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Abstract

The mechanism of photosynthesis in C4 crops depends on the archetypal Kranz-anatomy. To
examine how the leaf anatomy, as altered by nitrogen supply and leaf age, affects the bundle
sheath conductance (gps), maize (Zea mays L.) plants were grown under three contrasting
nitrogen levels. Combined gas exchange and chlorophyll fluorescence measurements were
done on fully grown leaves at two leaf ages. The measured data were analysed using a
biochemical model of C, photosynthesis to estimate gps. The leaf microstructure and
ultrastructure were quantified using images obtained from micro-computed tomography and
microscopy. There was a strong positive correlation between gps and leaf nitrogen content
(LNC) while old leaves had lower gps than young leaves. Leaf thickness, bundle sheath cell
wall thickness and surface area of bundle sheath cells per unit leaf area (Sp) correlated well
with gps although they were not significantly affected by LNC. As a result, the increase of gps
with LNC was little explained by the alteration of leaf anatomy. In contrast, the combined
effect of LNC and leaf age on S, was responsible for differences in gys between young leaves
and old leaves. Future investigations should consider changes at the level of plasmodesmata
and membranes along the CO, leakage pathway to unravel LNC and age effects further.

Key words: microstructure, nitrogen content, diffusive resistance, C4 photosynthesis, image
analysis

1. Introduction

Improving the efficiency of photosynthesis could contribute to better food security under
an unprecedented rise in global population and climate-change [1,2]. The photosynthesis
pathway in C,4 plants enables them to be more efficient in solar-use, nitrogen-use and water-
use than Cs plants [3,4]. In C, plants, CO; is initially fixed by phosphoenolpyruvate
carboxylase (PEPc) in mesophyll cells, and the resulting metabolites move into the bundle
sheath cells where they are decarboxylated into CO, and re-fixed by Rubisco. The association
of the two cell types, combined with highly regulated enzyme activities, creates a biochemical
carbon concentration mechanism (CCM) resulting in an elevated CO, concentration nearby
the fixation sites of Rubisco [5]. This mechanism effectively suppresses photorespiration,
thereby yielding high photosynthetic resource-use efficiencies.

The efficiency of the CCM relies on the concerted action of anatomical, biochemical and
biophysical mechanisms [5-8]. It has been well known from C3 photosynthesis studies that
leaf anatomy impact photosynthesis as it influences the physical obstruction to CO; diffusion.

The leaf boundary layer and stomatal conductances affect diffusion of CO, towards the
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stomatal cavity. The mesophyll conductance (gm) constrains the diffusion from sub-stomatal
cavities into CO,-fixation sites in mesophyll. The distribution of stomata and the connectivity
of intercellular airspaces affect the diffusion of CO, in the gaseous phase, while the properties
of the cell wall such as thickness and porosity, the plasma membrane and presence of
carbonic anhydrase affect the diffusion in the liquid phase [9-11]. While these phenomena
occur in C4 photosynthesis as well, C4 photosynthesis is also affected by CO, retro-diffusion
from bundle sheath cells back into mesophyll cells. This retro-diffusion, also called ‘CO,
leakage’, partially increases the CO, levels of the mesophyll cells [12] and is constrained by
resistance of the mesophyll-bundle sheath interface [13]. The inverse of this resistance is
known as the bundle sheath conductance (gys). The lower gs, the lower is CO, retro-diffusion
from bundle sheath cells, and thus the higher is the efficiency of the CCM [5,8,14,15].
Leakiness, a physiological variable often used to characterize retro-diffusion of CO, from
bundle sheath cells back to mesophyll cells relative to the rate of PEP carboxylation, depends
greatly on gps.

C,4 photosynthetic efficiency has been proposed to depend on a number of anatomical
properties of the leaves. For instance, a low permeability of bundle sheath cell walls to CO, a
high surface of mesophyll cells to volume ratio and features such as close proximity of
mesophyll and bundle sheath cells, among others, are essential to the effectiveness of the
CCM [5,9,16,17]. Moreover, the shorter vein spacing in C4 plants than in C3 plants has been
shown to be beneficial for high quantum yields [18]. CO; retro-diffusion has also been found
to be influenced by the diffusive properties of the stroma and the chloroplast envelope [19].
Thus, the significance of leaf anatomy and ultrastructure of C,4 plants to the efficiency of C,4
photosynthesis continues to be extensively studied [6,16,17,20-23].

CO, conductances in C4 plant leaves were recently estimated using combined gas
exchange and chlorophyll fluorescence measurements [24,25] or with carbon isotope
discrimination measurements [8,15,25,26] in analogy to the methods used to estimate g, in C3
leaves [27-29]. Gas exchange and chlorophyll fluorescence measurements result in CO, and
irradiance responses of net photosynthesis and quantum efficiency of PSII electron transport,
which are then used to parameterize biochemical models of von Caemmerer & Furbank
(1999) and estimate gn and/or gus. The procedures to estimate these conductances using
various software tools are readily accessible [24,32]. In addition, the benefits of chlorophyll
fluorescence measurements in C, plants have been substantiated [24,25,33,34]. Using these
methods, gps Was found to vary with nitrogen supply [24], growth light [7,25,26], leaf age
[24,35,36], and temperature [34].
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Very few studies measured leaf anatomical properties and estimated gps Or gm in C4 plants
to examine their relationship [7,26]. These properties include the exposed surface area of
mesophyll cells per unit of leaf area (Spes), surface area of bundle sheath cells per unit of leaf
area (Sp), leaf thickness and diameter of mesophyll and bundle sheath cells. When maize and
Flaveria bidentis were grown under contrasting light environment, differences in Spes, Sp
(Pengelly et al. 2010), leaf thickness and cell diameter (Kromdijk et al. 2010) contributed to
the variations in gyps Or gm. A negative correlation of bundle sheath resistance with leaf
nitrogen content was reported for maize in a recent study [24]. At that time, it was only
presumed to be due to Sp and cell wall thickness being altered by nitrogen treatment. In
addition, an increase in gps Was suggested when C,4 plants were grown at elevated CO, [37] or
temperature [38] due to a decrease in wall thickness of the bundle sheath.

The relationships between photosynthesis and leaf anatomical properties have commonly
been investigated using chemically fixed leaf tissue samples [6,7,17,39,40]. X-ray micro-
computed tomography (X-ray micro-CT) also gives high-quality images that render the
airspace between cells at sufficient contrast to allow quantification of anatomical features
with the additional advantage of no requirement of intensive sample preparation and thus
measurement artefacts are minimized [41-43]. In addition, X-ray micro-CT allows
measurements over the intricate three-dimensional leaf geometry of any thickness but has a
limitation in resolving leaf ultrastructural components [44,45].

In C3 plants, it is well known that the cell wall strongly influences CO, diffusion and
hence CO; fixation rate [46]. Whether and how the cell wall of the bundle sheath contributes
to the variations in gys for C4 plants with leaf nitrogen content and age were not investigated.
The objectives of this research were (i) to study how bundle sheath conductance is affected by
leaf nitrogen content and leaf age, (ii) to quantify leaf anatomical properties as altered by leaf
nitrogen and age using combined microscopy and micro-tomography measurements, (iii) to
relate these properties to CO, conductances of a maize (Zea mays L.) leaf. This will be
achieved by using gas exchange and chlorophyll fluorescence measurements with
biochemical models of C, photosynthesis [30] to estimate gys, and X-ray micro-CT, light and
electron microscopy images to obtain microstructure and ultrastructure details of the leaf

anatomy.
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2. Materials and methods

2.1. Plants, treatments and photosynthetic measurements

Part of the data of our experiment was used to validate predictions of a C4 photosynthesis
model we presented in a recent publication [12]; therefore, the growth conditions and gas
exchange measurements were described therein. In brief, maize (Zea mays L.) plants, hybrid
2-02R10074, were grown in a controlled glasshouse in four blocks. In each block, the three
nitrogen treatment levels were 0.15 (N1), 0.50 (N2) and 1.25 (N3) g N per pot. There were
two leaf ages: 19 d (young leaves) or 32 d (old leaves) counted after their first appearance.
For the old leaves, the frequency of applying nutrients was increased to twice weekly after the
fourth week (since nutrition application started) to minimize the decline of leaf nitrogen
content with leaf age.

Combined gas exchange and chlorophyll fluorescence measurements were done in four
replicates on the mid-portion of the 6 leaf, using a LI-6400XT open gas exchange system
with an integrated fluorescence chamber head, enclosing a 2 cm? leaf area (LI-COR, Lincoln,
NE, USA). The CO, responses of photosynthesis were measured at an incident light intensity
of 1500 pmol m? s™ in steps of 380, 200, 100, 90, 80, 70, 60, 50, 380, 380, 500, 1000 and
1500 pmol mol ™ allowing three minutes per step for photosynthesis to reach a steady-state.
The light response curve was measured in leaves that were first dark-adapted for 25 min, in
steps of 20, 40, 60, 80, 100, 200, 500, 1000, 1500 and 2000 pmol m2 s allowing six
minutes per step. The response curves were measured both at 2 % and 21 % O,, and the IRGA
calibration was adjusted for O, composition of the gas mixture according to the
manufacturer’s instructions. The ambient CO, was 250 pmol mol™ at 21 % O, and 1000 pumol
mol™ at 2 % O,.All measurements were made at leaf temperature of 25 °C and a leaf-to-air
vapor difference within 1.0-1.6 kPa, with measurement flow rate of 400 pmol s*. In addition,
using thermally killed leaves, the gas exchange data were corrected for CO, diffusion into and
out of the leaf cuvette [47]. Simultaneously with the gas exchange measurements, the steady-
state fluorescence (Fs) and maximum relative fluorescence (Fn,") were also measured. Fs was
measured after photosynthesis reached a steady-state after each of the CO, or light steps. Fn’
was measured after a saturating light-pulse of intensity greater than 8500 umol m? s for a
duration of 0.8 s. The quantum efficiency of PSII electron transport was calculated as

AF/F =(F,—F)/F, [48]. Following the photosynthetic measurements, leaf nitrogen

content (Micro-Dumas combustion method, Thermo Scientific, elemental C/N analyzer, type:
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Flash 2000) and dry mass were determined from three leaf samples (per plant) of having an

average area of 2.15 cm? that were dried to constant weight in an oven at 70 °C for 48 hr.

2.2.  X-ray micro-CT imaging

Maize plants of the same cultivar were grown in three replicates simultaneously with
those used in the gas exchange measurement to study the leaf anatomy using microscopy and
the tomography experiments. The effect of nitrogen on these plants was assessed from
readings of a portable chlorophyll meter (SPAD-502, Minolta, Japan) [49]. Maize leaf tissue
samples (5 mm x 5 mm), both for young and old leaves, were obtained from the 6™ leaf of
each plant. Three samples per plant were taken from six plants (2 ages and 3 N levels). Each
leaf was mounted on a polystyrene base and wrapped in a parafilm to prevent dehydration
during scanning. The samples were placed on a high precision stage where the sample rotated
by 0.4° up to an angle of 196°. The samples were scanned using a high resolution X-ray
micro-CT (Skyscan 1172, Bruker micro-CT, Kontich, Belgium) with an operating voltage of
60 kV and a current of 167 pA. Projection images were averaged from three frames. Each
frame was captured with a camera size of 2000 x 1048 pixels and 885x107 s exposure time. A
single scan lasted for about 30 minutes. The samples were imaged at an isotropic voxel size of
2.96 pm.

Reconstruction of the cross-section from the shadow projections was performed using a
filtered back projection algorithm [50] implemented in NRecon 1.6.6.0 (Bruker micro-CT,
Kontich, Belgium). Beam hardening correction, smoothing and ring artifact reduction were
set at 35, 2 and 8 % respectively. The linear attenuation coefficient range was set at 0 to
0.1068 to improve contrast and to standardize the grayscale range of the output images. The
output file was an 8-bit bitmap with about 950 cross-section slices for each data set. The data
sets were cleaned to remove noise and other extraneous materials. The cleaning procedure
was implemented in the commercial software CTAn v1.13.5.1 (Bruker micro-CT, Kontich,

Belgium).
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Before morphometric analysis, the images were segmented into the constituent objects by
using Otsu’s algorithm [51] in CTAn. A common global threshold value of 63 was found
suitable for segmentation of the intercellular airspaces from cells of the leaf types. The
segmented images were subsequently analyzed using a 3-D algorithm to determine the tissue
volume, porosity, pore (intercellular airspace) surface per volume, connectivity density of the

pores and leaf thickness [41].

2.3. Light and electron microscopy measurements

Leaf samples from the 6™ leaf, both young and old, were fixed in cold 2 % glutaraldehyde,
buffered at pH 7.3 with 50 mM Na-cacodylate and 150 mM saccharose. Post fixation was
carried out in 2 % osmium tetroxide in the same buffer. After dehydration in a graded acetone
series, tissues were embedded in Araldite and sectioned with a Leica EM UC6 ultra-
microtome. Serial semi-thin sections with a thickness of 1 um were stained with methylene
blue and thionin and viewed in an Olympus BX-51 microscope at 40x. Double stained 70 nm
thin sections were examined in a Zeiss EM900 electron microscope.

Anatomical parameters such as Smes, Sp and the interveinal distance were measured from
the light microscopy images while the cell wall thicknesses of mesophyll and bundle sheath
were obtained from electron microscopy images. Three image samples were randomly
selected for each N treatment x leaf age combination. The images were first digitized using
in-house-made software [52]. The digitized images were then imported into finite-element
software Comsol Multiphysics vs. 3.5 (Comsol AB, Stockholm). To calculate Spes and Sy, the
length of exposed mesophyll surface, perimeter of bundle sheath cells within an interveinal
distance and a leaf area, taken as a distance between the centers of two consecutive bundle
sheath cells, were measured [7]. Using a curvature correction factor of 1.43 [53,54], these
dimension measurements were converted into area. The thicknesses of mesophyll and bundle
sheath cells wall were taken as the average of the distance between several parallel points on
the digitized images of the cell walls. Interveinal distance was measured as the distance

between the centers of two successive veins per image sample.

2.4. Estimation of bundle sheath conductance and other parameters
We used the procedure of Yin et al. [24] to estimate gy,s and other photosynthesis

parameters. The underlying model equations of the procedure are listed in supplementary Text
S1 while model input parameters are shown in Table S1. Using the method developed
previously [24], the rate of day respiration (Ry) was estimated as the intercept of the linear

relationship between photosynthesis and the term 1, @, /3, based on data from the light-

inc
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response curves at low ranges of an incident light intensity (linc) (20 < linc < 200 pmol m? s™).
The measurements at 2 and 21 % O, levels were pooled to estimate a common Ry since the
estimate for each O, level did not differ significantly (P > 0.05). The slope of the same linear
regression but using data of 2 % O, plus measurements from the CO; response curves at high
CO, ranges (= 500 pmol mol™) at 2 % O, could give the lumped calibration factor s~ for
calculating potential ATP production rate Jatp (EQ. S2, Supplementary materials), based on
fluorescence measurements [24]. Here, s~ was estimated for each leaf type simultaneously
with gps as described below.

Bundle sheath conductance values corresponding to the three N levels x two leaf ages
were determined using the SAS (SAS Institute Inc., Cary, NC, USA) code obtained from Yin
et al. [24] (the code is available upon request to the corresponding author of that paper). To
avoid overfitting, we assumed a linear relationship between g, and leaf nitrogen content
(LNC) as was also shown to exist for C4 crops [24,55]. The common slope of linearity (Xgm)
was estimated (for details, see Text S1, Supplementary materials). In addition, we found a
good linear relationship between the quantum efficiency of CO, fixation and that of PSII
electron transport (Fig. S2, Supplementary materials) across all light and CO, levels. This
suggests that (i) the proportion of ATP or energy used for sinks other than CO, fixation was
not altered during the measurements, and, more importantly, (ii) any enzymatic limitation, if
occurred, had a feedback effect on electron transport. Consequently, most of the measured
rates of photosynthesis were covered by equations of electron-transport-limited rates of the
model (Eq. S1 and Eq. S5). Therefore, the resulting estimates for maximum catalytic rate of
PEPc (Vpmax) and ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) (Vc¢max) Were
not well constrained and had unreasonably high standard errors. This had little impact as the
main aim here was not to estimate Vymax OF Vemax but gps. Thus, we fixed Vpmax and Ve max to
arbitrarily high values to estimate gys, S~ and Xgm only. Furthermore, it was shown recently
that the use of a rectangular flash in a chlorophyll fluorescence measurement resulted in an

underestimation of quantum efficiency of PSII electron transport, @, [56]. However, the

influence of this underestimation is minimized using our calibration procedure for calculating

Jatp. For example, a 20 % higher &, [56] would lower the estimated s” by ca. 16 %. As a

result, Jarp is minimally affected (see Eq. S2, Supplementary materials) as s~ compensated, to

some extent, for an underestimation in @, [33]. Thus, the estimated g, values did not change

(Table S2, Supplementary materials).

2.5. Statistical analysis
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A number of leaf anatomical properties for the six leaf age x N combinations were
measured to determine explanatory variables for variation in gys. Using principal component
analysis, the data of mean values could be summarized into linear combination of a few key
variables that contribute to the variability in data while elucidating the relationship between
leaf anatomical parameters and the gps and gm. ANOVA was carried out using JMP version 12
(SAS Institute, USA) to compare N and leaf age groups. Mean values of the leaf
morphometric parameters were then compared using student’s t-test. A significance level of 5

% was used for this analysis.

3. Results
3.1. Effect of nitrogen supply and leaf age on photosynthesis

The effect of increased N supply and leaf aging on the rate of photosynthesis (A) in
response to intercellular CO, concentration (C;) and li,c are shown in Fig. 1 and Fig. 2,
respectively. Fig. 1 and Fig. 2 show that A increased with the amount of N added to the pots

and declined with leaf age. These effects were reflected in the measured responses @, (Fig. 3)

which were high for N3 leaves at high l;,c values and lower in old leaves than young leaves.

The oxygen level, 2 % or 21 %, did not affect A and &, substantially although the differences

in A and tends to be more in young N3 leaves suggesting an increased photorespiration.

Therefore, higher N application increased A and &, while leaf aging decreased them, as

expected.

3.2. The relationship between photosynthetic characteristics and LNC

Table 1 shows that the LNC increased in proportion to the amount of N added to the pots.
Leaf aging decreased the LNC, however, less so for N2 and N3 leaves as a result of the more
frequent N treatments for the old leaves. All young leaves had significantly higher A than all
old leaves while all N3 leaves had significantly higher A than N2 and N1 leaves (Table 1).
The relationships between A, day respiration rate (Ry), leaf dry mass per leaf area (LMA),
light conversion efficiency (s”) and LNC are shown in Fig. 4. There was a strong positive
correlation between A and LNC. LMA declined as LNC increased. Ry generally increased
with LNC but the correlation was weak. There was also a loose correlation between s” and

LNC. The correlation of A with LNC was significant.
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3.3.  Bundle sheath conductance in response to LNC and leaf age

Table 1 shows that estimated g, values were higher for N3 leaves than for N2 and N1
leaves. Old leaves had lower g, than young leaves. The model to estimate g, predicts the rate

of photosynthesis well (Fig. 1 and Fig. 2, r* = 0.98); however, some of the best-fit values of

0, had higher standard errors. Although there is uncertainty on the actual g,, the estimated

values show a general trend of increasing with LNC and declining with leaf age. In addition,
0 correlated with LNC (r* = 0.90) (Fig. 5). Across N levels and leaf ages, the bundle sheath

resistance thus varied from ca. 281 to 2756 m® s mol™. Furthermore, the estimated Xgm was
2.83 + 0.16 mol (g N)™* s resulting in gn values of 0.54 mol m™ s™ at the lowest LNC and
2.85 mol m? s at our highest LNC.

As a result of increased g, with LNC, the mean CO; concentration in the bundle sheath

(Co) (Fig. 6) was higher for young N1 leaves than for young N2 and N3 leaves across all
irradiances. This pattern was the same for the old leaves (Fig. S4, Supplementary materials).
Across leaf ages, C. was higher in old leaves than in young leaves consistent with differences
in g, (Fig. S4, S5, Supplementary materials). The efficiency of the CCM as indicated by

leakiness, however, was not substantially different within N levels (Fig. 6). The predicted

leakiness was also similar across leaf ages (Fig. S6, S7, Supplementary materials).

3.4. Sensitivity analysis

The sensitivity of Xgm, s” and gy, to the fraction of ATP allocated to the Cy4 cycle (x) (Table
S1), which is an important determinant of the electron-transport-limited rate of PEP
carboxylation and photosynthesis (Eq. S1 and Eq. S5, Supplementary materials), is shown in
Table S4 (Supplementary materials). The estimated Xgm and s” were largely insensitive to
various values of x except when it was low (0.35). However, the value x = 0.35 may not be
biologically realistic as many modeling studies show that x is very close to 0.40 [24,57] under
various treatments and ambient conditions. Yin & Struik [58] estimated that when additional
ATP utilizing processes were considered, x varies from 0.399 to 0.385. Optimization analysis
showed that the optimum x was ca. 0.4 over a wide range of conditions, except under
extremely low-light conditions [57]. Table S4 also shows that gps Was sensitive to x. However,
when x was also estimated simultaneously with gys from our model (not shown), it was 0.43 £
0.042 which is also close to 0.4. We decided to fix x = 0.4 to improve the estimation of gys by
reducing the number of parameters to be fitted. Fig. S3 (Supplementary materials) shows that

the relationship between gps and LNC remained strongly linear. Therefore, although the

10
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estimated 9ps values were sensitive to the choice of x, the relationship between gns and LNC
was minimally affected. The magnitudes of leakiness and C. were, however, sensitive to X
(Fig. S8 and Fig. S9, Supplementary materials). Therefore, these predictions should be
considered as temporary values. However, the trends of C. and leakiness were not altered.
Furthermore, Xgm, S* and gps were expectedly insensitive to Rubisco and PEPc kinetics
parameters (Table S1, Supplementary materials) due to the close link between photosynthesis

and electron transport (Fig. S10, Supplementary materials).

3.5.  The effects of LNC and leaf age on the anatomy of maize leaves

Table 2 shows the measurement results of the leaf morphological properties for young and
old leaves. The portable chlorophyll meter readings that correlate with chlorophyll content
[49], were higher for N3 and N2 than for N1 leaves and lower for old leaves than for the
young leaves (Table 2). This implies that the nitrogen content of maize leaves used for
imaging increased with higher N application and decreased with leaf age. The images of
transverse sections of the maize leaf samples, cell walls of the bundle sheath and surface
rendering of leaves using x-ray micro-CT images are shown in Fig. S11, Fig. S12 and Fig.
S13, respectively (Supplementary materials).

Anatomical parameters such as Spes, Sp, leaf thickness, cell volume and bundle sheath cell
wall thickness were not significantly altered by LNC. Old N1 leaves had a significantly
thicker mesophyll cell wall than old N2 leaves. The pore surface to volume ratio of young N1
leaves was significantly higher than that of young N2 and N3 leaves while it was significantly
larger for old N1 leaves than for the old N2 leaves. Old N3 leaves were significantly more
porous than old N2 leaves. The connectivity density was significantly larger in the old N3
leaves than that in the N2 leaves. Both young and old N1 leaves had significantly shorter
interveinal distance that N2 and N3 leaves.

The porosity, pore surface per volume and connectivity density values were not
significantly different between young and old leaves. Young N1 leaves were significantly
thicker than old N1 leaves. Old N1 leaves had significantly thicker cell walls of mesophyll
and bundle sheath than young N1 leaves. Comparing across leaf ages, mean values of Spes Of
old leaves were larger than those of young leaves. However, statistical analysis showed that
only old N2 leaves had a significantly larger Spes than young N2 leaves. In contrast, all young
leaves had significantly higher Sy than their respective old leaves. The difference in inteveinal

distance between young and old N1 leaves was significant.
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3.6. Bundle sheath conductance in relation to leaf anatomy

The correlation between the measured leaf anatomical parameters and gps is shown by
principal component analysis (PCA) biplot in Fig. 7 in analogy to a study on C; plants [59].
The scores represent young and old leaves. Since a total of six gys values were estimated for
LNC x leaf age combinations, mean values of anatomical parameters were used in PCA. The
direction of correlation loadings which are vectors with origin at (0,0) shows positive or
negative correlation. Thus, the vectors in opposite direction are largely negatively correlated
while the vectors pointing to the same direction are positively correlated. If the vectors point
in the direction of a score (young or old leaves), the score is characterized by a positive value
of the corresponding anatomical property or CO, conductance. Vectors that are perpendicular
to each other are uncorrelated. The corresponding correlation coefficients are shown in Table
S3 (Supplementary materials).

The PCA analysis resulted in 2 principal components (PCs) that explained 82 % of the
total variance. PC1 was well correlated (r > 0.70) to cell wall thickness of mesophyll and
bundle sheath cells, Syes, Sy, leaf thickness and tissue volume (Table S3, Supplementary
materials). Thus, PC1 was correlated to the major determinants of gys and gm. The first PC

was also effective in separating young and old leaves. gm, 9, and porosity are highly

correlated similar to the correlation between leaf thickness, S, and cell volume. gys is
correlated with interveinal distance and Sy, although less strongly than leaf thickness. There
was a strong negative correlation between the mesophyll cell wall thickness and gp, but not
Os: The bundle sheath cell wall thickness was inversely related to g, while Syes Was inversely
related to gn. Void surface per volume and connectivity density were correlated to each other
but uncorrelated to other anatomical properties and g, in this biplot. Fig. 7 also shows that old
leaves in general have thicker cell walls of mesophyll and bundle sheath cells, lower

conductances and are thinner than young leaves.

4. Discussion
4.1. Bundle sheath conductance increased with LNC and declined with leaf
age
We have grown maize plants under three nitrogen treatment levels to study how gps varies
with LNC. Previously, it was shown that gys increased with LNC for two extreme N treatment
levels [24]. Our results confirm that gps varied in proportion to LNC (Table 1). The bundle
sheath resistances were mostly in the range 100 to 1600 m? s mol™, reported for various C,

12
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species [19,24,26,60]. More importantly, gys significantly correlated with LNC while the
impact of the latter on g,s was much more than that of leaf age as confirmed by a two-variable
regression. The effect of decreased CO, concentration in bundle sheath cells due to high gps
with high LNC was reflected in the fraction of assimilation lost due to photorespiration (Eq.
S13, Supplementary materials) which was higher for N3 leaves than N1 and N2 leaves (Fig.
S14, Supplementary materials). In addition, leakiness was not affected by the LNC since the
energy efficiency of CO; fixation indicated by the ratio of quantum yield of CO; fixation to
quantum yield of PSII electron transport was not significantly different in young and old
leaves within N levels (Fig. S15, Supplementary materials). Consistent with this, the predicted
leakiness (Fig. 6) also shows that the efficiency of the C4 cycle was not substantially affected
while a strong positive correlation between A and LNC was found (Fig. 4). This occurs when
the increased rate of CO, leakage was matched with increased delivery of CO, by the higher
capacity of the C, cycle in leaves having high LNC. Consequently, the bundle sheath
resistance of high photosynthesis capacity leaves should decrease [19]. The corollary to these
predictions is that the maize plants grown in low N supply responded by increasing bundle
sheath resistance to maintain similar efficiency. This raises the question of how the variation

of gps Was achieved.

4.2. The combined effect of LNC and leaf age on anatomy may explain the
differences in bundle sheath conductance

Our results for the increase of gps with LNC (Fig. 5) confirm the earlier result of Yin et al.
[24] based on only two nitrogen treatments. This positive correlation could be examined using
the influence of LNC on anatomical components of gys, Sp, and cellular conductance, which is
the CO, conductance of the mesophyll-bundle sheath interface [30]. The cellular conductance
may be expected to be influenced by properties of the bundle sheath cell wall, while gps,
which is expressed per unit leaf area, is influenced by S, [30]. The measured Sy was in the
range of values reported in the literature 1.5 to 3.1 m*> m™ [6,7,17,61,62]. In addition, the
measured values of cell wall thickness of bundle sheath cells are close to the reported values
for C4 plants, including maize, ca. 0.3 to 1.6 um [19,37,63,64]. The decline of gps with leaf
aging was accompanied by a significant decline of Sp. Due to this reduction in Sy, old leaves
were also significantly thinner than young leaves except for old N2 leaves, where the
reduction in S, accompanied by significantly larger Smes resulted in similar leaf thickness
(Table 2). In old N1 leaves, particularly, the wall thickness of bundle sheath cells was also

thicker. Since LNC also declined with leaf age (Table 1), significantly so within young and
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old N1 leaves, these responses of leaf anatomy and the resulting differences in gps are
attributed to the combined effects of LNC and leaf age. However, within N levels, it seems
that neither Sp nor wall thickness of bundle sheath was responsible for the differences in gps.
The anatomy changed in such a way that only the vein spacing increased with LNC but
interveinal distance correlated to gys less strongly. The lack of association between gys and cell
wall thickness within N levels suggests that other factors may play a role. For instance, the
density of plasmodesmata which are considered the main pathway to CO, leakage [64,65]
since the suberin layer (for instance, Fig. S16, Supplementary) may restrict the leakage of
CO; through the cell walls as suggested previously [66,67]. Previous reports show that the
abundance of plasmodesmata responded to growth conditions such as low temperature or low
irradiance [20,68]. Overall, the impact of LNC on gys was not due to alteration of the
anatomical factors while its effect on the anatomy in interaction with leaf age explains for
differences in gys between young and old leaves.

4.3.  Mesophyll conductance in relation to LNC and leaf age

In C; plants, a positive correlation of g, with exposed mesophyll surface has been
reported [46]. For C, plants, CO, assimilation occurs in the mesophyll cytosol, thus the
parameter Spes is believed to be positively related to gm [19]. Our measured Spes Was in the
range of values reported for C, species [6,16,62]. In relation to gm, however, Syes did not
change significantly with LNC. Spes had also strong negative correlation with gn, (Fig. 7) due
to a higher Spes in old leaves than young leaves. Thus, the role of Syes in gm Was counter-
intuitive. As shown in Fig. 7, gm also correlated with porosity, leaf thickness and mesophyll
cell wall thickness. The lack of significant differences in porosity or degree of connectivity of
airspaces in many of the leaves, however, rules out the possibility of causal relationship
between the parameters and variations in gp. In addition, since maize is an amphistomatous
leaf, the resistance of the intercellular airspace resistance is low [69]. Among young and old
leaves, the decline of leaf thickness may have been due to reduced Sy not due to changes in
Smes- A strong negative correlation of mesophyll cell wall thickness with gn, in combination
with a significantly thicker mesophyll cell wall of old N1 leaves support the decline of gn

across leaf ages.

4.4. Implications of conserved leaf anatomy under contrasting LNC on
photosynthesis

An increased gys with LNC reduced the effectiveness of the CCM as the CO,

concentration in the neighborhood of Rubisco decreased. On the other hand, similar to

14



=
QOWO~NOUAWNE

DO UIUIUTTUUIUIVCIUURNDADNRNRNDNARNDNWWWWWOWWWWWWNNNNNNNNNNRPRPRRRRRPRR
OARANPRPOOOVNONROMNROOOVYOUNRWNROOONONRONROOONNOUNRWNROOO~NOUONWNER

429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461

previous reports [70-72], higher LNC boosted the rate of photosynthesis. In addition, high
LNC leaves had low LMA which is associated with elevated concentration proteins and
photosynthesis [73]. It is to be noted that our measured photosynthesis was mainly limited by
electron transport. This paradox could be explained by the increase in quantum efficiency of
electron transport outweighing the increase of gps with LNC. In conjunction with leaf
anatomical data, this implies that the negative impact of decreased bundle sheath resistance
was not detrimental to the rate of photosynthesis. Similarly, Yin et al. [24] have shown that
the increase of gyps by LNC has less influence on the rate of photosynthesis compared to the
effect of LNC on photosynthetic capacity. It could also be that increased CO, leak with high
LNC may elevate the CO, concentration in mesophyll [12], thus, the rate of PEP
carboxylation and maintains balance of energy supply and demand, boosting photosynthesis
[74].

In response to growth conditions, some C4 plants have shown to respond, for instance,
through alteration in anatomy [7,26]. Similarly, due to leaf aging, which was accompanied by
a drop in LNC, old maize leaves had lower gps than young leaves through lower S,. However,
the anatomy of maize leaf was generally conserved despite the large differences in LNC
(Table 2). While accepting that the tissue preparation for the microscopy experiment may
have affected our results, the apparent lack of effect of LNC may also be in line with the
hypothesis that coordinated changes in leaf anatomy in response to environmental changes
ensuring intimate contacts of mesophyll and bundle sheath cells are essential efficient
metabolite transport, thus, CCM [16,39,66,75]. These views suggest that the leaf anatomy in
C, plants may be constrained by the need for rapid metabolite fluxes.

We investigated the bundle sheath conductance in relation to anatomy of maize leaf as a
function of nitrogen and leaf age. gys was strongly related to LNC but leaf anatomy was not.
Consequently, changes in the leaf anatomy were not the cause of variation in gps with LNC
except in interaction with leaf age. This was unexpected and counter-intuitive. However, since
the chloroplast envelope and plasma membrane also contribute to bundle sheath resistance,
the possible effect of nitrogen through altered composition, thus permeability, should be
accounted for. The CO, diffusion in the liquid phase of mesophyll cells is also constrained by
the permeability of the plasma membrane which, in maize, contains aquaporins and carbonic
anhydrases that may enhance its CO, permeability [76,77]. Therefore, future investigations
considering these components along with the roles of suberin and plasmodesmata are

recommended to unravel the effect of LNC on gy further.
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Figure captions

Figure 1. The response of photosynthesis to intercellular CO, concentration (C;) for young
(Al) and old (A2) leaves from maize plants grown under three nitrogen (N) levels: low (N1);
intermediate (N2) and high (N3). Symbols show measured values while curves show model
predicted values connected. Each measurement value is an average of measurements in four
replicates (Materials and methods). The bars show standard error of the measurements. The
oxygen levels were 21 % (filled circles, solid curves) and 2 % (open circles, dashed curves).

The irradiance was kept at 1500 pmol m?s™.

Figure 2. The response of photosynthesis to incident irradiance for young (Al) and old (A2)
leaves from maize plants grown under three nitrogen (N) levels: low (N1), intermediate (N2)
and high (N3). Symbols show measured values while curves show model predicted values
connected. Each measurement value is an average of measurements in four replicates
(Materials and methods). The bars show standard error of the measurements. The oxygen
levels were 21 % (filled circles, solid curves) and 2 % (open circles, dashed curves). The
ambient CO, was kept at 250 pmol mol™ for 21 % and 1000 pmol mol™ for 2 % oxygen

levels.

Figure 3. The measured response of apparent quantum efficiency of PSII electron transport to
intercellular CO, concentration (top) and incident irradiance (bottom) for young (filled
symbols) and old (open symbols) leaves at three nitrogen (N) levels: low (N1), intermediate
(N2) and high (N3). The oxygen levels were 21 % (circles) and 2 % (triangles). The
irradiance was kept at 1500 pmol m™ s™. The bars show standard error of the measurements
(n=14).

Figure 4. Photosynthesis rate (A), day respiration (Ry), leaf dry mass per leaf area (LMA) and
light conversion efficiency (s”) in relation to leaf nitrogen content (LNC). Open circles

represent the young leaves while open circles show old leaves.

Figure 5. The estimated bundle sheath conductance (gys) values of young (filled circles) and

old leaves (open circles) in relation to leaf nitrogen content (LNC).

Figure 6. The predicted response of mean concentration of CO; in bundle sheath cells (C,)
(left panel) and leakiness (right panel) to incident irradiance (li,;) for young leaves grown at
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three nitrogen (N) levels: low (N1, square), intermediate (N2, circle) and high (N3, triangle).
The ambient CO, was kept at 250 umol mol™ and oxygen level was 21 %.

Figure 7. Principal component analysis (PCA) biplot of young and old leaves showing the
grouping of leaf types in terms of leaf anatomical properties (mean values). Scores of young
(Al) and old leaves (A2) grown under three nitrogen (N) levels: low (N1), intermediate (N2)
and high (N3) are shown. Variables should be interpreted as vectors with origin in (0,0).
Correlation loading (+) located between the circles (70 % and 100 % of the explained
variance limits) are considered most important for explaining the variability with respect to
the principal component shown. Correlation between variables is as follows; variables with
correlation loadings that are close to each other are correlated, loading that are 90° from each
other are uncorrelated and loading that are 180° from each other are inversely correlated.
Abbreviations: bundle sheath (BS) conductance (gys), mesophyll (M) conductance (gm),
exposed mesophyll surface per unit leaf area (Syes), bundle sheath surface area per unit leaf

area (Sp).
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Table captions

Table 1. Estimated values of Ry, s"and gys (mean + standard error, n=4) for young (Al) and old (A2) leaves from maize plants grown
under three nitrogen (N) levels: low (N1), intermediate (N2) and high (N3). Shown also are leaf nitrogen content (LNC), leaf mass per
unit leaf area (LMA) and net photosynthesis (A) at ambient CO, of 380 pmol mol™®, 21 % O, and irradiance of 1500 pmol m? s™.
Means not connected by the same letter are significantly different (P < 0.05). Comparisons between leaf ages are indicated by upper

case letters while differences among N levels within an age level are indicated by lower case letters.

Leaf age Leaf LNC LMA A Ryq s' Jbs
gm? gm? umol m?st  pmol m?s™ mmol m™

type g1
Al N1 0.64+0.09 a,A 39.01£0.65 a,A 27.05£2.79 a,A 1.70£0.20 0.325+0.004 0.88+0.55
N2 0.83+£0.08 a,A 33.95+0.59 b,A 31.92+2.34 a,A 2.20x0.23 0.328+0.003 2.33+0.83
N3 1.16+0.12 b,A 34.27+0.93 b,A 43.04+£1.31b,A 2.16+0.27 0.323+0.006 3.56+0.90
A2 N1 0.34+0.03 a,B 40.60+1.55 a,A 16.78+1.40 a,B 1.68+0.17 0.327+0.007 0.36+0.50
N2 0.60£0.11 a,A 36.29£1.72 a,A 19.33+£0.80 a,B 1.65+£0.21 0.332+0.003 0.51+0.51
N3 0.74£0.15a,A 38.70£2.30 a,A 33.74+0.99 b,B 2.29+0.19 0.321+0.003 1.34+0.62
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Table 2. Leaf anatomical properties of young leaves (Al) and old leaves (A2) (mean + standard error, n=3) from maize plants grown
under three nitrogen (N) levels: low (N1), intermediate (N2) and high (N3). Means not connected by the same letter are significantly
different (P < 0.05). Comparisons between leaf ages are indicated by upper case letters while differences among N levels within an age
level are indicated by lower case letters. Porosity, cell volume, pore surface per volume, connectivity density and leaf thickness were
measured from X-ray micro-CT images. Cell wall thicknesses were measured from transmission electron microscopy images. Smes, Sp
and interveinal distances were measured from light microscopy images.

Parameter Al A2

N1 N2 N3 N1 N2 N3
Chlorophyll meter 38.1 42.3 48.1 22.1 27.2 39.4
readings (SPAD units)
Porosity (%) 36.7+0.393,A 383+1.1aA 38.6+25aA 37.05+ 2.6 ab,A 36.3+0.25a,A 38.4+0.53hA
Cell volume 1.79+0.04a,A 1.66 +0.05a,A 1.68+0.05aA 1.46 +0.04 a,B 158+ 0.053A 161+0.1aA
Pore surface/volume 268 £ 0.60 a,A 255+ 0.59 b,A 253+5.1bA 261 +3.7a,A 258+ 1.2bA 263 £ 7.7 ab,A
(mm? mm’®)
Connectivity density 81.9+1.2aA 789+4.7aA 778+8.1aA 785+9.1abA 740+15aA 81.6+2.2h,B
%1000 (mm3)®
Leaf thickness 237 +6.87 a,A 217 +8.41a,A 243 +7.84 a,A 197 £5.22 a,B 209 +8.91a,A 208 +5.31a,A
(Hm)
Bundle sheath 0.188 £ 0.0140 a,A | 0.245+0.0458 a,A | 0.260+0.0331a,A | 0.457+0.0190a,B 0.445 + 0.0500 a,A 0.319 +£ 0.0150 a,A
cell wall thickness (um)
Mesophyll cell 0.161 +0.0277a,A | 0.119+0.0209a,A | 0.138+0.0288a,A | 0.230+0.0277a,B | 0.139+0.0139b,A | 0.149 £0.0144 abA

wall thickness (um)

Srmes 9.10 + 0.53 a,A 8.93+0.16 a,A 9.01+0.39a,A 1119+ 1.67a,A 10.60 £ 0.28 a,B 9.66 + 1.00 a,A
(m* m?)
S, area 2.82+0.16 a,A 2.56 +0.17 a,A 2.54+0.14 a,A 1.89+0.06 a,B 1.81+0.03a,B 1.82+0.03a,B
(m* m?)
Interveinal distance 119+3.96 a,A 142 +5.72 b,A 149+ 14.18 b,A 130+3.13a,B 146 +2.95 bA 141 +5.38 b,A
(Lm)
) Connectivity density is defined as the number of multiple connections between structures per unit volume.
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*Response to Reviewers

Response to reviewer

Reviewer #1:

The manuscript "Impact of anatomical traits of maize ...... " describes the changes in the bundle
sheath conductance and also the related changes in the anatomical features in both nitrogen and
age treatments. The data presented are very comprehensive and informative. There are a number
of issues that need to be clarified.

The procedure for fitting the GE and CF curves are not clear from the current writing. It is
understood that the estimation was conducted using a code that was published earlier. However,
are all the assumptions in the original code appropriate for the current study? By reading the
earlier paper Yin et al. (2011) on estimating parameters of C4 photosynthesis model, it is assumed
that 10 % of the PSII activity are partitioned into the bundle sheath cells. It is important to test
how this assumption would influence the estimate of bundle sheath conductance and leakiness if

this assumption is biased. A sensitivity analysis is therefore recommended for this.

RESPONSE: we did not conduct this sensitivity analysis with respect to « in the present paper
when we submitted because this was done by Yin et al. (2011) who showed that the estimated gys
was virtually insensitive when « was varied from 0 to 0.45. That study also did a sensitivity
analysis with respect to a number of other input parameters which we list here with their default
values in the Table 1 (below). In addition, comment (2) from the reviewer required a sensitivity

analysis with respect to parameter x, which is also in the Table 1.

To respond to this reviewer’s comments 1 and 2, we carried out a full set of sensitivity analysis,

and the results are shown in Fig. 1 and Table 2 below.



Table 1. Lists of model parameters used both in the model presented in the current manuscript
and in the method of Yin et al. (2011).

Symbols Definitions Values | References

Ko Michaelis-Menten constant of PEPC for CO, 40 pbar (Pfeffer and
Peisker, 1998)

Km.c Michaelis-Menten constant of Rubisco for CO; 485 pbar | (Cousins et al.,
2010)

Kmo Michaelis-Menten constant of Rubisco for O, 146 mbar | (Cousins et al.,
2010)

Scio Relative CO,/O, specificity factor for Rubisco 2826 (-) | (Cousins et al.,
2010)

a Fraction of Photosystem Il activity in bundle sheath | 0.1 (von
Caemmerer and
Furbank, 1999)

X Partitioning factor of Jatp to the C4 cycle 0.4 (von
Caemmerer and
Furbank, 1999)

Table 1 shows that many of the assumed parameters are enzyme properties, which could be
expected to vary less within species compared to maximum catalytic activities of the enzymes. It
should be noted that due to the assumption of light-limited assimilation in our model formulation,
enzyme properties are less likely to influence our estimation. However, for clarity we show the
sensitivity in Fig. 1. The estimates were gys, the lumped calibration factor (s’) and, the slope of
linearity between mesophyll conductance (Xgm) and leaf nitrogen content. The sensitivity analysis
was carried out by considering the following changes; 0.25, 0.50, 1.25 and 1.50 times the default

value listed in Table 1.
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Figure 1. Sensitivity of the estimated values of g, (square), s’ (triangle) and Xgn (circle) to input parameters such as K, (a), Kmc, (0) Kmo, (€) Scro,

(d) and a (e). The changes in the estimated parameters were expressed by dividing the new parameter by the default value given in Table 1 (here).
The parameters g, and s’ were an average of the estimates for all leaf types corresponding to each change in the input parameters.



Fig. 1 shows that the estimated gy, s~ and Xgm Were not sensitive to input parameters listed in
Table 1 including the fraction of PSII in bundle sheath cells (o), confirming the result of Yin et
al. (2011).

Table 2 shows that Xgm and s ” were largely insensitive to various values of x except when it is low
(0.35). However, the value x = 0.35 may not be biologically realistic as many modeling studies
show that x is very close 0.40 (von Caemmerer and Furbank, 1999; Yin et al., 2011) under
various treatment and ambient conditions. Yin & Struik (2012) estimated that when additional
ATP utilizing processes were considered, x varies from 0.399 to 0.385. Optimization analysis
showed that the optimum x stayed ca. 0.4 over a wide range of conditions, only except under
extremely low light condition (von Caemmerer and Furbank, 1999). When x was also estimated
simultaneously with gps from our model, it was 0.43 + 0.042 which is also close to 0.4. We chose
to fix x = 0.4 to improve the estimation of gys by reducing the number of parameters that should

be fitted simultaneously.

Table 2 shows that the estimated values of gps were highly sensitive to assumptions regarding the
values of x expectedly due to the assumption of light-limited photosynthesis rate. Due to the high
standard error in some of the estimated gps (Fig. 4 of manuscript and Fig. 2 here) we are not
certain about the actual values of them as was also discussed in the current manuscript. However,
Fig. 2 shows that the relationship between gys and leaf nitrogen content (LNC) remained strongly
linear. Therefore, although the estimated bundle sheath conductances were sensitive to the choice
of x, the relationship between gps and LNC was minimally affected. This is in line with our main

intention in current manuscript.

In the revised manuscript, we now added a new section (section 3.4) on lines 283-302 to discuss
the sensitivity of gys to x. Table 2 and Fig. 2 were included in supplementary materials as Table
S4 and Fig. S4 respectively. For completeness, the lack of sensitivity gys to the other parameters
in Table 1 which was the result of our assumption is shown in Fig. S10 (supplementary

materials).



Table 2. Sensitivity of parameters, slope of linearity between mesophyll conductance and leaf nitrogen content (Xgm), lumped
calibration factor (s") and bundle sheath conductance (g,.) for assumed values of the fraction of ATP allocated to the C4 cycle (x).

The leaf nitrogen (N) contents are represented by low (N1), intermediate (N2) and high (N3) for young (A1), and old (A2) leaves.

S" Is’ =04 Os I9bs x=0.4
X Xg N1Al N1A2 N2Al N2A2 N3Al N3A2 N1Al N1A2 N2A1l N2A2 N3Al N3A2
m
0.35 1.00 1.16 1.14 1.14 1.14 1.14 1.15 1.47 0.93 0.77 0.73 0.77 0.77
0.40 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
0.45 1.01 0.98 0.99 0.99 0.99 0.99 0.99 2.19 2.82 2.29 3.07 2.40 2.40
0.50 1.02 0.98 0.99 0.98 0.99 0.98 0.98 3.59 4.99 3.81 5.61 4.25 3.95
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Figure 2. Relationship between bundle sheath conductance (gns) and leaf nitrogen content (LNC) for various fractions of ATP
partitioned to C4 cycle (x): x = 0.35 (panel A), x = 0.45 (panel B) and x = 0.50 (panel C). Bar represent standard error (n=4).




2. Similarly, a value of 0.4 was used to partition the amount of ATP to C4 cycle as well.
Some recent evidence suggests that under different conditions, the Rubisco and PEPC activities
change and the ratio between them can alter. As a result, the proportion of energy portioned into
the C3 cycle and the C4 cycle might change under different treatments. Some sensitivity analysis
will be desired to test their influence on the estimated conductance and leakiness.

RESPONSE: sensitivity of the gys, Xgm and s’ to x is already addressed in the response to the

comment 1 (above). Below, we present the sensitivity of the estimated leakiness to x.
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Figure 3. Sensitivity of estimated leakiness in response to irradiance for fraction of ATP allocated
to the C4 cycle (x): x = 0.4 (filled circles) and x = 0.45 (open circles). Leaf types were: young
(Al) and old (A2) leaves from maize plant grown under low (N1), intermediate (N2) and high
(N3) nitrogen supply. The oxygen concentration was 21 %.

Fig. 3 shows that the estimated leakiness was sensitive to x due to 2 to 3 times higher gps (Table 2
above). In addition, similar to our previous results (filled circles in Fig. 3, here), leakiness was

largely similar among the leaf types. Therefore, we added a brief description on lines 298-300



stating the sensitivity of the predicted leakiness and the mean concentration of CO, in bundle
sheath cells to x. Fig. 3 was also included in supplementary materials as Fig. S8 (supplementary
materials) and the response of the mean concentration of CO; in bundle sheath cells was added to

supplementary materials as Fig. S9.

In conclusion, changing the value of x does not affect the strong linear relationship between gps
and LNC, which is the main focus of our study. Although the prediction of leakiness was also
sensitive to the exact value of x, the stability of leakiness across treatments as was also
highlighted in the manuscript did not change. Moreover, prediction of leakiness was not our main

intention in the current manuscript and the predictions should be considered only temporary.

3. Lines 218-222. It is difficult to understand how would a maize leaf being constantly light
limited under different light and CO2 levels. The relationship between quantum efficiency of
CO2 fixation and that of the PSII electron transfer should not be used as an argument that the
system is constantly limited by electron transfer as well. Limitation in the enzyme activity would
feedback to decrease the CO2 fixation rate, which can also in principle generate a good
relationship between electron transport and CO2 fixation. The linear relationship suggests that the
proportion of ATP or energy used for sinks other than CO2 fixation was not altered during the
measurements.

RESPONSE: we agree with this reviewer that the linear relationship suggests that the proportion
of ATP or energy used for sinks other than CO, fixation was not altered during the measurements

so that any enzymatic limitation, if occurred, had a feedback effect on electron transport.

A strong linear relationship between quantum efficiency of CO; fixation and that of PSII electron
transport has been reported for various C, plants, including maize (Krall and Edwards, 1990). In
particular, Krall and Edwards (1990) observed such a close coupling even under very low
intercellular CO; in the range of 40 — 50 pbar. They interpreted this as C, plants still using a large
amount of light energy in photosynthesis even under low CO,. In addition, limitation of
photosynthesis, mainly by electron transport was also observed in our previous measurement for
maize leaves (Yin et al., 2011). At the time of the measurement, we could measure only a few
physiological parameters such as rate of photosynthesis, intercellular CO, and quantum
efficiency of PSII electron transport. We agree that this must be carefully interpreted as several
factors such as feedback regulation and possible co-limitation might also play a role. However,

this could be resolved when enzyme activity measurements are also done.



In the manuscript, line 218-223 we corrected the interpretation of the linear relationship between

the quantum efficiency of CO, fixation and that of PSII electron transport.

4, Following the above point. Some good explanation is needed to elucidate why unrealistic
estimation of the Vcamx and VVpamx was obtained.

RESPONSE: In the manuscript, lines 223-226 we added explanations for why unrealistic
estimates of V¢ max and Vp max Were obtained.

5. The code used for parameter fitting is not in open source, hence it is difficult to evaluate
the potential parameter assumptions used in fitting the GE and CF data. It would be important to
list out all the parameters used in the curve fitting to enable later replication of the work.
RESPONSE: Yin et al. (2011) indicated in their article that the code could be obtained upon
request, so the code is open. In fact, Dr Yin (a coauthor of the present manuscript) has already
received many requests, and he has sent the code to the requesters. This is also indicated on line
213 of the present manuscript.

A full list of parameters was given in supplementary material Table S1 (supplementary

materials).
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*Highlights (for review)

Highlights
e Bundle sheath conductance positively correlated with leaf nitrogen content.
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10 e Bundle sheath conductance impacted by leaf nitrogen content related little with anatomy.
12 e Combined effect of leaf nitrogen content and age on anatomy caused variations of bundle

14 sheath conductance.



