady light intensity, and respiration in darkness (Rd) under a
controlled light environment were measured with an open gas exchange system (Ciras-
2, PP Systems, Amesbury, MA, USA) between 08:00 and 12:00 on a sunny day. During
this process, CO2, gas flow, and humidity were maintained at 380 ± 20 µmol mol−1,
200 mL min−1, and 75% ± 5%, respectively, with the ambient temperature maintained in
the leaf chamber. The light intensity was controlled at 0 or 1600 µmol m−2 s−1. Data were
recorded every 5 s. The experiment under a controlled light environment was conducted in
the greenhouse.

(1) First, the measurement of the photosynthetic induction under the dark–light tran-
sition in the local regions was carried out. In this process, the light intensity in the
local regions was maintained in darkness (0 µmol−2 m−2 s–1). After stabilization of
the respiration rate in the local regions, the Light-Emitting Diode (LED) of the leaf
chamber in the local regions was then turned on (light intensity: 1600 µmol m−2 s−1).
During this process, the photosynthetic induction under the dark–light transition was
recorded every 5 s (Figure 3A).

(2) Secondly, the measurement of respiration in darkness and photosynthetic rate under
steady light intensity in the adjacent region was carried out: The light intensity
in the adjacent region was controlled to 0 or 1600 µmol m−2 s−1 via an LED of
the leaf chamber, while the local regions were maintained in darkness. After a
stable respiration rate or a steady-state photosynthetic rate in the adjacent region was
achieved, the local regions were subjected to a light intensity of 1600 µmol m−2 s−1

controlled by an LED, and the changes in respiration rate or photosynthetic rate in
the adjacent region under steady light intensity were recorded every 5 s (Figure 3B).

4.4. Determination of Gas Exchange in the Field

As shown in Figure 3, photosynthesis induction in fluctuating light, the photosynthetic
rate in steady light intensity, and respiration in darkness were measured with an open
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gas exchange system, Ciras-2 (PP Systems, Amesbury, MA, USA), between 08:00 and
12:00 on a sunny day. During this process, CO2, gas flow, and humidity were maintained
at 380 ± 20 µmol mol−1, 200 mL min−1, and 75% ± 5%, respectively, with the ambient
temperature maintained in the leaf chamber. A timed program was used to record a point
every 5 s. The experiment was conducted in the field.

(1) To investigate the effects of natural fluctuating light on photosynthesis in the local
regions, the measurements in the local regions were carried out in the field with a gas
exchange system (removal of LED light source) (Figure 3A).

(2) To study the effects of natural fluctuating light on respiration or photosynthetic rate
in the adjacent region, the measurements in the adjacent region were performed with
a gas exchange system (with LED light source). The light intensity of the leaf chamber
(adjacent region) was controlled to 0 or 1600 µmol m−2 s−1, and the respiration rate or
photosynthetic rate in steady light intensity was determined, respectively (Figure 3B).

4.5. Statistical Analysis

Data were analyzed using one-way analysis of variance (ANOVA) and compared
with the significant difference (LSD) multiple comparison test using SPSS (version 25, IBM
Corp., Armonk, NY, USA). Statistical significance was determined at p < 0.05. The graphics
software SigmaPlot (version 12.5) was used to create illustrations.

5. Conclusions

Accordingly, we thought that increasing the CO2 pressure difference between the
adjacent regions inside the maize leaves may result in the lateral diffusion of CO2 and
support photosynthesis in the adjacent region to a certain extent. Under complex light
environments, lateral CO2 diffusion inside the leaves is of great significance for maintaining
carbon assimilation and improving WUE.
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