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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 conduc-
tance (g ), 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 C4 photosynthesis to estimate g;. The leaf
microstructure and ultrastructure were quantified using images obtained from micro-computed tomog-
raphy and microscopy. There was a strong positive correlation between g,; and leaf nitrogen content
(LNC) while old leaves had lower gy,s than young leaves. Leaf thickness, bundle sheath cell wall thickness
and surface area of bundle sheath cells per unit leaf area (S, ) correlated well with g, although they were
not significantly affected by LNC. As a result, the increase of g, 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 g,; 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
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effects further.

© 2016 Published by Elsevier Ireland Ltd.

1. Introduction

Improving the efficiency of photosynthesis could contribute to
better food security under an unprecedented rise in global popu-
lation and climate-change [1,2]. The photosynthesis pathway in C4
plants enables them to be more efficient in solar-use, nitrogen-use
and water-use than Csz plants [3,4]. In C4 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, con-
centration nearby the fixation sites of Rubisco [5]. This mechanism
effectively suppresses photorespiration, thereby yielding high pho-
tosynthetic resource-use efficiencies.
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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 conductance
affect diffusion of CO, towards the stomatal cavity. The meso-
phyll conductance (gp,) 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 resis-
tance is known as the bundle sheath conductance (g,). The lower
8ps, the lower is CO, retro-diffusion from bundle sheath cells, and
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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 gj,.

C4 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 wall 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 benefi-
cial for high quantum yield [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 C4 plants to the efficiency of C4 photosynthesis
continues to be extensively studied [6,16,17,20-23].

CO, conductances in C4 plant leaves were recently esti-
mated using combined gas exchange and chlorophyll fluorescence
measurements [24,25] or with carbon isotope discrimination mea-
surements [8,15,25,26] in analogy to the methods used to estimate
gm in C3 leaves [27-29]. Gas exchange and chlorophyll fluorescence
measurements result in CO, and irradiance responses of net photo-
synthesis and quantum efficiency of PSII electron transport, which
are then used to parameterize biochemical model of von Caem-
merer & Furbank [30] and estimate g and/or g,,. The procedures
to estimate these conductances using various software tools are
readily accessible [24,32]. In addition, the benefits of chlorophyll
fluorescence measurements in C4 plants have been substantiated
[24,25,33,34]. Using these methods, g,; was found to vary with
nitrogen supply [24], growth light [7,25,26], leaf age [24,35,36], and
temperature [34].

Very few studies measured leaf anatomical properties and esti-
mated g5 or g, 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 (S ), 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
[7], leaf thickness and cell diameter [26] contributed to the varia-
tions in gy or gim. 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 S, and cell
wall thickness being altered by nitrogen treatment. In addition,
an increase in g, was suggested when C4 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 anatomi-
cal 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 advan-
tage 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 influ-
ences CO, diffusion and hence CO, fixation rate [46]. Whether
and how the cell wall of the bundle sheath contributes to the
variations in g, 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 nitro-
gen 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 prop-

erties 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 C4; photosynthesis
[30] to estimate gps, and X-ray micro-CT, light and electron
microscopy images to obtain microstructure and ultrastructure
details of the leaf anatomy.

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
(Zeamays L.) plants, hybrid 2-02R10074, were grown in a controlled
glasshouse in four blocks. In each block, the three nitrogen treat-
ment levels were 0.15 (N1), 0.50 (N2) and 1.25 (N3) g N per pot.
There were two leaf ages: 19d (young leaves) or 32d (old leaves)
counted after their first appearance. For the old leaves, the fre-
quency 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 measure-
ments were done in four replicates on the mid-portion of the 6th
leaf, using a LI-6400XT open gas exchange system with an inte-
grated fluorescence chamber head, enclosing a 2cm? leaf area
(LI-COR, Lincoln, NE, USA). The CO, responses of photosynthesis
were measured at an incident light intensity of 1500 wmol m—2 s~!
in steps of 380, 200, 100, 90, 80, 70, 60, 50, 380, 380, 500, 1000
and 1500 wmol mol~! allowing three minutes per step for pho-
tosynthesis 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 m—2s~!
allowing six minutes per step. The response curves were measured
both at 2% and 21% 0O,, and the IRGA calibration was adjusted
for O, composition of the gas mixture according to the manu-
facturer’s instructions. The ambient CO, was 250 pmolmol~! at
21% 0, and 1000 pmolmol-! at 2% 0,. 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 wmols~1.
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 (F;) and maximum relative fluorescence
(Fp,) were also measured. F; was measured after photosynthesis
reached a steady-state after each of the CO, or light steps. F;,, was
measured after a saturating light-pulse of intensity greater than
8500 wmolm~2 s~ for a duration of 0.8 s. The quantum efficiency
of PSII electron transport was calculated as AF/F;, = (Fy, — Fs)/Fpy
[48]. Following the photosynthetic measurements, leaf nitrogen
content (Micro-Dumas combustion method, Thermo Scientific,
elemental C/N analyzer, type: Flash 2000) and dry mass were deter-
mined from three leaf samples (per plant) of having an average area
of 2.15cm? that were dried to constant weight in an oven at 70°C
for 48 h.

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 (5mm x 5mm), both for
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