Accepted: 25 April 2021

DOI: 10.1002/jpIn.202100032

REGULAR ARTICLE

Leaf gas exchange of lowland rice in response to nitrogen
source and vapor pressure deficit

Duy Hoang Vu? | Sabine Stuerz' | Alejandro Pieters' | Folkard Asch?'

1 Institute of Agricultural Sciences in the
Tropics (Hans-Ruthenberg-Institute),
Management of Crop Water Stress in the
Tropics and Subtropics, University of
Hohenheim, Stuttgart 70599, Germany

2 Faculty of Agronomy, Department of
Cultivation Science, Vietnam National
University of Agriculture (VNUA), Hanoi
131000, Vietnam

Correspondence

D. H.Vu, Faculty of Agronomy, Vietnam
National University of Agriculture, Hanoi
131000, Vietnam.

Email: vdhoang@vnua.edu.wvn

Abstract

Background: In anaerobic lowland fields, ammonium (NH,*) is the dominant form of
nitrogen (N) taken up by rice plants, however, with the large expansion of water-saving
irrigation practices, nitrification is favored during drained periods, leading to an increased
availability of nitrate (NO3™).

Aim: Since the uptake and assimilation of the two N-sources differ in their demand of pho-
tosynthates, leaf gas exchange may be subject to adjustments in response to N-sources,
particularly at high evaporative demand, when stomatal conductance (g;) is very sensitive.
Methods: Three experiments were carried out to study leaf gas exchange of various low-
land rice varieties in response to N-source at low and high vapor pressure deficit (VPD).
In the first experiment, seedlings of 12 rice varieties were grown at high VPD for 3 weeks.
From this, four rice varieties differing in g, and CO, assimilation rate (A) were selected and
grown for 2 weeks at low VPD, and after that, they were shifted to high VPD for 1 week,
whereas in the third experiment, the same varieties were grown separately at low and
high VPD conditions for 2 weeks. In all three experiments, plants were grown hydroponi-
cally in nutrient solution with N-sources as sole NH,* or NO;™.

Results: At high VPD, NO;~ nutrition led to a higher g, and A in four out of 12 vari-
eties (IR64, BT7,NU838, and Nipponbare) relative to NH,* nutrition, while no effect was
observed at low VPD or after a short-term exposure to high VPD. Further, varieties with a
high intrinsic water-use efficiency (WUEi; IR64 and BT7) showed the strongest response
to N-source. Higher g, was partially supported by increased root/shoot ratio, but could
not be fully explained by the measured parameters. However, higher Ain NO;~-fed plants
did not always result in increased plant dry matter, which is probably related to the higher
energy demand for NO;~ assimilation. Our results suggest that at high VPD, NO;™ nutri-
tion can improve leaf gas exchange in varieties having a high WUEI, provided a sufficient
water supply.

Conclusion: Therefore, intensified nitrification under water-saving irrigation measures
may improve leaf gas exchange and the growth of rice plants under high transpirational
demand. However, choice of variety seems crucial since large varietal differences were

observed in response to N-source. Further, breeding strategies for genotypes adapted to
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aerobic soil conditions should consider responses to NO;~, potentially using gas exchange

measurements as a screening tool.
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1 | INTRODUCTION

Ammonium (NH4*) and nitrate (NO3~) are the two main nitrogen
(N) forms in the soil. While in anaerobic lowland rice fields NH4* is
predominant, nitrification is favored in aerobic soils, and thus NO3~
becomes the dominant N-form (Buresh et al., 2008). Chunmei et al.
(2020) showed that water-saving irrigation significantly increased the
NO3~ content in the soil due to improved soil aeration, while con-
tinuous flooding increases the NH4* content. However, some studies
demonstrated the existence of substantial quantities of NO3~ in the
rhizosphere even in flooded soils caused by nitrification due to the
release of oxygen from the roots (Kirk, 2001; Kirk & Kronzucker, 2005).
Therefore, rice plants take up both NH4* and NO3~, with the ratio of
the two N-forms depending on the root-associated nitrification activ-
ity (Briones et al., 2003; Kirk, 2001; Li et al., 2007) and the nitrification
in the soil (Buresh et al., 2008; Chunmei et al., 2020). When both N-
sources are provided in equal concentrations in the nutrient solution,
rice plants preferentially take up NH4 *; but still, up to 43% of total N is
takenupas NO3~ (Vuetal,, 2020). Kirk and Kronzucker (2005) showed
that rice roots are exceptionally efficient in the uptake and assimilation
of NO3 ™, indicating that the uptake of NO3~ in lowland rice might be
comparable to that of NH4*. With the large expansion of water-saving
irrigation technologies, nitrification is intensified during drained peri-
ods; consequently, plants may take up a larger share of Nas NO3~ com-
pared to NH4*.

The energy costs for uptake, transport, and assimilation differ
between the two N-forms with higher costs for NO3 ™ relative to NH4 *.
The total costs of NO3 ™~ uptake, assimilation, and transport are 32 mol
photons mol™1 N, while the costs for NH,* are only 9.5 mol photons
mol~1 N (Raven, 1985). NH4* supplied to plants would save photo-
energy equivalents of 10 mol ATP mol~1 N, compared to NO;~ (Sal-
sac et al., 1987). In barley, NO3~-fed plants required up to 23% of the
energy from root respiration for its absorption and assimilation, while
only 14% was needed in NH4*-fed plants (Bloom et al., 1992), demon-
strating the greater demand of photosynthates for the uptake and
reduction of NO3;~ relative to NH4*. Moreover, NO3~ and NH4* are
assimilated at different sites, which may lead to differences in the par-
titioning of photosynthates within the plant. NH4* is predominantly
assimilated into organic compounds in the root, whereas NO3~ is
readily transported and distributed throughout the plant (Marschner,
2011); therefore, NH4* nutrition results in greater depletion of carbo-
hydrates in the root (Bowman & Paul, 1988). However, in sugar beets,
NH4* treatments also lowered concentrations of starch, sucrose, and
maltose in the leaves in comparison to NO3~ treatments due to carbon
skeleton consumption in NH,* assimilation (Raab & Terry, 1995).

Since N-forms differ in their assimilation pathways and their
demand of photosynthates, the leaf gas exchange of plants may be sub-
ject to adjustments in response to N-source. Previous studies showed
that N-source influenced photosynthesis, photorespiration, and water
uptake of plants; however, variation among species has been reported
(S. Guo, Zhou, Shen, & Zhang, 2007). For instance, NO3~ nutrition
increased CO, assimilation rate (A) and stomatal conductance (g;),
compared to NH,; " in cucumber (Zhou et al., 2011), whereas the oppo-
site was reported for French bean (S. Guo et al., 2002) and tomato (Hor-
chani et al.,, 2010). In tobacco, Lu et al. (2005) showed a reduction in gg
and transpiration rate caused by NH,*, compared to NO3~ and NH4 t/
NO;~.

Lowland rice is considered NH4*-tolerant and measured photo-
synthetic parameters did not differ between plants fed with different
N-sources in previous studies under well-watered conditions (S. Guo
et al., 2008; Ji & Peng, 2005; Li et al., 2009; Zhou et al., 2011). How-
ever, NO3~ nutrition combined with secondary water stress, induced
with polyethylene glycol (PEG), resulted in reduced gs, A, and water
consumption in comparison to NH4* nutrition (Ding et al., 2015; S.
Guo et al., 2008). In contrast, Zhong et al. (2018) showed that the
acclimation of photosynthesis to water stress in rice plants could be
improved by the uptake and assimilation of NO3~ since NO3~ and
amino acids could serve as osmotically active substances maintaining
leaf turgor; however, varietal differences were observed. The effect
of N-source on photosynthesis has been attributed to the adjustment
of g with subsequent effects of the CO, supply to chloroplasts (S.
Guo et al,, 2008; Torralbo et al., 2019). However, g, (Ohsumi et al.,
2008) and water uptake capacity (Vu et al., 2020) of rice varieties are
highly sensitive to vapor pressure deficit (VPD); hence, the effect of N-
source on leaf gas exchange of rice may differ with changes in VPD and
between varieties. Moreover, global VPD increased strongly after the
late 1990s due to global warming (Grossiord et al., 2020; Yuan et al.,
2019), and it is projected to consistently increase throughout the cur-
rent century (Yuan et al., 2019); therefore, the effect of N-form on leaf
gas exchange of rice plants should be considered under varying VPD
conditions.

With the intensification of nitrification during drained periods in
water-saving irrigation practices, rice plants take up a larger share of
N as NO3~, which may increase the demand of photosynthates for the
uptake and assimilation of N. Since varietal differences in both CO,
assimilation and N uptake and assimilation can be expected, particu-
larly at high VPD, the objectives of this study were: (1) to assess the
range of varietal responses to N-source in terms of leaf gas exchange;
(2) to investigate the short- and long-term effect of VPD on the
response of leaf gas exchange to N-source; and (3) to examine effects
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TABLE 1 Genetic background and growth characteristics of 12 rice varieties used in the study

No. Variety Subspecies Type Origin Characteristics
1 IR64 Indica Lowland, inbred The Philippines High yield, early maturity, susceptible to abiotic
variety stress, and commonly used as an international
check variety (Mackill & Khush, 2018)
2 Bacthom 7 (BT7) Indica Lowland, inbred Vietnam Popular in the North of Vietnam, aromatic, good
variety tillering capacity, and moderate lodging
resistance (Pham et al., 2009)
3 Khang dan 18(KD18) Indica Lowland, inbred Vietnam Popular in the North of Vietnam, moderate tillering
variety capacity, thick and large leaves, and moderate
lodging resistance (Pham et al., 2009)
4 Jasmine 85 Indica Lowland, inbred Vietnam Popular in the South of Vietnam, moderate tillering,
variety susceptibility to drought, and lodging resistance
(Pham et al., 2009)
5 Bao thai Indica Lowland, local Vietnam Popular in the mountainous area, late maturity, and
variety photoperiod sensitivity?
6 Khau nam xit Indica Lowland, local Vietnam Local variety in the mountainous area, large leaves,
variety and tall plant type?
7 Seng cu Indica Lowland, local Vietnam Local variety in the mountainous area and large
variety leaves?
8 Nhi uu 838(NU838) Indica Lowland, hybrid China Popular in the North of Vietnam, high yield, good
variety tillering, large leaves, lodging resistance, and cold
tolerance (Pham et al., 2009)
9 TH3-4 Indica Lowland, hybrid Vietnam High yield, good tillering capacity, large leaves, and
variety lodging resistance (Pham et al., 2009)
10 Jo2 Japonica Lowland, inbred Vietnam Newly introduced, high yield, moderate tillering,
variety and moderate lodging resistance?®
11 Nipponbare Japonica Lowland, inbred Japan Modern, photoperiod sensitive variety. Has been
variety used as japonica check variety (Hirooka et al.,
2018)
12 Nerica 4 Interspecific Upland, inbred Africa Rice High yield, good tillering, and good response to
(Oryza sativa x variety fertilizers (Kinyumu, 2009)
O. glaberrima)
2Information from local agriculture extension centres.
of N-source on dry matter (DM) production and partitioning in relation 2.2 | Treatments and growth conditions

to the measured photosynthetic parameters.

2 | MATERIAL AND METHODS

2.1 | Plant material

Nine common local varieties differing in genetic background and
growth characteristics were selected. Seeds were provided by the Viet-
nam National University of Agriculture and the Vietnam National Seed
Group. Additionally, three varieties (IR64, Nipponbare, and Nerica 4)
were used as international check varieties in the study. IR64 was pro-
vided by the International Rice Research Institute (IRRI) while Nippon-
bare and Nerica 4 were provided by the Africa Rice Center (AfricaRice).
Information on the genetic background and growth characteristics of

the 12 varieties are given in Table 1.

Three experiments were carried out in the greenhouse at the Insti-
tute of Agricultural Sciences in the Tropics, University of Hohenheim,
Germany.

For all three experiments, seeds were germinated in the dark.
Germinated seeds were transferred to cleaned (rinsed/washed) sand
and irrigated with tap water during the first 4 days and then irrigated
with 50% standard YOSHIDA nutrient solution with both N-sources
as NH4NO3 (Yoshida et al., 1976) for the following 4 days. After
that, seedlings were transferred to plastic boxes (40 x 30 x 12 cm)
containing 8.5 L of 100% standard YOSHIDA nutrient solution at a
density of 60 seedlings per box. In this box, seedlings remained for
another 10 days.

To provide different N-sources, modified nutrient solutions con-
taining 2.86 mM N in the forms of sole NH4* as (NH4),SO4 or

NO3;~ as Ca(NOjz), and KNO3 were prepared. Other macro- and
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micro-nutrients were provided in equal amounts in both N-source
treatments in the following concentrations: 0.32 mM P, 1.0 mM K,
1.0 mM Ca, 1.6 mM Mg, 35.6 pM Fe-EDTA, 9.5 uM Mn, 18.9 uM B,
0.15puMZn,0.16 uM Cu, 0.52 uM Mo. To inhibit nitrification and ensure
identical conditions, 7 uM dicyandiamide (CoH4N4) was added to both
N treatments (Duan et al., 2006).

All three experiments were conducted with four replications per
treatment and artificial light was provided with 12 h photoperiod. The
position of boxes and pots was interchanged every day to eliminate the
edge effects. Ambient temperature and relative air humidity (RH) were
monitored every 10 min with Tinytag data loggers (Gemini data log-
gers Ltd.), and VPD was calculated. The nutrient solution was renewed
every 7 days, while its pH was monitored and adjusted daily to a value
of 5.5 + 0.1 using 1N NaOH or HCI.

2.3 | Experiment 1—Genotypic variation

To evaluate the variation in leaf gas exchange of 12 varieties in
response to N-source, the first experiment was carried out at “stan-
dard” greenhouse conditions, without additional humidification or
dehumidification. Due to the high air temperature and low RH, it is
considered as “high VPD,” with average day and night VPD at 2.0
and 0.9 kPa, respectively. Seedlings were transferred to boxes (20 x
15 x 12 cm; 12 plants, each) containing 4.5 L of modified nutri-
ent solution. Leaf gas exchange was measured 3 weeks after the
onset of N-source treatment, and then plants were harvested for DM
determination.

Four rice varieties (IR64, BT7, KD18, and Jasmine 85) showing
different responses in leaf gas exchange to the different N-sources
in Experiment 1 were selected and examined in Experiments 2 and
3, which were conducted in self-constructed growth chambers with
the possibility to manipulate VPD. After pre-cultivation as described
above, individual plants were grown in pots containing 1 L of modified

nutrient solution.

2.4 | Experiment 2—Acclimation to low VPD

To estimate the effect of a sudden increase in VPD on leaf gas exchange
(Experiment 2), plants were grown at low VPD (0.7/0.2 kPa day/night)
for the first 2 weeks, and after that, air was dehumidified to increase
the VPD (2.4/1.9 kPa day/night) for 1 week. Leaf gas exchange was mea-

sured shortly before and 1 week after increasing the VPD.

2.5 | Experiment 3—Acclimation to high VPD

The effect of acclimation to high VPD was studied in Experiment 3,
where plants were grown in separated chambers differing in VPD.
Plants were either exposed to low VPD (0.6 kPa and 0.4 kPa during
day and night) or high VPD (2.1 and 1.8 kPa during day and night) for

2 weeks. After that, leaf gas exchange was measured.

In Experiment 3, the day after gas exchange measurements, the
same leaves were sampled during the last hours of the light period. The
samples were quickly frozen in liquid N and stored at -80°C. Starch
concentration was determined with the method described in Pieters
et al. (2001). Test tubes of 1.5 mL containing 0.47 cm? frozen leaf and
0.5 mL of 96% ethanol were incubated at 70°C for 30 min. The ethano-
lic extract was collected, and extraction was repeated once to remove
sucrose. The remaining leaf material was rinsed with distilled water and
ground to a fine powder in liquid N using plastic pestles. A 0.5 mL of
50 mM sodium acetate (pH 4.8) containing 1 uL a-amylase and 1 pL
amyloglucosidase per sample were added and samples were incubated
at 37°C for 36 h. An extract of 40 puL was loaded in 96 well-plates
with 200 pL assay buffer (100 mM imidazole pH 6.9, 10 mM MgCl,,
33mM ATP, 12.5 mM NADP). Finally, 1.0 unit of hexokinase was added.
Quantification of starch was based on the production of nicotinamide
adenine dinucleotide hydrogen phosphate (NADPH) at 340 nm using a
microplate reader Infinite (Tecan).

Roots, dead leaves, and green leaf sheaths and blades were sepa-
rated and oven-dried at 70°C until constant weight for DM determi-
nation. Specific leaf area (SLA) was calculated as total green leaf area

divided by its dry weight.

2.6 | Gas exchange measurement

gs and A were measured on the youngest fully expanded leaf of the
main tiller the following day after the replacement of the nutrient solu-
tion. Measurements were performed with a portable gas exchange sys-
tem GFS-3000 (Heinz Walz GmbH). In the cuvette, the temperature
was set to 30°C in all three experiments, while light intensities were
set at 1500 and 1200 pmol m~2 s~1 photosynthetic photon flux density
(PPFD; using LED light) in the first and second experiments, respec-
tively, or followed ambient light (700 pmol m=2 s~ PPFD) in Experi-
ment 3. Humidity in the cuvette was adjusted to create a similar VPD
as outside the cuvette. The growth and cuvette environment are sum-
marized in Table 2. Intrinsic water-use efficiency (WUEI) was defined
and calculated as A/g, (umol mmol~1) (Rashid et al., 2018).

2.7 | Data analysis

Data were analyzed with Statistical Analysis System (version 9.4). In
Experiments 2 and 3, data analysis was performed for each VPD sepa-
rately, as VPD was not included as a factor due to the lack of the degree
of freedom. A two-way analysis of variance in a linear model (PROC
MIXED) was used to examine the effect of variety, N-source, and their
interaction on measured parameters. Means were separated using the

least significant difference test at p < 0.05.

3 | RESULTS

In Experiment 1, g, ranged from 247 mmol m=2 s~1 in Khau nam xit fed
with NH,* to 446 mmol m™2 s71 in KD18 fed with NH,* (Figure 1A).
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TABLE 2 Growth conditions and gas exchange measurement conditions
Growth conditions Measurement conditions
Vapor pressure deficit
Air temp. (°C) (VPD; kPa) Light VPD  Temp.  Light co,
Experiment Day Night Day Night (umol m=2s-1) (kPa) (°C) (umol m=2s-1) (ppm)
Experiment 1 High VPD 29.6 211 2.0 0.9 1200 2.0 30 1500 400
Experiment 2 Low VPD 31.7 23.7 0.7 0.2 700 1.1 30 1200 400
High VPD 31.1 25.5 24 1.9 700 2.5 30 1200 400
Experiment 3 Low VPD 30.0 24.5 0.6 0.4 700 0.9 30 700 400
High VPD 28.8 25.0 2.1 1.8 700 2.5 30 700 400
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FIGURE 1 (A)Stomatal conductance (gs) and (B) assimilation rate

(A) of 12 rice varieties in response to nitrogen (N) source [ammonium
(NH4™) or nitrate (NO3™)] at high vapor pressure deficit (VPD;
“standard” greenhouse conditions; Experiment 1). Bars show the
difference (%) between NO3;~ and NH4* treatments. Error bars
indicate standard error of means (n = 4); * indicates significant
differences between N-sources at p < 0.05

NO3™ nutrition led to significantly higher g than NH4* in IR64, BT7,
NU838, and Nipponbare, while for the other varieties, N-form did not
affect gs. The largest difference in g5 between plants fed with different
N-sources was observed in BT7, which showed a 31% higher g fed with
NO;3~ thanwith NH,4*, while the smallest differences were observed in
KD18 and Bao thai.

There was a varietal variation in A, ranging from 19.7 to
29.2 umol m2 s'1 in Khau nam xit fed with NH,* and Nerica 4 fed with

was observed in BT7, which showed a 19% higher A in NO3~ than in
NH,4, followed by IR64 with 18%. In KD18, A was 27.9 ymol m™2 571,
slightly higher in NH4* than in NOg~ with 26.5 pmol m2 s™1. A high
positive correlation between g and A was found in all varieties (see
Figure S1).

Total DM ranged from 0.84 to 4.19 g plant™! in J02 fed with
NO3~ and Khau nam xit fed with NH, ™", respectively (Figure 2). Over
all varieties, DM was on average 2.25 g plant™! significantly lower
under NO3 ™~ nutrition than under NH,4* nutrition with 2.53 g plant~1.
However, looking at varieties individually, NO3~ nutrition significantly
reduced DM in Khau nam xit alone.

Under low VPD in Experiment 2, N-form did not influence g5 or A sig-
nificantly, but varietal differences in g and A were found (Table 3). One
week after shifting the plants from low to high VPD, g, was strongly

decreased in all varieties and for both N-sources (53% on average).
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TABLE 3 Stomatal conductance (gs) and assimilation rate (A) of four rice varieties at low VPD and after 1 week exposure to high VPD, and the
difference in g and A between low and high VPD (%; Experiment 2). Values are means of four replications. Small letters indicate significant
differences between nitrogen (N) sources, while capital letters indicate significant differences between varieties (p < 0.05)

g, (mmolm=2s71)

A (umolm=2s1)

Ricevariety N-source Low VPD High VPD (%)? Low VPD High VPD (%)?

IR64 Ammonium (NH4*) 749.0 B 3295 B -56.0 19.3 B 16.9 B -12.6
IR64 Nitrate (NO3~) 786.5 B 4350 B -44.7 19.4 B 18.4 A -5.0

BT7 NH,* 700.5 B 273.1 B -61.0 19.2 B 134 C -29.9
BT7 NO;~ 701.7 B 302.9 C -56.8 18.3 B 12,5 B -31.6
KD18 NH4* 1166.0 A 546.7 A -53.1 23.3 A 19.3 A -17.0
KD18 NO3~ 1279.3 A 601.1 A -53.0 214 A 18.1 A -15.3
Jasmine 85 NH,* 9114 B 482.7 A -47.0 19.5 B 17.2 a B -12.0
Jasmine 85 NO3~ 1048.8 A 503.2 B -520 184 B 12.3 b B -33.0

aDifference between low and high VPD.

At high VPD, NO3~ nutrition significantly increased gg in IR64 as
compared to NH4*-fed plants. At both VPD levels and for both
N-sources, KD18 showed the highest g, followed by Jasmine 85,
IR64, and BT7. Shifting plants to high VPD also resulted in a strong
decrease in A in all varieties and for both N-sources (19% on average).
Reductions of more than 30% in A were observed in BT7 under both
N-sources and in Jasmine 85 under NO3~ nutrition, whereas a 5%
reduction was observed in NO3~-fed plants of IR64. At high VPD,
A only differed in plants fed with different N-sources in Jasmine 85,
where NO3~ strongly reduced A relative to NH4 t.

gs and A of four rice varieties grown at low and high VPD are pre-
sented in Figure 3 (Experiment 3). At low VPD, N-source only had an
effect on IR64, where NO3~ induced a higher g5 than NH,*. In con-
trast, at high VPD, NO3™~ nutrition led to a significantly higher g, and
A in IR64 and BT7, whereas no effect of N-source was observed in
KD18 and Jasmine 85. At both VPD levels and in both N-sources, KD18
showed the highest g;.

Comparing g and A between VPD levels, both parameters were
lower under high VPD with a larger difference in g5 than in A. In com-
parison to low VPD, g, and A were on average 26% and 5% lower at
high VPD, respectively. The difference between VPD levels was larger
in plants fed with NH4* than with NO3~. While in NH4*, g5 and A were
31% and 8% lower at high VPD than at low VPD, they were 22% and 3%
lower when fed with NO3 ™.

At low VPD, total DM of IR64 and BT7 did not differ between N-
sources, whereas NH,* nutrition led to lower total DM in KD18 and
Jasmine 85 relative to NO3~ (Figure 4A). At low VPD and for both
N-sources, the highest DM was found in IR64 and BT7 (4.9 and 5.2 g
plant™! in IR64, and 4.5 and 4.9 g plant™! in BT7 under NH4* and
NO;~, respectively), followed by Jasmine 85 (3.8 and 4.6 g plant™!
under NH,* and NO3~, respectively) and KD18 (3.0 and 4.0 g plant™!
under NH4* and NO3 ™, respectively). At high VPD, total DM of IR64
and KD 18 did not differ between N-sources, while NH4* led to a lower
DM in BT7 and Jasmine 85 relative to NO3~ (Figure 4B). At high VPD
and for both N-sources, the highest DM was observed in IR64 (3.8 and
4.1 g plant™! under NH4* and NO3™, respectively), followed by BT7

(2.7 and 3.4 g plant™! under NH,* and NO3~, respectively), Jasmine
85 (2.4 and 3.4 g plant~! under NH,+ and NO3~, respectively), and the
lowest DM was found in KD18 (1.8 and 2.1 g plant™! under NH,* and
NO3~, respectively).

At low VPD, a significant difference in root/shoot (R/S) ratio
between plants fed with different N-forms was observed in KD18
alone, where NO3™ nutrition led to a higher R/S ratio (0.33 g/g) than
NH4* (0.29 g/g; Figure 5A). At high VPD, NO3 ™ significantly increased
R/Sratioinall varieties but not in KD18. The largest increase was found
in BT7, where R/S ratio was 0.19 g/gin NH4+ and 0.27 g/g in NO3 ™. At
both VPD levels and with both N-sources, IR64 showed the highest R/S
ratio. At high VPD, R/S ratio was positively correlated with g, of IR64
and BT7 but not with g, of KD18 and Jasmine 85 (see Figure S2).

NO3~ nutrition led to a higher SLA in KD18 and Jasmine 85 at low
VPD and in all varieties at high VPD relative to NH,* (Figures 5C,D). At
both VPD levels and with both N-sources, the lowest SLA was found in
KD18.

At low VPD, NO5~-fed plants showed a significantly higher starch
content in the leaves, compared to NH4*-fed plants, with an excep-
tion for Jasmine 85 (Figure 6). At high VPD, NO53™ nutrition led to sig-
nificantly higher starch content in BT7 and Jasmine 85. With both N
sources, BT7 showed the highest starch content in the leaves at low
VPD, while at high VPD, the highest starch content was observed in
IR64.

4 | DISCUSSION

4.1 | NOj; induced higher g, and A relative to
NH,4* at high VPD but not at low VPD

At low VPD, gas exchange parameters were hardly affected by N-
source. Among the four rice varieties (IR64, BT7, KD18, and Jasmine
85) at low VPD in Experiments 2 and 3, only g5 of IR64 showed a
significant response to N-source in Experiment 3, with g being higher
in NO3™ than in NH4 ™. In previous studies, N-source did not affect
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leaf gas exchange of rice under non-water stress conditions (S. Guo
et al., 2008; Ji & Peng, 2005; Li et al., 2009; Tran et al., 2015; Zhou
et al., 2011), whereas NH,4* significantly reduced photosynthesis in
some other crops, for example, cucumber (Zhou et al., 2011), durum
wheat (Triticum durum; Torralbo et al., 2019), and eggplant (Solanum
melongena L.; Claussen & Lenz, 1995). Excessive accumulation of NH4*
in the cytosol is toxic, leading to tissue necrosis (Marschner, 2011),
but a substantial amount of N can be translocated as NH4* from the
root to the shoot (Schjoerring et al., 2002). In various species, NH* as
an exclusive N-source led to toxicity symptoms (Britto & Kronzucker,
2002). Therefore, plants sensitive to NH,* decrease g, as a strategy to
reduce NH4* transport toward the leaves (Torralbo et al., 2019). How-
ever, lowland rice is considered NH4*-tolerant (Zhou et al., 2011) since
activities of N-assimilating enzymes, both in roots and shoots, are much
higher than in other more sensitive crops (e.g., tomato, maize; Maga-
Ilhdes & Huber, 1989). Most of the NH4* taken up is assimilated in the
root (Marschner, 2011; Tabuchi et al., 2007). However, NH4* assim-
ilation consumes carbon skeletons, and a reduction in photosynthate
concentration after NH4* uptake has been observed in roots (Bowman
& Paul, 1988) as well as in leaves (Raab & Terry, 1995). In our study,
NH4*-assimilating enzyme activities were not determined; however,
starch concentrations in the leaves were lower in NH4*-fed plants than
in NO3;~-fed plants at low VPD, while A did not differ between plants
fed with the two N-sources, suggesting translocation of carbohydrates
to the roots, probably for NH4* assimilation and detoxification.

In contrast, different N-sources led to significant differences in leaf
gas exchange at high VPD under “standard” greenhouse conditions
(Experiment 1), with higher gs and A in four out of 12 varieties, IR64,
BT7,NU838, and Nipponbare fed with NO3~. The same was observed
at high VPD in the growth chamber (Experiment 3) where higher g
and A were found in IR64 and BT7 under NO3~ nutrition relative to
NH4*. Since NH4* and NO3 ™ are taken up at different rates (Vu et al,,
2020), supplying different N-sources could lead to different N con-
centrations in the leaves, and thus differences in chlorophyll concen-
trations. However, chlorophyll concentration was measured directly
spectrophotometrically after ethanol extraction, but no differences
between N treatments were found (see Figure S3). Several previous
studies demonstrated that the effect of N-source on A is associated
with g, (S. Guo, Zhou, Shen, & Zhang, 2007; Torralbo et al., 2019; Zhou
et al,, 2011). In our study, A was closely correlated with g, which sup-
ports the hypothesis that g limits A in response to NH4* nutrition.
NO;3~ has been linked to g, as its uptake and accumulation in guard
cells induces their depolarization and, eventually, stomatal opening (F.
-Q. Guo et al., 2003). Since NO3 ™~ can be easily transported and stored
in the leaves (Marschner, 2011), it can be assumed that NO3;~ con-
centration in the leaves was higher in NO3 ™~ relative to NH, " -treated
plants, which consequently enhanced stomatal opening at high VPD
maintaining high A. Since g limits A more strongly at high transpira-
tional demand (Ohsumi et al., 2008), we hypothesize that the advanta-
geous effects of NO3~ on g5 and A were only observed at high VPD.

Assimilation of N-sources and water uptake and use seem to be
linked since, in previous studies, leaf gas exchange of rice plants did

not differ between N-sources under well-water conditions, but NO3~

nutrition led to reduced g5, A, SPAD, and water consumption under
PEG-induced water stress, compared to NH4* (Ding et al., 2015; S. Guo
et al., 2008). Under water deficit, NH4* improved the water relations
of rice plants via maintaining water uptake (g plant™® ; S. Guo et al,,
2008), whereas NO3~ increased the share of root aerenchyma, lead-
ing to decreased water uptake (Yang et al., 2012). In our experiments,
adecrease of WUEI (A/gs) under NO3 ™ nutrition at high VPD (Table 4)
shows high transpirational costs for CO, assimilation, which will be a
disadvantage under conditions of soil water deficit. However, water
supply was not a limiting factor in our hydroponic experimental setup.

Moreover, g; can be seen as an important indicator of the plant’s
water status (Parkash & Singh, 2020), with plants being considered as
water-stressed if g is reduced by 40%, compared to well-watered con-
ditions (Perdomo et al., 2016). Under this precondition, plants accli-
mated to high VPD did not suffer from severe atmospheric water
deficit in Experiment 3 since g was on average only 27% lower than
that of plants at low VPD. Zhong et al. (2018) postulated that the larger
stomatal aperture caused by NO5 ™ is advantageous for the plant, pro-
vided that the leaf water content is not impaired by water deficit, which
was observed in Experiment 3. In contrast, in Experiment 2, rice plants
were transferred from low to high VPD, and after 1 week, g5 was still
reduced by more than 50% on average, implying that the leaf water
status was significantly affected, and plants suffered from water stress.
Accordingly, A was substantially decreased after transfer of the plants
to high VPD in both N treatments, and in Jasmine 85, NO3~ led to a
significantly lower A relative to NH,4* as observed in previous studies
(Ding et al., 2015; S. Guo et al., 2008). Therefore, we hypothesize that
NO3 ™ nutrition can improve leaf gas exchange in specific rice varieties
at high VPD, provided an adequate water supply and sufficient time for
acclimation.

The uptake, reduction, and assimilation of NO3~ consume more
energy than that of NH4* (Raven, 1985). However, a surplus of NADPH
generation during the light reaction is not completely consumed during
the assimilation of CO,, and NO3~ assimilation in the leaves repre-
sents an additional NADPH sink, which is not available in NH4*-fed
plants (S. Guo, Zhou, et al., 2007). Therefore, NO3 ™~ nutrition could pro-
tect chloroplasts from photo-damage and maintain the stability of the
photosynthetic apparatus when light absorption exceeds the capacity
for its utilization during photosynthesis (Zhang et al., 2014). Moreover,
NADPH generation is driven by light intensity (Hashida & Kawai-
Yamada, 2019), which could explain the higher A in NO3~-fed plants in
our first experiment in greenhouse condition, where light intensity was

higher than in the other experiments conducted in growth chambers.

4.2 | Varietal variation of leaf gas exchange in
response to N-source at high VPD

Rice varieties showed large differences in leaf gas exchange in response
to N-source at high VPD where IR64, BT7, NU838, and Nipponbare
showed higher gc and Ain NO3 ™~ relative to NH4 ™ nutrition, whereas no
significant difference was found between N treatments for the other

varieties. Since A was closely correlated with g across varieties, the
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TABLE 4

Intrinsic water-use efficiencies (WUEI) of four rice varieties at low and high VPD and the difference in WUEi between the two VPDs

(%) in Experiments 2 and 3. Data presented are mean values of four replications. Different small letter indicates the significant differences
between N-sources, while different capital letters indicate significant differences between varieties

WUEi (umol mmol-1)

Experiment 2

Experiment 3

Rice cultivar N-source Low VPD High VPD (%)? Low VPD High VPD (%)
IR64 NH4* 0.026 A 0.051 a A 98.6 0.029 a A 0.034 a A 18.6
IR64 NO3z~ 0.025 A 0.042 b A 71.7 0.025 b A 0.028 b A 10.4
BT7 NH,* 0.027 A 0.049 a A 79.9 0.022 B 0.037 a A 69.8
BT7 NO;~ 0.026 A 0.041 b A 58.6 0.023 A 0.031 b A 37.1
KD18 NH,* 0.020 B 0.035 a B 77.1 0.020 B 0.024 C 214
KD18 NO3z~ 0.017 B 0.030 b B 80.2 0.019 B 0.023 B 19.1
Jasmine 85 NH4* 0.021 B 0.036 a B 66.3 0.021 B 0.027 B 28.3
Jasmine 85 NO3z~ 0.018 B 0.025 b B 39.6 0.019 B 0.030 A 59.6

2Difference between low and high VPD.

difference in A between varieties may be attributed to differences in
the response of g5 to N-source at high VPD. After long-term exposure
to high VPD in Experiment 3, NO3~ induced a higher R/S ratio in IR64
and BT7, with a high positive correlation between R/S ratio and g, (see
Figure S2). Varietal differences in root characteristics in response to N-
source have been observed before. Song et al. (2011) found that the
presence of NO3;~ improved root initiation and root growth in varieties
with a high N-use efficiency only. Plant N content was not measured
in our experiments; however, N was entirely depleted in the residual
nutrition solution after 7 days, and thus we assume that the entire N
provided in the nutrient solution was taken up. Since in Experiment 3,
IR64, BT7, and Jasmine 85 showed higher biomass than KD18 across
N-forms, they probably had higher N-use efficiency. The higher R/S
ratio under NO3 ™ nutrition in IR64 and BT7 at high VPD could explain
the higher gs since a high R/S ratio supports water uptake, which is
consistent with higher transpiration rates in NO3~-fed plants (see Fig-
ure S4). Probably since morphological adaptations need some time to
develop, differences in R/S ratio were not observed after short-term
exposure to high VPD but only at long-term.

Despite differences in g and A, no differences in R/S ratio between
N treatments were found in the first experiment, showing that R/S ratio
is not the only reason for differences in leaf gas exchange in response
to N-form. NO3~ and amino acids serve as osmotic agents in plant tis-
sues, which are involved in regulating the acclimation of photosynthe-
sis in rice plants; however, varietal differences were observed in the
accumulation and assimilation of NO3;~ (Fan et al., 2007; Zhong et al.,
2018). There were differences in uptake rate as well as assimilation of
NO3~ between rice varieties at high VPD but not at low VPD (Vu et al.,
2020). Moreover, rice varieties also show a large variation in osmotic
adjustment as well as dehydration tolerance (Lilley & Ludlow, 1996).
Therefore, we hypothesize that the difference in g of rice varieties in
response to N-form under high VPD may be partly attributed to the
varietal difference in osmotic adjustment caused by assimilation and

accumulation of NO3~.

NO3~ nutrition led to a higher SLA in KD18 and Jasmine 85
at low VPD and in all rice varieties at high VPD in Experiment 3.
Several authors have highlighted the advantages of a high SLA for
photosynthesis. Evans and Poorter (2001) demonstrated that a high
SLA is important for maximum carbon gain per unit leaf mass, espe-
cially at low-light conditions (Schmierer et al., 2021). While thicker
leaves have more structural material relative to metabolic compo-
nents and increased internal shading, leading to lower light absorp-
tion (Terashima & Hikosaka, 1995), they also slow down intercellular
gaseous diffusion, which probably limits CO, assimilation (Parkhurst,
1994). One reason for higher SLA in NO3~-fed plants is that NO3;~
nutrition can increase cation uptake and lead to higher concentrations
of osmolytes (i.e., NO3~, cations), resulting in an increased leaf expan-
sion (Chaillou et al., 1986; Raab & Terry, 1995).

IR64 and BT7 showed a higher WUEi than KD18 and Jasmine 85 at
both VPDs and in Experiments 2 and 3 (Table 4). Gilbert et al. (2011)
demonstrated a wide varietal variation in WUEI, which was attributed
to the variation in g5 and the curvature of the relationship between A
and g,. Both, reducing g per amount of CO, assimilated or enhancing
the A at a given g5 can improve WUEi (Blankenagel et al., 2018). In our
study, IR64 and BT7 showed a high WUEiI, which is especially benefi-
cial at high transpirational demand. Since both varieties also showed a
higher Ain NO3~ treatments, we hypothesize that NO3~ may increase
leaf gas exchange in varieties with high WUEI. As the number of vari-
etiesinour study was limited, further research would be needed to con-
firm this finding.

4.3 | Growth response of different rice varieties to
N-source at low and high VPD

In most cases, when A of NO3~-fed plants exceeded A of NH,4*-fed
plants, no difference in plant DM was found, showing that the advan-

tage of increased carbon assimilation is not directly translated into
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growth. Since NO3~ assimilation has a higher energy demand than the
assimilation of NH4* (Bloom et al., 1992; Raven, 1985; Salsac et al.,
1987), we assume that the higher carbon assimilation in NO3~-grown
plants mainly compensated the higher demand of assimilates for NO3~
assimilation.

In Experiment 3, total DM was lower in NH,4 - thanin NO3 ™~ -treated
plants in KD18 and Jasmine 85 at low VPD and in BT7 and Jasmine 85
at high VPD. One reason for this was a large share of dead leaves of
KD18 and Jasmine 85 in the NH, T treatment at both VPD levels, lead-
ing to a relatively low total DM (see Figure S5). Dead leaves showed a
striking orange coloration-like symptoms of leaf-oranging, which were
probably caused by NH4* toxicity as described by Liao et al. (1994).
Symptoms of NH,4* toxicity are attributed to a decline in cation uptake,
acidification of the external medium, disturbance of intracellular pH, or
changes in the amino acid or organic acid profile of the plants (Britto
& Kronzucker, 2002). In our experiment, the pH of the nutrient solu-
tion was adjusted daily; however, a large decline in pH was observed in
the NH,4* nutrient solution within the day. Moreover, we assume that
these varieties suffered from NH4* toxicity even at a moderate con-
centration since rice plants can accumulate substantial amounts of un-
metabolized NH4* in the cytoplasm and vacuole in the root even at
low external NH4* concentrations (Wang et al., 1993). Although rice is
NH4™* tolerant, it can suffer from NH,4* toxicity due to excessive accu-
mulation of NH4* in the leaves (Chen et al., 2013; Liao et al., 1994),
which has been associated with two factors. First, a reduction in the
activity of assimilating enzymes due to antagonistic effects between
NH4* and cations, particularly K*, and second, an uptake rate of NH4*
exceeding the assimilation capacity of the enzymes (Liao et al., 1994).
Varieties with a high N-use efficiency showed a greater capacity to
resist high NH4™ concentrations, whereas susceptibility of varieties
with low N-use efficiency was related to a relatively poor regulation
of plasma-membrane influx of NH,* under high NH4*, accompanied
by enhanced root respiration (Chen et al., 2013). Moreover, previous
studies have shown that rice plants in flooded soils also take up sub-
stantial amounts of NO3 ™ instead of NH4* through nitrification in the
rhizosphere caused by the release of oxygen from the roots (Kirk, 2001;
Kirk & Kronzucker, 2005), but this might be marginal in our study as the
experiment was conducted in a nutrient solution. However, the mecha-
nism of NH4* uptake and the variation in NH4* resistance of rice vari-
eties at different N concentrations/contents and diurnal VPDs need to

be elucidated.

5 | CONCLUSION

The present work evaluated the effect of N-sources on leaf gas
exchange and the growth of different rice varieties at low and high
VPD. N-sources significantly influenced leaf gas exchange of rice plants
at high VPD with a higher A in NO3~- than in NH4*-fed plants, which
was mainly attributed to higher g and supported by a higher R/S
ratio. However, this effect varied among rice varieties and was not

observed at low VPD or shortly after transferring plants from low

to high VPD. With higher transpirational costs for photosynthesis in
NO3;~-fed plants, we hypothesize that NO3 ™ nutrition can improve leaf
gas exchange of rice plants at high VPD in high WUEi varieties, pro-
vided a sufficient water supply. Some varieties showed symptoms of
NH,4* toxicity even at moderate concentrations, indicating genotypic
diversity in transport and assimilation capacity of NH,* among rice
varieties. Since a high R/S ratio was not a unique factor improving gs in
NO3~ supplied plants, further studies are needed to elucidate the role
of NO3~ uptake and assimilation in controlling g at high VPD.
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