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due to avoidance movement. Although transmittance did not 
change (Table 3) the re�ectance increased by 6% in the avoid-
ance movement compared with the aggregative movement.

The total leaf absorbance pro�le across the leaf depth is 
shown in Fig. 2B. The pro�le for the avoidance movement 
slightly di�ered close to mid-leaf thickness from that of the 
default case. The pro�le for avoidance movement changed in 
such a way that there was an increased absorbance followed by 
steeper decline starting at 100 µm depth, which was where the 
chloroplast arrangement changed from that of the default ge-
ometry (Fig. 2B). The aggregative chloroplast arrangement had 
a more signi�cant change in the pro�le of light absorbed across 
the leaf, which resulted in a peak of absorption around the 
bundle sheath (Fig. 2B), but also boosted the fractional photon 
absorption by bundle sheath chloroplasts (Fig. 2C). Although 
the fractional photon absorption by bundle sheath increased in 
the avoidance scenario at lower leaf deep, it decreased deeper 
in the leaf (Fig. 2C).

Aggregative movement increased ATP and NADPH 
production in bundle sheath at high light intensities

The e�ect of chloroplast arrangement on ATP and NADPH 
production required to balance cell-type-speci�c demand at 
limiting light conditions is shown in Table 3. For the default 
geometry, the absorbed light was mainly used to drive linear 
electron transport (LET) in mesophyll chloroplasts and cyclic 
electron transport (CET) in bundle sheath cells. About 40% of 

the total ATP production was due to bundle sheath chloro-
plasts. The low NADPH production in bundle sheath cells was 
due to the assumption of little PSII in bundle sheath cells in 
the NADP-ME species.

In the aggregative movement case, nearly all of the light ab-
sorbed by mesophyll chloroplasts should be used for LET, as 
in the default case (Table 3). However, ca. 18% more light was 
allocated to LET in bundle sheath chloroplasts compared with 
the default. At the bundle sheath cell level, the contribution 
of CET to the total electron transport rate was only slightly 
lower in the aggregative than in the default arrangement (Table 
3). The aggregative arrangement required ca. 36% more ATP 
production and ca. 64% more NADPH production in bundle 
sheath cells.

For avoidance movement, there was increased use of ab-
sorbed light by mesophyll and bundle sheath chloroplasts for 
LET. The increased use of light for LET was ca. 8% more in 
mesophyll chloroplasts and ca. 11% more in bundle sheath 
chloroplasts. In addition, the fractions of ATP and NADPH 
production at limited light intensity (Table 3) increased by ca. 
43% and ca. 26% respectively, compared with the default chlo-
roplast arrangement.

The e�ect of chloroplast arrangement on ATP production 
was extended to high light intensities where the maximum 
electron transport rate could be achieved (Fig. 2D). The mean 
ATP production at high Iinc was ca. 14�16% higher for ag-
gregative movement compared with the default con�guration. 
The avoidance movement, however, had little e�ect at Iinc of 

Table 2.  Anatomical properties of the 3D geometrical model in comparison with literature values

Anatomical trait 3D model Literature 
values 

References and notes 

Mesophyll
 � Cell volume fraction 

(m3 m�2)
30.2%
52.2

47%
80�120

Measured from 2D images, NADP-ME (Dengler et al., 1994)
Volume per leaf area, NADP-ME (Pignon et al., 2019)

 � Chloroplast volume 
fraction (m3 m�2)

13�×�10�6 10�×�10�6�
14�×�10�6

Volume per leaf area, NADP-ME (Pignon et al., 2019)

 � Surface to volume 
ratio (m2 m�3)

0.14�×�106 0.12�×�106 Measured from 2D images, NADP-ME (Dengler et al., 1994)

 � Exposed surface 
per leaf area, SM (m2 
m�2)

12 6�15 Values for C4 plants including NADP-ME (Dengler et al., 1994; von Caemmerer 
et al., 2007; El-Sharkawy, 2009; Retta et al., 2016b; Sonawane et al., 2021)

Bundle-sheath
 � Cell volume fraction 

(m3 m�2)
16.7%
27.6

12%
35�45

NADP-ME (Dengler et al., 1994)
Volume per leaf area, NADP-ME (Pignon et al., 2019)

 � Chloroplast volume 
fraction (m3 m�2)

15�×�10�6 6�×�10�6�
10�×�10�6

Volume per leaf area, NADP-ME (Pignon et al., 2019)

 � Surface to volume 
ratio (m2 m�3)

0.045�×�106 0.01�×�10�6�
0.050�×�106

2D, NADP-ME (Dengler et al., 1994)

 � Surface area per 
unit leaf area, SBS 
(m2 m�2)

1.9 0.6�3.1 NADP-ME (von Caemmerer et al., 2007; Retta et al., 2016b; Sonawane et al., 
2021)

Intercellular airspace
 � Volume fraction (%) 22.3 20�40 NADP-ME (Dengler et al., 1994; Retta et al., 2016b; Sonawane et al., 2021)
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1500 µmol m�2 s�1 and above. At low Iinc, the avoidance move-
ment decreased the mean ATP production by ca. 15% (Fig. 
2D). At limiting Iinc, the total ATP production decreased (Fig. 
2D, inset) for all chloroplast movement cases.

Aggregative chloroplast movement increased An at 
high light but also increased leakiness

Figure 4A shows the e�ect of chloroplast arrangement on 
light response of An. Because of the higher ATP production 
(Fig. 2D), aggregative movement resulted in 4�8% higher An 
at high Iinc where the movement may occur. By contrast, An 
decreased by ca. 12�16% for avoidance movement of mesophyll 

chloroplasts at Iinc of 500 µmol m�2 s�1 and higher. At Iinc of 
1500 µmol m�2 s�1, � was ca. 30% higher for the aggregative 
and avoidance arrangements than that for the default geometry 
(Fig. 4B). The increase in � for aggregative movement was due 
to higher CO2 in bundle sheath cells and leakage created by 
the imbalance in CO2 assimilation in mesophyll and bundle 
sheath (Supplementary Fig. S5). The higher ATP production 
at high Iinc translated into increased PEP carboxylation as the 
latter was limited by PEP regeneration, which consumes ATP. 
The higher PEP carboxylation increased the CO2 supply into 
bundle sheath chloroplasts, where the local Rubisco carboxyla-
tion was not proportionally increased (Supplementary Fig. S5). 
In addition, aggregative and avoidance movements increased 

Fig. 2.  Validation of light propagation model and the roles of chloroplast arrangement on light propagation and ATP production. (A) Comparison of 
measured (symbol) and simulated (lines) re�ectance (dashed line and pink circle) and transmittance (solid line and black circles) spectra for four maize 
leaves (Zea mays L.) in the default mesophyll chloroplasts case. (B�D) Simulated fraction of absorbed photons across the leaf depth (B) and just 
across the depth zone of bundle sheath cells (C) and the response of ATP production to irradiance (Iinc) (D) for the cases of default geometry (solid line), 
aggregative movement of mesophyll chloroplasts (dashed green line) and the avoidance movement of mesophyll chloroplasts (dashed-dotted red line). 
The symbols in (D) show the ATP production calculated from experimental data. Inset in (D) shows the total ATP production at low light intensities.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/74/14/4125/7135625 by W

ageningen U
niversity and R

esearch – Library user on 23 August 2023



Copyedited by: OUP

A 3D reaction�diffusion model of photosynthesis gas transport in maize  |  4137

oxygen production in bundle sheath cells because of the higher 
LET (Table 1) thereby increasing photorespiratory CO2 release 
in bundle sheath cytosol (not shown) despite a lower PSII pro-
portion in bundle sheath chloroplasts of maize (assumed here 
to be 10%).

Discussion
Overall performances of the 3D reaction�diffusion 
model for C4 photosynthesis applied to a maize leaf

We developed and tested for the �rst time a model that con-
currently simulates CO2 and O2 transport, light propagation, 
C4 energetics and related photosynthetic processes in the full 
3D geometry of a leaf of the C4 model crop maize. The 3D 
model was primarily validated by comparing simulated and 
measured responses of photosynthesis to CO2 concentration 
and light intensity. A large part of the merit in this rests on the 
�ne tuning of the 3D light propagation model within a real 
maize leaf that properly reproduced the in vivo absorptance 
and transmittance measurements. This �rst 3D model of C4 
photosynthesis constitutes an advance on the understanding of 
how anatomy regulates photosynthesis in C4 leaves, a complex 
process that requires �ne tuning between the CCM and light 
available for chloroplasts in mesophyll and bundle sheath cells. 
The anatomical features in�uencing gas di�usion and light 
propagation compared well with literature values, although 
the features vary with treatments (Table 1) (Dengler et al., 
1994; von Caemmerer et al., 2007; Retta et al., 2016b). The 3D 

model was applied in analysing photosynthesis by addressing 
the role of chloroplast arrangement, which requires a represen-
tative tissue-level 3D geometry and could not be realistically 
carried out by a 2D model (Supplementary Fig. S4) (ThØroux-
Rancourt et al., 2017; Earles et al., 2019). The 3D light pro�le 
showed that large photon absorption gradients existed when 
the Kranz anatomy was illuminated unilaterally depending 
on the 3D chloroplast distribution across the leaf thickness. 
The large gradient means that some of the chloroplasts are still 
light limited (Figs 1D, 2B; 18% by volume of the chloroplast 
absorbed less than 0.001% of the photons) and may strongly 
contribute to the non-saturated irradiance response of the leaf-
level photosynthesis. However, light may be scattered more 
than modeled here by cell walls (Gates et al., 1965; Allen et al., 
1973; Vogelmann, 1993), which were not explicitly included 
in the geometry because of the requirement of a much denser 
mesh and, hence, computational demand, but the scattering ef-
fect was lumped with the chloroplasts. Light may also penetrate 
deeper in leaf tissue in C4 leaves having bundle sheath exten-
sions (Bellasio and Lundgren, 2016), which were not included 
here because bundle sheath extensions were not observed in 
the maize leaf anatomy (Supplementary Fig. S1A). In addition, 
the 3D model could be validated more accurately by compar-
ing the intra-leaf pro�le of light and photosynthetic capacity. 
For instance, light-sheet microscopy can be used to resolve the 
pro�le of light across the leaf thickness (Slattery et al., 2016). In 
addition, the pro�le of photosynthetic capacity could also be 
estimated using epi-illumination �uorescence microscopy to 
derive the pro�le of chlorophyll and Rubisco, together with 
the aforementioned light absorption pro�le (Vogelmann and 
Evans, 2002; Slattery et al., 2016; Borsuk and Brodersen, 2019). 
Overall, the heterogeneity in light and [CO2] suggests that the 
contributions of electron transport and enzyme-limited CO2 
assimilation rates to the total assimilation are in�uenced by the 
leaf microstructure.

Effect of mesophyll chloroplast movement on 
CO2 concentrating mechanism ef�ciency and 
photosynthetic rate

The 3D gas transport model was coupled with the ATP and 
NADPH production model using the validated light propa-
gation model and was applied to test hypotheses on the e�ect 
of chloroplast movement on CCM e�ciency and photosyn-
thetic rate. The default 3D geometry was modi�ed to model 
the geometries of the various arrangements of mesophyll 
and bundle sheath chloroplast scenarios inspired by what is 
observed in vivo from microscopy imaging (Yamada et al., 
2009; Maai et al., 2011, 2020a,b; Sales et al., 2018). Care was 
taken not to modify the chloroplast volume fraction at the cell 
level in addition to the total chloroplast volume fraction so 
that the absorption and scattering coe�cients remained sim-
ilar. Consistent with previous observations, chloroplast move-
ment increased transmittance and decreased light absorption 

Table 3.  Effect of chloroplast arrangement on light absorbance, 
ATP production, and NADPH production

Parameter De-
fault 

Aggregative 
movement of mes-
ophyll chloroplasts 

Avoidance move-
ment of meso-
phyll chloroplasts 

Total absorbance 0.87 0.81 0.82
Chloroplast ab-
sorbance

0.84 0.77 0.71

Transmittance 0.051 0.10 0.10
Absorb-
ance, bundle 
sheath:mesophyll

0.51 0.88 0.74

��
a 0.89 0.99 0.96

���
b 0.28 0.33 0.31

�������
c 0.85 0.81 0.83

������
d 0.20 0.01 0.08

���������
e 0.14 0.23 0.20

�������
f 0.39 0.53 0.49

a Fraction of light for LET in mesophyll cells.
b Fraction of light for LET in bundle sheath cells.
c Fraction of CET in bundle sheath.
d Fraction of CET in mesophyll.
e Fraction of NADPH produced in bundle sheath cells.
f Fraction of ATP produced in bundle sheath.
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(Yamada et al., 2009; Sun et al., 2014; Maai et al., 2020a). 
Avoidance movement was slightly more e�ective in decreas-
ing total light absorption by chloroplasts. By contrast, aggrega-
tive movement highly increased absorption by bundle sheath 
chloroplasts while reducing the light exposure of mesophyll 
chloroplasts (Table 3). Although the aim of this study was to 
test the e�ciency of mesophyll chloroplasts in gas exchange 
rates, our �ndings of light absorption pro�les could be used 
in further studies to evaluate mechanisms of photoprotection 
and photoinhibition in C4 leaves when abiotic stress results in 
chloroplast movement (Ghannoum, 2009; Guidi et al., 2019).

The 3D model predicts that chloroplast movement im-
pacted photosynthetic rate and CCM e�ciency through 
altered light availability in mesophyll and bundle sheath 
chloroplasts, energy production, and changes in the pro-
cess of electron transport. At high light intensities, where 
the aggregative movement was expected, there was a strong 
increase in photosynthetic rate (Fig. 4A) supporting our hy-
pothesis that aggregative movement of mesophyll chloroplasts 

improves photosynthetic rate. In addition, avoidance move-
ment of mesophyll chloroplasts decreased ATP production 
and An and increased � at high light intensities compared 
with the default case of no chloroplast movement. Thus, the 
hypothesis that avoidance movement decreases photosyn-
thetic rate was supported. These results support the previous 
suggestion that preference for aggregative movement rather 
than avoidance movement in maize upon exposure to blue 
light intensity may have bene�ts for photosynthesis (Ryu 
et al., 2014). The altered light absorbance by mesophyll and 
bundle sheath chloroplasts created an imbalance in the rate 
of CO2 assimilation in mesophyll and bundle sheath cells 
resulting in increased leakiness (Fig. 4b). Such an imbalance 
has recently been shown to increase leakiness due to lack 
of coordination between mesophyll and bundle sheath cells 
following dark to high light transition (Wang et al., 2022). 
Previous modeling results suggested that increased leakiness 
may be bene�cial as it helps balance reducing power demand 
and availability by removing excess CO2 from bundle sheath 

Fig. 3.  Comparison of model prediction of the response of net photosynthesis (An) and CO2 pro�le in leaf tissue. (A, B) The response of An to intercellular 
CO2 (Ci) (A) and to irradiance (Iinc) (B). Model predictions are shown by solid lines and experimental data are shown by symbols with error bars. Simulation 
conditions were irradiance of 1500 µmol m�2 s�1, ambient CO2 of 380 µmol mol�1, and oxygen of 210 mmol mol�1 for (A). The response to Iinc (B) was 
computed at ambient [CO2] of 250 µmol mol�1 and 210 mmol mol�1 O2. (C, D) The pro�les of CO2 concentration (µmol mol�1) in the liquid phase (C) and 
in the intercellular airspace (D). In (A) and (B), the bars show standard error (n�=�4). Color bars (C, D) are the CO2 concentrations (µmol mol�1).
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