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Abstract

The spatial-temporal dynamics of photosynthetic heterogeneity within leaves under environmental fluctuations are still
not well understood, limiting accurate assessments of plant photosynthetic capacity. Here, we combined '*CO, labeling
with water status monitoring to quantify variations in intra-leaf photosynthetic rate (A43c) during a drought-rewatering
cycle. Hydraulic properties and anatomical traits were further investigated in well-watered plants. Under well-watered
conditions, both A;3c and water use efficiency (WUE) increased progressively from the leaf base to the tip. However, se-
vere drought followed by rewatering eliminated this longitudinal gradient in A43¢, with leaf tips exhibiting significantly im-
paired photosynthetic recovery. This impairment was associated with tip-specific limitations: (i) reduced water storage
capacity exacerbating dehydration; and (ii) increased vulnerability of hydraulic conductance potentially leading to hy-
draulic failure. Importantly, the impaired leaf tips can result in reduced whole-leaf WUE. Our findings demonstrate the
utility of 3CO,, labeling for measuring leaf photosynthetic heterogeneity, reveal the dynamics of photosynthetic hetero-
geneity in response to environmental fluctuations, and highlight the vulnerability of leaf tips.

Keywords: '°CO,, hydraulic capacitance, hydraulic vulnerability, isotope, leaf tip, maize, photosynthetic heterogeneity,
rewatering, water use efficiency.

Introduction

Plants synthesize carbohydrates from CO, and water via
photosynthesis, which is essential for their growth. Leaves are
the primary organ for photosynthesis, but their photosynthetic
rates vary, not only among different leaves within a canopy but
also within distinct parts of the same leaf (Terashima, 1992).
The variation in photosynthetic rate can be attributed to differ-
ent environmental factors (Meinzer and Saliendra, 1997) and
inherent differences in transcription, metabolism, and anatom-
ical traits (Miranda et al., 1981; Mayfield and Taylor, 1984;
Long et al., 1989; Zheng et al., 2013; Ponnala ef al., 2014;
Tausta et al., 2014; AbdElgawad et al., 2020; Strable and

Nelissen, 2021). For experimental rigor and convenience,
photosynthetic rates are typically assessed in specific leaf sec-
tions for comparative analyses across varieties or treatments.
However, such localized measurements often fail to reflect
the photosynthetic capacity at the canopy level (Medrano
et al., 2015; Fullana-Pericas et al., 2022; Chintala et al.,
2024). A deeper understanding of this photosynthetic hetero-
geneity can enhance the accuracy of measurements and mod-
eling work at leaf or plant levels.

Crops belonging to the Poaceae family, characterized by their
long and narrow leaves, exhibit longitudinal photosynthetic
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heterogeneity. Many studies in maize, rice, sugarcane, and other
Poaceae species have documented that photosynthetic capacity is
lowest at the leaf base, progressively increasing towards the tip
(Long et al., 1989; Meinzer and Saliendra, 1997; Kodama
et al., 2011; Xiong et al., 2015), occasionally with decreases at
the tip (Repka and Jurekova, 1981; Ocheltree er al., 2012;
Verma et al., 2020). In these studies, this spatial gradient is closely
correlated with the non-uniform leaf structure and biochemistry
for well-watered plants. However, crops in the field always face
environmental fluctuations, with drought and rehydration being
common scenarios. It remains unclear whether this spatial pat-
tern of photosynthetic heterogeneity within the leaf is static or
dynamic under changing environments. Given that the spatial
stomatal heterogeneity may arise from heterogenous distribution
of local hydraulic resistance (Nardini et al., 2008), which is sen-
sitive to drought, it is very likely that the photosynthetic hetero-
geneity within the leaf would change following drought
(Pelleschi et al., 2008; Verma et al., 2020). In species with narrow
and elongated blades, such as rice and some grasses, desiccation
and tissue mortality primarily occur at leaf tips under high tran-
spiration demand, soil drought, or excessive fertilizer conditions
(Clary et al., 2005; Ndjiondjop et al., 2012; Pandey et al., 2016;
Riaz et al., 2020), known as tip burn. Therefore, we hypothesize
that the photosynthetic heterogeneity within the leaf would
change after a drought-rewatering cycle due to the lower recov-
ery capacity at leaf tips. Although internet searches for ‘crop
drought’ often yield images showing tissue mortality starting at
the leat tip, mechanisms behind this phenomenon have not
been well studied. Further research on this topic can enhance
our understanding of plant carbon assimilation capacity under
climate change.

Generally, post-drought photosynthetic recovery is influ-
enced by two key factors, the stress level and the physiological
recovery limitations. Firstly, despite most of the hydraulic re-
sistance in leaves residing outside the xylem, water transport
from the leaf base to the tip, coupled with the imbalance be-
tween water provision and loss, still results in a significant de-
cline in water potential from the leaf base to the tip (Zwieniecki
et al., 2002; Cochard et al., 2004b), leading to different stress
levels during drought conditions. This impact may be ampli-
fied in long, narrow maize leaves. Secondly, stomatal limitation
is the dominant constraint on post-drought photosynthetic re-
covery in maize, before lethal drought levels are reached (Liu
et al., 2024). The recovery of stomatal conductance post-
drought may be constrained by various factors, such as hor-
mone concentration and osmotic adjustment (Hasan et al.,
2024), particularly as a significantly reduced water transport
capacity can inhibit leaf gas exchanges for an extended period
(Skelton et al., 2017; Rehschuh et al., 2020; Wagner et al.,
2023). Therefore, we will focus on the heterogeneities in water
status and hydraulic characteristics within the leaf to interpret
the reduced recovery capacity at leaf tips.

Several methods have been developed to measure photosyn-
thetic heterogeneity within leaves. One approach involves
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calculating changes in dry weight per unit leaf area before
and after illumination of different leaf parts (Sestak and
Bartos, 1962; Repka and Jurekova, 1981). However, this ap-
proach necessitates destructive sampling prior to illumination,
potentially disrupting adjacent leaf gas exchange. Similarly,
iodine staining has been utilized to identify photosynthetic
starch accumulation across leaf segments (Harazono and
Yabuki, 1982; Terashima et al., 1988). Both methods sufter
from the requirement for extended photosynthetic periods
(hours), inevitably introducing errors due to photoassimilate
transport. The introduction of portable gas exchange devices
has significantly facilitated measurements of leaf gas exchange,
emerging as a powerful tool in recent years for investigating
photosynthetic heterogeneity (Lawson and Weyers, 1999;
Ocheltree et al., 2012; Li et al., 2013; Xiong et al., 2015;
Zhang et al., 2018; Yang et al., 2023). Nevertheless, these in-
struments require sequential measurements of individual leaf
parts, with each measurement requiring 5—10 min for stabiliza-
tion (Ocheltree et al., 2012). Additionally, the action of grip-
ping leaves can significantly impact nearby leaf gas exchange
(Buckley and Mott, 2001). Therefore, temporal disparities
may introduce new errors. Furthermore, fluorescence detec-
tion and thermal imaging have been employed to characterize
photosynthetic heterogeneity (Terashima, 1992; Song and
Zhu, 2024), but accurately quantifying the photosynthetic
rate remains a challenge (Edwards and Baker, 1993). Isotopes
have great potential to evaluate photosynthetic heterogeneity.
For instance, '*CO, (radioactive) labeling has been applied to
characterize relative variations in photosynthesis within the
leaf, but it similarly failed to provide precise measurements of
the photosynthetic rate (Downton et al., 1988; Wise et al.,
1992). In contrast, >CO, (stable) labeling has proven useful
in discriminating photosynthetic capacities in rice leaves under
different water conditions (Wang et al., 2023). By accurately
controlling the ">CO, concentration, labeling duration, and
environmental parameters, the application of >CO, labeling
coupled with tissue isotope abundance analysis is promising
for quantifying photosynthetic rates across difterent leaf parts
and eliminating errors stemming from differing measurement
times.

In this study, we developed a '>CO, labeling method to
quantitatively assess intra-leaf photosynthetic heterogeneity.
We elucidated the fundamental principles and provided
step-by-step operational protocols for this novel method-
ology. Employing this technique, we selected maize as our
model organism to investigate intra-leaf photosynthetic het-
erogeneity. Two maize cultivars, Zhengdan 958 (ZD958)
and Xianyu 335 (XY335), which are widely grown in
China, were grown in pots for the experiment. We asked
the following questions. (i) What are the temporal dynamics
of this heterogeneity during a drought-rewatering cycle?
(i1) How do varying water statuses and hydraulic properties
influence the recovery of photosynthesis across different leaf
sections?
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Materials and methods

Plant materials and drought-rewatering treatment

The experiment was conducted in 2022 on the campus of Huazhong
Agricultural University, located in Wuhan City, China. Maize seeds of’
two cultivars, Zhengdan 958 (ZD958) and Xianyu 335 (XY335), were
sown in seed trays on 31 March. Then, three-leaf seedlings were trans-
planted to 18.9 liter pots filled with local clay soil [soil water-holding cap-
acity, 38.9% (v/v); soil bulk density, 1.30 g cm™] 8 days after sowing
(DAS). Ceramsite was spread over the bottom of the pot to act as a filtration
layer. A fertilization schedule was applied to each pot, consisting of 1 g of’
compound fertilizer (containing 16% N, 16% P,Os, and 16% K,0O) and
0.5 g of urea dissolved in water, at weeks 1, 5, and 10 post-sowing.
Plants were grown outdoors and regularly watered to avoid drought stress
before treatment.

The drought—rewatering treatment commenced at the maize R2 stage,
specifically 74 DAS. The vegetative growth almost stopped during this
stage. For the well-watered group, plants received adequate watering at sun-
set each day, whereas for the drought—rewatering group, watering was with-
held from the first day through the third day, then resumed at an adequate
level in the afternoon of the fourth day and was maintained until the ninth
day. Forty plants per cultivar were prepared for each treatment. Over the 9 d
period, measurements were conducted at midday (11.00-14,00 h) on the
first day to the fifth day and on the ninth day, including leaf water potential
and intra-leaf heterogeneities of photosynthetic rate, osmotic potential, ni-
trogen content, and leaf mass per area. In addition, the intra-leaf heteroge-
neities of the pressure—volume (PV) curve, anatomy traits, and hydraulic
vulnerability in well-watered plants were measured on 71-72, 80, and
88-89 DAS, respectively. All these traits were measured on leaves near
the maize ear. The heterogeneity of traits within the leaf were evaluated
by comparing the values at the tip with those at other positions.

Leaf water potential

Four plants from each cultivar and each treatment were randomly selected.
One leaf per plant was sampled at midday (11.00-12.00 h) to measure the
leaf’ water potential (W).,, MPa) using a pressure chamber (3005,
Soilmoisture Equipment Corp., USA). Prior to measurements, plastic
film was wrapped around the sampled leaves for ~5 min to equilibrate.

Photosynthetic rate

After measuring the Wy.,q, the selected plants were subjected to measure-
ment of the photosynthetic rate at midday (12.00-14.00 h). Leaves were
positioned in a chamber containing *CO, for a certain period of photo-
synthesis (Fig. 1A; Supplementary Fig. S1). Leaf regions with higher
photosynthetic rates assimilate greater amounts of >CO», leading to a
higher detected '*C abundance. Thus, the localized photosynthetic rate
can be accurately determined by analyzing the '*C abundance difference
before and after labeling. The detailed operational procedure is as follows.

(i) To facilitate subsequent steps, each plant was trimmed to retain
only one leaf near the ear. All other leaves and the stem tissue above
this leaf were carefully removed.

(i) The entire leaf was placed in a leaf chamber (length, 100 cm; width,
15 cm; height, 5 cm), and sealed with slime (gslime; Deli Group
Co., China) to prevent leakage. The chamber was placed under light
with the cover open for 30 min for photosynthetic induction. The
photosynthetic photon flux density (PPFD) was ~1300 umol m™>
s7! at leaf height, close to the photosynthesis light saturation point
for maize leaves, with an intensity ratio of ~13% purple, 13%
blue, 23% green, 11% yellow, 7% orange, and 33% red. Room
temperature was controlled at ~29 °C using an air conditioner,
and relative humidity was maintained at ~60% with a humidifier.
The device had four leaf chambers and thus can accommodate
four plants for photosynthetic induction in a group.

(i) The leaf chamber was first closed, and a mixed gas of 400 ppm
]3C02, 80% Ny, and 20% O, at 60-70% relative humidity was in-
jected into the leaf chamber. The flow rate of mixed air (80% N,
and 20% O,) was regulated at 10 1 min™' by a flow meter
(YQB-731L-50; Provov, China); the flow rate of >CO, was regu-
lated at 4 ml min~' by another flow meter (IKFD0-10SCCM,;
Beijing Ainuo, China). The appropriate amount of wet tissues was
placed in the mixing box to maintain humidity. A mixing fan, oper-
ating ata wind speed of ~0.5 ms~", was positioned near the air intakes
to ensure a uniform gas composition within the chamber. The airflow
outside the chamber was filtered by NaOH solution to absorb the re-
maining 13COZ.

(iv) After 2 min, the air injection was stopped, and subsequently the
entire labeled leaf was sampled and stored under —20 °C. The
next chamber was closed, and the operation was repeated to label
the rest of the leaves. The lab was ventilated for 5 min between two
labeling groups to avoid *CO, pollution.

(v) Thelabeled leaf was evenly cutinto eight segments from the tip to the
base. Approximately 4 cm? of leaf tissue, avoiding the main vein, was
sampled from each segment. After measuring the leafarea (g, cm2),
samples were dried in an oven to determine the DW (g). The leaf
mass per area (LMA, g em™?) was calculated as DW divided by diear

(vi) Dry samples were ground into powder using a tissue grinder
(Tissuelyser-32; Jingxin Co., Ltd., China).

(vi)) Powdered leaf tissue samples of 1.5-2.0 mg were prepared for the
measurement of carbon (C%, g g”') and nitrogen contents (mmol
m™?) and "C abundance (8"°C, %o) using an elemental analyzer
(Vario PYR O Cube, Elementar Trading Co., Germany) and a sta-
ble isotope ratio mass spectrometer (Isoprime 100, Elementar
Trading Co., Germany). The proportion of "*C to total C (R, di-
mensionless) was calculated by the following equation:

R (6C/1000 + 1) x 0.011237 W
T ((3"°C/1000 + 1) X 0.011237 + 1)

The leaf localized photosynthetic rate based on the '>CO, labeling meth-
od (A13c, ptmol m™2 s™1) was calculated by the following equation:

DW X C% X (Riabel = Ruer)
Apse = @
Aleaf X X M

where Ry is the groportion of 1°C to total C in labeled samples; R .¢is
the proportion of 1°C to total C in non-labeled samples, varying along the
blade (see the Results);  is the equivalent assimilation time (s); and m, is
the molecular mass of the >C atom (13 g mol™).

During the labeling, the leaf chamber was primarily composed of
2CO, initially; the proportion of *CO, progressively increased during
the process of air injection. Therefore, it is crucial to note that ¢ should
not be 2 min during the calculation. Given the presence of a fan inside
the chamber, the injected 400 ppm >CO, was rapidly and continuously
mixed with the internal air. Accordingly, we employed the integration
method to calculate the equivalent assimilation time, which was deter-
mined to be 97.61 s (Supplementary Fig. S2).

Several tests were conducted to validate the reliability of the *CO, la-
beling method in quantifying the photosynthetic rate.

Evaluating the carbon export during labeling

We measured the >C abundance at the labeled sites and nearby sites after
2 min labeling to evaluate the carbon export. Ten plants of ZD958 were
used: five to evaluate the carbon export at the leaf tip (30% of leaf length
from the ligule) and another five for the leaf base (70% of leaf length from
the ligule). Labeling was conducted using a portable gas exchange device
(Licor-6400; LI-COR, Inc., Lincoln, NE, USA). The air intake of the
Licor-6400 was connected to mixed gas (800 ppm '>CO,, 80% N,
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Fig. 1. The 'CO, labeling technique for measurement of the leaf photosynthetic rate. (A) Schematic diagram of the "®CO, labeling device. (B) Translocation
of newly assimilated '3C after a 2 min labeling. (C) Comparison of photosynthetic rate obtained using the '2CO labeling technique (A13c) and portable
photosynthesis system (P,). (D) Comparison of the photosynthetic rate measured before and after trimming. In (B) and (D) data are means + SE, n=5.

20% O,; humidified to 50% relative humidity). In the leat chamber, PPFD
was set at 1300 pmol m™2s™" and air temperature was maintained at 25 °C.
After 2 min of labeling using the leaf chamber, samples were collected from
the labeled area and tissues located 0—2 ¢cm and 2—4 cm above and below it
to determine >C abundance according to the previous protocol. Prior to
labeling, five control samples were collected from both the tip and the
base sections to establish baseline '*C abundance levels. Assimilated '*C
mass at the labeled site (M, g and its proportion to the total
(Plabels %) were calculated by the following equations:

Mypg = DW X C% X (Rlabel - Rref) (3)

Mﬂ C)
Ppa = . X 100% @)
M_y + M_y + Mipa + My + M

where M 5, M ;, M;, and M, are assimilated >C mass at 24 cm and 0—
2 cm below the labeled site and 02 cm and 2—4 cm above the labeled

site, respectively. M_,, M_q, My, and M, were also calculated based on
Equation 3.

Comparison between gas exchange and "°CO, labeling methods
Thirteen leaves from five plants of ZD958 were used in this comparison.
Plants were desiccated to diftferent drought levels. A portable gas ex-
change device (Licor-6800) was used to measure gas exchange at the mid-
dle sectlon of each leaf. In the leaf chamber, PPFD was set at 1300 pmol
m™2 57", and air temperature, relative humidity, and CO, concentration
were malntamed at 27 °C, 60%, and 400 ppm, respectively. Results were
recorded once the net photosynthetic rate (P,, pmol m™>s™") and stoma-
tal conductance had stabilized. Subsequently, the air supply was immedi-
ately switched from ambient air to a mixed gas (400 ppm *CO,, 80% N,
30% O,); temperature, light density, and relative humidity were main-
tained. After labeling for 2.5 min, the blade inside the leaf chamber was
sampled to measure the *C abundance according to the previous
protocol.
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Impacts of trimming on P,

In order to place the leaf for *COj labeling into the chamber and under
the light, all other leaves and the upper stem section were removed. The
P, was measured before and 1 h after trimming in four plants of ZD958
using the Licor-6800.

Osmotic potential

After completing the *CO, labeling process at step (v), leaf tissue samples
were collected from three regions: the tip (the first and second segments
from the apex), the middle (the fourth and fifth segments from the apex),
and the base (the seventh and eighth segments from the apex). These sam-
ples were sealed in tubes and stored at =70 °C. The osmotic concentra-
tion of the sap extracted centrifugally from these samples was measured
using a vapor pressure osmometer (VAPRO5600; Wescor Inc., Logan,
UT, USA). The leaf osmotic potential (‘¥,,,, MPa) was calculated em-
ploying the Van’t Hoff equation based on the measured osmotic concen-
tration; see Liu ef al. (2024) for a detailed description.

Pressure—volume curves

Five well-watered plants from each cultivar were randomly selected. One
leat from each plant was harvested and rehydrated by submerging its cut
end in water for 2 h to reach saturation (greater than —0.2 MPa). Samples
were taken from the leaf tip (0-33% of the leaf length from the apex),
middle (33—66% of the leaf length from the apex), and base (66-100%
of the leaf length from the apex) positions to measure their PV curves.
The PV curve was constructed by progressively drying the tissues on a la-
boratory bench while periodically measuring their water potential and
mass. The water potential was measured using a pressure chamber (3005,
Soilmoisture Equipment Corp., Goleta, CA, USA). The turgor loss water
potential (Wg,, MPa), hydraulic capacitance before (Cp, mmol m™>
MPa™") and after (Cpos, mmol m 2 MPa™") Wy, saturated water content
(SWC, g H,O g~ dry mass), and other parameters were calculated accord-
ing to the method of Sack and Pasquet-Kok (2011).

Generally, leaves measured for water potential in a pressure chamber
require only their petioles to be open, with other parts remaining intact.
However, to determine the PV curve and to follow leaf hydraulic con-
ductance of different leaf parts, sampling various sections of the leaf for
water potential measurement is necessary, inevitably resulting in two
cut ends. Therefore, we conducted a preliminary experiment to deter-
mine the impact of two open cut ends and varying leaf lengths on water
potential results. The results indicated that, as long as the maize leaf
length exceeded 16 cm, the impact was negligible in this experiment
(Supplementary Table S1).

Stomatal morphology

Five well-watered plants from each cultivar were randomly selected.
Transparent nail polish was applied to the abaxial leaf surface at the tip,
middle, and base sections. After drying, the nail polish was carefully
peeled off and pasted onto a glass slide. An optical microscope (Ti-E;
Nikon, Japan) was used to take photos of the stomatal footprints.
Stomatal size (SS, um?) and density (SD, mm™2) were analyzed using
Image] software (National Institutes of Health, USA).

Leaf anatomies

Five well-watered plants from each cultivar were randomly selected.
Samples were taken from the leaf tip, middle, and base sections for paraffin
cross-sectioning. Standard paraffin sections were prepared and scanned by
‘Wuhan Servicebio Technology Co., Ltd. Leaf thickness (LT, pm), vascu-
lar bundle density (VBD, mm_l), distance from stoma to the nearest vessel
(d,_,, pm), vessel diameter (D,), and (¢/b)* (a parameter to characterize the
structural strength of vessel cell walls; ¢, cell wall thickness; b, maximum

span of vessel lumen) were analyzed using CaseViewer software
(3DHISTECH Ltd., Hungary). Three replicates were randomly selected
from each paraffin section for all these traits during measurements.

Notably, the calculation of VBD included both first-order (1°) and
second-order (2°) veins. Considering the significant morphological dif-
ferences between vein orders, measurements of D, and (i/b)? were con-
ducted on both orders.

Leaf hydraulic vulnerability

Leafhydraulic Vulnerabilitz curves, which describe the leat hydraulic con-
ductance (Kjear, mmol m™= MPa™' s71) change with water potential de-
cline, were measured using the rehydration kinetics method (Brodribb
and Holbrook, 2003). The remaining well-watered plants of ZD958
were desiccated to different drought levels, and leaves were sampled,
wrapped in plastic film, and placed in the dark to achieve equilibrium.
Following this, the water potential of the central portion of the leaf
(Yo, MPa) was measured. Then the leaf tip was excised under water
and rehydrated for 20-30s (), after which its water potential (Wg
MPa) was measured. ki,r of the leaf tip was calculated as follows:

C)(lnﬁ
We

r

®)

klea( =

where Cis hydraulic capacitance of the leaf tip determined from PV curves.

The kye,r of the middle and base sections was measured using the same
methodology.

The vulnerability curve was constructed by plotting ky..r against ‘P,
with regressions fitted using a sigmoidal function. The water potential in-
ducing 50% loss of hydraulic conductance (Psy, MPa) was calculated
accordingly.

Statistical analysis

The statistical software SPSS (IBM Corp., USA) was used to analyze the
variance of the test data. One-way ANOVA or Student’s -test was per-
formed to compare differences between treatments or leaf sections.
Two-way ANOVA was performed to test for the effects of leaf section,
time, and their interaction. The software SigmaPlot (Systat Software
Inc., USA) was used to examine the correlations and prepare the figures.

Results

The reliability of the "®CO, labeling technology to measure
photosynthetic rate

A PCO, labeling method was developed to measure the leaf
photosynthetic rate (Fig. 1A). To validate the reliability of this
method, several experiments were conducted. First, we eval-
uated the transport of assimilates during labeling. When
>CO, labeling was applied for 2 min at one-third of the leaf
length from the ligule, we observed that 99.3% of newly assimi-
lated "*C remained at the labeling site, with <0.7% potentially
transported to the adjacent tissues (Fig. 1B). Similar results
were found when labeling was conducted at two-thirds of the
leaflength from the ligule. Second, we conducted a comparative
analysis of the leaf photosynthetic rate measurements obtained
from the same leat middle position using a Licor-6800 or based
on the principle of ">CO, labeling. The results demonstrated a
strong correlation between the photosynthetic rates estimated
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Fig. 2. Leaf potential dynamics. Dynamics of the (A) leaf water potential
(Yiear) @and (B) osmotic potential (¥orm) at midday during drought and rewa-
tering. Data are means + SE, n = 4. One-way ANOVA of treatment or pos-
ition effects: “P < 0.05; ***P < 0.001.

by two methods (Fig. 1C; R*=0.95, P< 0.0001), with a slope
of 0.987. Finally, we confirmed that tissue removal required for
CO, labeling did not affect P, (photosynthetic rate measured
by Licor-6800; Fig. 1D).

Dynamic variations in intra-leaf heterogeneities in water
status, photosynthetic rate, and C and N contents during
a drought—rewatering cycle

Leaf water status

The drought—rewatering treatment induced severe drought stress
on maize plants, significantly affecting their leat water status. By
the third day, both cultivars exhibited a significant decline in mid-
day leaf water potential (W).,) compared with the well-watered
plants (Fig. 2A). On the fourth day, drought stress intensified, re-
ducing Wy..¢ further to —2.45 + 0.22 MPa for ZD958 and —2.22
+ 0.31 MPa for XY335. Water supply was adequately restored
that afternoon. By the fifth day, the second day after rewatering,
W\..rquickly returned to pre-drought levels, exhibiting no signifi-
cant difference from the well-watered plants.

The leaf osmotic potential (W,,,) at different positions with-
in the leaf was monitored to evaluate its spatial variation
(Fig. 2B). During the first 3 d, no significant differences in
WY, were observed between treatments for either cultivar.
However, by the fourth day, severe drought led to a remark-
able decrease in W,,,, particularly at the leaf tip of ZD958,
where the decline was more pronounced compared with other
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Fig. 3. Intra-leaf heterogeneities for well-watered plants. The intra-leaf
heterogeneities of (A) photosynthetic rate and (B) '°C abundance (unlabeled)
for well-watered plants. A3, photosynthetic rate measured by the '*CO,
labeling method. Results were the average values of well-watered plants
measured on the first, fifth, and ninth days during the drought-rewatering
cycle. Dataare means + SE. In (A), n = 10 for ZD958, n = 12 for XY335; in (B),
n = 3. Different letters indicate significant differences among different leaf
positions, as determined using one-way ANOVA followed by Duncan’s test
(P<0.05).

leaf positions. Similar to the pattern observed in Wie., Wo, re-
covered rapidly to pre-drought levels by the second day after
rewatering. Notably, following the severe drought, dry leaf
tips near the maize ear were observed in approximately a third
of the plants (Supplementary Fig. S3). However, this condition
was not clearly reflected in the measurements of Wj,pand W, ..

Photosynthetic rate measured by '3CO» labeling (A13c)
For well-watered plants of ZD958, the average Aj3c during
the drought and rewatering cycle displayed a significant in-
creasing trend from the leaf base to the tip (Fig. 3), ranging
from 13.5+0.8 pmol m > s™' to 20.0 +2.0 pmol m > s~
A similar pattern was observed in XY335.

For the treated plants, A;3c decreased across all leaf sections
during the drought period, reaching O by the fourth day
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Fig. 4. Intra-leaf photosynthetic heterogeneity post-drought. The intra-leaf photosynthetic heterogeneity post-drought for (A) ZD958 and (B) XY335. A4ac,
photosynthetic rate measured by the '*CO, labeling method. Data are means + SE, n = 4. Different letters indicate significant differences among different leaf
positions, and ns indicates no significant differences among them, determined using one-way ANOVA followed by Duncan’s test (P < 0.05).

Table 1. Changes of photosynthetic heterogeneity and different
photosynthetic recovery capacities within the maize leaf after
drought and rewatering treatment

Day ZD958 XY335
Heterogeneity A1sc_tifA13c_mid 1 1.10 117
9 0.85 0.88
A1sc_tip/A13C_base 1 1.36 1.68
9 1.04 0.92
Recovery ratio Tip 9 50% 82%
Middle 9 68% 95%
Base 9 76% 120%

Aiac, the photosynthetic rate measured by '*CO, labeling technology;
subscript tip, mid, or base are results measured at the leaf tip, middle, or
base, respectively; recovery ratio, the ratio of A15¢ in drought—
rewatering-treated plants to that in well-watered plants; day 1, before the
onset of drought; day 9, 5 d after rewatering.

(Supplementary Fig. S4). By the fifth day, the second day after re-
watering, Ajzc in ZD958 recovered to 2.2—-6.9 pmol m2s
with significantly higher values at the leat base compared with

the tip (Fig. 4). Although the leaf base of XY335 also showed

higher Aj;c than the tip, this difference was not significant. By
the ninth day, although A;3c in ZD958 had further recovered,
it remained significantly lower than that in well-watered plants
(Supplementary Fig. S5). Specifically, the leaf tip recovered to
only 50% of well-watered levels, while the middle and the base
recovered to 68% and 76%, respectively (Table 1). In contrast,
no significant differences in Aj3c were observed between well-
watered and treated plants of XY335, probably due to leaf senes-
cence. However, recovery ratios for XY 335 still varied, with the
leaf base, middle, and tip reaching 120, 95, and 82% of well-
watered levels, respectively.

Notably, after the drought—rewatering cycle, both cultivars
exhibited minimal differences in Aj;c along the leaf length,
contrasting with the significant increase from the base to the
tip in well-watered leaves. On the first day, A3c at the leaf
tip was 1.1-1.17 and 1.36—1.53 times that at the middle and
base, respectively. However, following the drought—rewater-
ing cycle, these ratios shifted to 0.85-0.88 and 0.92-1.04
(Table 1).

In addition, we observed that in unlabeled leaves, the abun-
dance of °C (8"°C, %o) gradually decreased from the base to
the tip (Fig. 3B).
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Fig. 5. Comparisons of leaf hydraulic capacitance and saturated water content. (A) Leaf hydraulic capacitance (C) and (B) saturated water content (SWC)
between the leaf base, middle, and tip sections. C,e, hydraulic capacitance before turgor loss; Cpost, hydraulic capacitance after turgor loss; DM, dry matter.
Data are means + SE, n = 5. Different letters indicate significant differences among different leaf positions, as determined using one-way ANOVA followed by

Duncan’s test (P < 0.05).

Leaf mass per area

Prior to drought imposition, the LMA across leaf sections
ranged from 45 g m™” to 53 g m~~, exhibiting a clear pattern
with higher values concentrated in the central section and low-
er values at the two ends (Supplementary Fig. S6A). The appli-
cation of drought-rewatering treatment significantly reduced
the LMA of ZD958 leaves (Supplementary Table S2). In
XY 335, the effects of this treatment on LMA were limited, al-
though it did cause a modest decline in some cases.

Leaf nitrogen contents

Prior to drought imposition, the leaf N content varied between
81 mmol m™~> and 108 mmol m™ across leaf sections, showing a
clear pattern with higher values concentrated in the central section
and lower values at the two ends (Supplementary Fig. S6B). The
drought—rewatering treatment induced a moderate decrease in
N content in ZD958 leaves, with a statistically significant reduction
confined to the central leaf region (Supplementary Table S2). In
XY335, the impact of this treatment on leaf N content was limited.

Intra-leaf heterogeneities in pressure—volume, hydraulic,
and morphology traits

Pressure-volume traits
We observed a significant decline in water storage capacity
from the leaf base to the tip in well-watered plants.

Specifically, the hydraulic capacitance pre-turgor loss (Ci..)
at the leaf base was approximately twice that at the tip for
both cultivars. Similarly, the hydraulic capacitance post-
turgor loss (Cpoy) declined from the base to the tip, with
this change being statistically significant in ZD958
(Fig. 5A). In addition, the SWC also displayed a significant
reduction from the base to the tip in ZD958, while XY 335
exhibited a similar decreasing trend, albeit not statistically
significant (Fig. 5B). The water potential at turgor loss point,
osmotic potential at full turgor, and modulus of elasticity did
not change significantly across leaf sections for both cultivars
(Supplementary Table S3).

Leaf hydraulic conductance and vulnerability

In ZD958, the k., exhibited varying resistance to low water
potential across different leaf sections (Fig. 6). The water po-
tential inducing a 50% loss of ky.,r (Pso) gradually increased
from the leaf tip (—1.19 MPa) to the base (—0.85 MPa). In
contrast, the water potential inducing an 88% loss of ky..s
(Pgg) significantly decreased from the leaf tip (—1.44 MPa)
to the base (—2.00 MPa). Analysis of the vulnerability curves
revealed an increasing trend in maximum ky.,cfrom the leaf tip
to the base, with values ~17 mmol m~2 MPa~ ' s~! at the tip,
45 mmol m™2 MPa~! s! at the middle, and >80 mmol m~2
MPa~! 57" at the base.
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Fig. 6. Comparison of leaf hydraulic vulnerability of ZD958. A comparison of
leaf hydraulic vulnerability between (A) the leaf tip, (B) middle, and (C) base
sections of ZD958. ke, leaf hydraulic conductance; Psg or Pgg, the water
potential inducing a 50% or 88% loss of kieas, respectively. The figure shows
the original data points, the fitted curves, the 95% confidence bands, and
means (95% confidence intervals) of Psg and Pgg.

Stomatal morphology

SS and SD varied significantly along the leaf longitudinal
axis (Table 2). For ZD958, leaf tips had the largest SS of
1345 + 76 um” and lowest SD of 145 + 6 mm ™, while the
middle and base sections had a significantly smaller SS of
~1000 um2 and significantly higher SD of ~174 mm 2.
Similar trends were observed in XY335, but the SS in the
middle was close to that in the tip and significantly larger
than that in the base.

Leaf anatomies
LT, VBD, and d,_, showed significant changes along the leaf
longitudinal axis (Table 2). For ZD958, leaf tips had the small-
est LT of 153 + 5 pm and highest VBD 0£ 8.3 + 0.2 mm™ ", re-
sulting in the shortest d,_, of 74.1 +2.2 um. In contrast, the
middle and base sections had a significantly larger LT of
~186 pm, significantly lower VBD of ~7.0 mm™", and longer
ds_, of ~99 um. Similar results were observed in XY335.
Vessels in 1° veins were much larger than those in 2° veins
(Supplementary Fig. S7). In ZD958, the D, significantly de-
creased from the leaf base to the tip, particularly in 1° veins, de-
creasing from 72.1 + 2.3 um at the base to 39.3 + 0.6 pm at the
tip (Table 2). The value of (/6)*> X 107> (a parameter to charac-
terize the structural strength of vessel cell walls) in 1° veins signifi-
cantly increased from 0.35 + 0.02 at the base to 0.49 + 0.04 at the
tip. Conversely, (1/b)” in 2° veins significantly decreased from the
base to the tip. Similar intra-leaf patterns were also found in
XY335.

Discussion

3C labeling enables reliable measurement of
photosynthetic rate

Carbon isotopes have been used to identify photosynthetic
heterogeneity within the leat (Downton et al., 1988; Wise
et al., 1992). Our study extends this understanding by quanti-
tatively assessing photosynthetic rates along the length of maize
leaves. The use of '>CO, labeling to determine photosynthetic
rates rests on a solid theoretical foundation (Equation 2).
Despite eventual distribution of assimilated '*C to various plant
organs, this transport effect is negligible within a short 2 min
period (Fig. 1B). Consequently, the '*CO, labeling method
and the portable gas exchange device can yield consistent rates
of photosynthetic (Fig. 1C). Compared with the portable gas
exchange device, the '>CO, labeling method offers two advan-
tages. Firstly, it enhances measurement efficiency by maintain-
ing a constant labeling duration (2 min), regardless of the
number of measurement points within the leaf. In contrast,
the portable gas exchange device requires 5-10 min per meas-
urement point (Ocheltree ef al., 2012). Notably, our current
setup allows for simultaneous light induction of four leaves,
primarily constrained by the numbers of assimilation chambers
and lights, which are cost-effective and can be scalable as
needed. Secondly, the '>CO, labeling method eliminates tem-
poral heterogeneity by ensuring simultaneous labeling of dif-
ferent leaf regions. These advantages become increasingly
obvious with an increased number of intra-leaf measurement
points. This method holds promise for quantifying photosyn-
thesis heterogeneity at the canopy scale under field conditions,
yet it faces some technical challenges, the primary one being
how to efficiently replace ambient air with labeling gas in a
large chamber within a short duration. If rapid mixing of cham-
ber air can be achieved, this limitation could be addressed
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Table 2. Comparisons of leaf anatomies and stomatal morphology between different positions within the maize leaf

Cultivar ZD958 XY335
Position Base Middle Tip Base Middle Tip

SS (um?) 948 +69 b 1076 +54 b 1345+ 76 a 875+22Db 1246+ 88 a 1326 +63 a
SD(mm’Z) 173+ 7a 175+11a 145+6Db 172 +6a 156 +4 a 134 £3b

LT (um) 184 +6a 187 +9a 153+5b 181+8a 184 +3a 152+0b
VBD (mm™") 6.8+0.2b 72+02b 83+0.2a 72+01b 76+02b 83+02a
ds—v (um) 102.1+4.6a 95.4+21a 741+220Db 101.5+3.8a 952+1.8a 723+2.2b
1° vein

Dv (um) 721+23a 55.0+25b 39.3+0.6¢c 69.8+29a 60.0+2.2b 456.8+1.2¢
(t/b)2>< 103 0.35+0.02 b 0.37+0.04 b 0.49+0.04 a 0.31+0.02 b 0.31+0.03 b 0.43+0.03a
2° vein

Dv (um) 126+05a 12.0+0.4 ab 10.8+0.5b 14.4+0.8 13.4+0.6 12.6+0.7
t/0)? x 10° 3.27+0.36 a 2.05+0.18b 215+0.283b 253+0.19a 1.59+0.15b 1.38+0.10b

SS, stomatal size; SD, stomatal density; LT, leaf thickness; VD, vein density; ds_, distance from stoma to the nearest vessel; D,, vessel diameter; t/b, ratio of
vessel cell wall thickness (t) to maximum span of the lumen (b). Data are means + SE, n = 5. Different letters indicate significant differences between positions

as determined by Student’s t-test (P < 0.05).

through the application of an equivalent assimilation time in
this study.

‘We think the Aj3c measured using 3co, labeling is different
from the P, of a portable gas exchange device. We all know that
the net photosynthetic rate is obtained by subtracting respiration
(including photorespiration and dark respiration) from the total.
Firstly, synthesis and translocation of photosynthetic products
require time, suggesting that dark respiration mainly uses non-
recent photosynthates (Nogueés ef al., 2004). Given our short la-
beling period, the fixed '>C was not likely to have been used for
dark respiration. Secondly, photorespiration occurs simultan-
eously with photosynthesis, sharing ribulose bisphosphate
(RuBP) in reactions. The CO; released during photorespiration
should be '*CO, in the short term, as the C atom in CO, comes
from RuBP (Taiz and Zeiger, 2010). Subsequently, the '*CO,
released during photorespiration was recycled for assimilation
(Gerbaud and Andre, 1987; Delfine et al., 1999). Additionally,
the affinity of RuBP for '*CO, is substantially higher when
compared with Bco, (O’Leary, 1981; Gillon and Griffiths,
1997). Consequently, A;3c may reflect the RuBP carboxyl-
ation rate for >CQO,, differing from P, by a dark respiration
rate.

The photosynthesis increased along the blade under
well-watered conditions

Using the >CO, labeling method, we observed an increasing
trend in A3 from the leaf base to the tip, with a slight decline
potentially observable at the extreme tip (Fig. 3; Supplementary
Fig. S4). This pattern is consistent with previous findings using
portable gas exchange devices on maize and other Poaceae species
(Long et al., 1989; Meinzer and Saliendra, 1997; Xiong et al.,
2015).

The assessment of light and CO, response curves across dif-
ferent leaf sections indicated an increase in carboxylation rate
from the base towards the tip (Long et al., 1989), potentially
underpinning photosynthetic heterogeneity within the leaf.
Leaf N content, intimately tied to chlorophyll levels, governs
carboxylation rates; however, in our study, variations in leaf
N content did not align with 43¢ values, peaking unexpect-
edly in the leaf middle section (Supplementary Fig. S6B).
We speculate that the abundant N content throughout the
leaf, due to our sufficient fertilization schedule, surpassed the
threshold to limit photosynthesis (Paponov and Engels, 2003;
Vos et al., 2005), thereby negating a direct correlation. The en-
hanced carboxylation gradient along the leaf axis may intro-
duce other photosynthetic limitations related to CO,
transport rates (Long et al., 1989). Consequently, leaf morph-
ology must be adjusted to minimize CO, transport resistance.
Despite the decreasing stomatal density from the leaf base to the
tip, also observed by Zheng et al. (2013) and Miranda et al.
(1981), the thinner leaf tissue and denser vascular bundles at
the tip significantly shortened the distance between the stoma
and the closest vessel (Table 2), thereby substantially reducing
CO, resistance within the leaf (Kodama et al., 2011; Ocheltree
et al., 2012). In addition, lower boundary layer conductance at
the leaf tip may contribute to further decreasing CO, transport
resistance (Harazono and Yabuki, 1982).

Leaf tips had the lowest photosynthetic recovery capacity
after severe drought

After a severe drought and subsequent rewatering, the leaf tip
exhibited the lowest photosynthetic recovery capacity compared
with the middle and base sections (Fig. 4; Table 1), resulting in a
significant change in photosynthetic heterogeneity within the
leaf, supporting our hypothesis. Moreover, the severe drought
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preferentially ‘burned’ the leaf tip (Supplementary Fig. S1),
which aligns with the experience in agricultural practice
(Ndjiondjop et al., 2012; Pandey et al., 2016; Franchetti and
Pirri, 2022).

To interpret the lower photosynthetic recovery capacity at
leaf tips, we analyzed the stress levels and hydraulic characteristics
in different leaf sections. Water for leaf transpiration comes from
the stem, thus the pathway to the leaf tip encounters the highest
resistance. Furthermore, in maize and other Poaceae species, the
leaf tip typically exhibits higher stomatal conductance and tran-
spiration rate (Ocheltree et al., 2012; Xiong et al., 2015).
Therefore, based on Ohm’s law of sap flow (Van den Honert,
1948), the leat tip should have the lowest water potential.
Furthermore, our findings revealed that the leaf tip had the low-
est saturated water content and hydraulic capacitance (Fig. 5),
probably due to thinned blades (Table 2). Such limited water
storage capacity may accelerate dehydration and water potential
decline at the leaf tip during drought conditions. This is corro-
borated by our observation of a significant decline in ¥, at the
leaf tip compared with other leaf positions on the fourth day of
drought (Fig. 2B). This trend in ¥,,,, under drought was also ob-
served in a maize study (Michelena and Boyer, 1982). Given the
weak osmotic adjustment capacity of maize leaves under
drought (Erdei and Taleisnik, 1993; Liu et al., 2024), the decline
in osmotic potential at the leaf tip was attributed to dehydration,
supported by a study that measured water potential along the
maize leaf (Jain ef al., 2021).

Stomatal limitation is recognized as the primary determinant
of photosynthetic recovery in maize leaves (Liu et al., 2024).
Significant damage to the maximum quantum vyield of PSITI as-
sociated with non-stomatal limitations has been documented
only at extremely low RWC across various species (Trueba
et al., 2019; Wang et al., 2023). In addition, despite the leaf N
content significantly declining during the drought-rewatering
cycle (Supplementary Fig. S6B), it remained adequate
(Paponov and Engels, 2003; Vos et al., 2005), unlikely to con-
strain photochemical processes. While maize leaf water status
rapidly recovered from severe drought (Fig. 2), stomatal reopen-
ing may still be regulated by ethylene or residual abscisic acid (B1
et al., 2023; Hasan et al., 2024), and the ultimate stomatal con-
ductance is largely influenced by hydraulic loss (Rehschuh
et al., 2020; Wagner et al., 2023). Before rewatering, the average
water potential of the entire leaf of ZD958 decreased to about
—2.5 MPa (Fig. 2A). According to the leaf vulnerability curve
(Fig. 6), the leaf tip may have lost most kj.,r during this period.
In contrast, the base section may maintain a higher ky.,r due to
potentially higher water potential and lower Pgg. Notably, kie.r
consists of pathways both inside (k,) and outside (k,,) the xylem
(Scoftoni et al., 2023). Among them, the loss of k,, induced by
embolism, is difficult to repair (Johnson et al., 2018). A previous
study on maize leaf xylem vulnerability suggests an ~40% loss of
k. under —2.5 MPa (Cochard, 2002), and this proportion may
be even higher in leaf tips, resulting in greater limitations on
gas exchange. Our findings are supported by a previous CT

scanning study on maize leaves, which revealed that under
drought conditions, embolism in veins initially occurred at leaf
tips and edges (Ryu ef al., 2016).

The ky.,r and its vulnerability were correlated with vessel ana-
tomical traits (Table 2). Specifically, the leaf base exhibited a larger
maximum ky,r compared with other sections, primarily attributed
to its larger vessel size. Given the low Pgg observed at the leaf base,
the vessels in this region required enhanced structural strength to
prevent cell wall collapse under high negative pressure (Cochard
et al., 2004a), thus exhibiting a higher (t/b)* value.

Conclusions and implications

The novel >CO, labeling technique offers accurate measure-
ments of photosynthetic heterogeneity within leaves. Ay3c
gradually increased from the maize leaf base to the tip under
well-watered conditions. However, following a severe drought
and subsequent rewatering, the leaf tip displayed the weakest
photosynthetic recovery capacity, leading to dynamic changes
in heterogeneity. This low photosynthetic recovery in the tip
is attributed to more severe dehydration, lower water storage
capacity, and more vulnerable hydraulics. Non-uniformly dis-
tributed light in the field may enhance the photosynthetic het-
erogeneity and exacerbate drought stress on leaf tips. As maize,
rice, and wheat, major crops with similar leaf shapes and struc-
tures, belong to the Poaceae family, our findings have broad im-
plications for crop physiology.

The photosynthetic recovery capacity of crops after drought
represents their drought recovery. Generally, most previous
studies only focused on a specific leat position (Wang et al.,
2017; Johnson et al., 2018; Song et al., 2018). However, ac-
cording to our conclusions, such photosynthetic recovery cap-
acity could be overestimated (measured on the base or middle
sections) or underestimated (measured on the tip section) at the
leaf scale. In addition, old maize leaves at the bottom of the
canopy seem to be more prone to senescence and mortality
under drought (Supplementary Fig. S5), which can also affect
the photosynthetic recovery capacity at the plant scale, but
are often ignored. Hence, it is critical to holistically account
for the photosynthetic heterogeneity within the canopy and
its dynamic changes in future studies.

The decreasing trend in 8'°C values from the leaf base to the
tip (Fig. 3B) indicates higher water use efficiency at the leaf tip
than in other sections (Farquhar ef al., 1982; Twohey et al.,
2019). Similar results were also reported in other Poaceae crops
(Meinzer and Saliendra, 1997; Kodama et al., 2011).
Considering that the damage to leaf tips initially after severe
drought may significantly reduce the plant water use efficiency,
exploring approaches to enhance drought tolerance of leaf tips
is important and worth further investigation.

Supplementary data

The following supplementary data are available at JXB online.
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Table S1. Effects of having two open cut ends and varying leaflengths on
pressure chamber-measured leaf water potentials.

Table S2. Significance levels of differences in LMA and N content be-
tween treated plants and well-watered plants.

Table S3. The changes of Wy, T, and € between sections within the
leaf.

Fig. S1. A photograph of the *CO, labeling device during the
experiment.

Fig. S2. Proportion of *CO, to total CO, in the chamber during
labeling.

Fig. S3. Photographs of maize plants after the drought-rewatering
treatments.

Fig. S4. Changes of the photosynthetic rate of different positions with-
in the leaf during a drought—rewatering circle.

Fig. S5. Significance analysis of the photosynthetic rate between differ-
ent treatments on the ninth day.

Fig. S6. Dynamics of the leaf mass per area and leaf N content of dif-
ferent positions within the leat during a drought-rewatering circle.

Fig. S7. Image of a maize leaf cross-section.
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