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A B S T R A C T   

The effects of nitrogen (N) supply on the response of leaf gas exchange, leaf water relations and plant nutrient 
uptake of tomato plants exposed to progressive soil drying under elevated CO2 (e[CO2], 800 ppm) were inves-
tigated. Two tomato genotypes differing in their endogenous abscisic acid (ABA) level, i.e. Ailsa Craig and its 
ABA-deficient mutant (flacca) were grown in pots in greenhouse cells with either ambient CO2 (a[CO2], 400 
ppm) or e[CO2]. Two N levels, i.e., N1, 0.5 g pot− 1 and N2, 1.0 g pot− 1 were used and the N fertilizer (NH4NO3) 
was applied with the irrigation water before transplanting. The results showed that e[CO2] and N2 increased 
photosynthesis and water use efficiency (WUE) of tomato plants. N2 improved plant water relations by sensi-
tizing the decline of transpiration rate during soil drying. The plant N acquisition and major ionic concentrations 
in xylem sap were lowered under e[CO2], such negative effect was compensated by increasing N supply. For WT, 
the ABA concentrations in leaf ([ABA]leaf) and xylem sap ([ABA]xylem) were increased with the decrease of the 
fraction of transpirable soil water, whereas, for flacca this was only observed in [ABA]leaf. Compared to WT, 
flacca had lower xylem sap ionic concentrations and WUE. Collectively, the responses of tomato plants to e[CO2] 
and N supply under progressive soil drying were genotypic-dependent, and endogenous ABA level could play an 
important role in modulating the responses.   

1. Introduction 

Water is a major factor affecting plant growth and development, and 
water shortage can severely limit the crop yield and productivity (Ali-
che et al., 2018; Zhou et al., 2020). In recent years, rising atmospheric 
CO2 concentration not only alters the crop growing conditions but also 
induces global climate warming, which could further aggravate the 
scarcity of water resources, causing drought stress on plants in some 
regions (Bista et al., 2018; IPCC, 2014). Therefore, an improved un-
derstanding of the mechanisms by which crop plants response to 
drought under CO2-enriched environment is crucial for developing 
efficient water and nutrient management strategy to cope with the 
challenge of water resources shortage in the face of global climate 
change. 

It is widely accepted that drought could depress the growth and 
physiology of plants, including leaf gas exchange, leaf expansion, 
nutrient uptake, and so on (Bista et al., 2018; Liu and Stützel, 2004; Yan 
et al., 2017). A majority of studies on crop drought response suggested 
that chemical signals play an vital role in modulation of plant physio-
logical development and functioning under soil water deficits (Liu et al., 
2005). ABA has been regarded as one of the important signaling mole-
cules under drought, which accumulates to high levels in plant tissues 
with the increasing the severity of drought stress (Liu et al., 2019). ABA 
could induce partial stomatal closure hereby curtailing transpiration 
rate, this further influences on plant water status, water use efficiency 
and nutrients uptake (Liu et al., 2019). It has also been suggested that 
the plant response to drought was regulated by the hydraulic signaling, 
including water potential, osmotic potential and turgor pressure (Davies 
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et al., 2002; Liu et al., 2003). Moreover, the relative significance of the 
chemical and hydraulic signals in regulating the plant response to 
drought were also dependent on the degree of drought stress (Liu et al., 
2019; Yan et al., 2017). 

Accumulated evidence suggests that the atmospheric CO2 concen-
tration would rise to about 800 ppm by the end of this century (IPCC, 
2014), and elevated CO2 (e[CO2]) could stimulate the plant growth and 
photosynthesis, consequently, increasing the biomass production 
(Karim et al., 2020; Nilsen et al., 1983). Meanwhile, e[CO2] could 
improve plant water relations through regulating stomatal closure 
(Fang et al., 2019; Robredo et al., 2007). This is beneficial to increase the 
water use efficiency and mitigate the damage of drought to the plant 
(Wei et al., 2020). Moreover, Yan et al. (2017) suggested that high CO2 
might impair the role of ABA in mediating the stomatal response to 
drought stress, and change of the turgor pressure become essential in 
regulating stomatal aperture. The maintenance of turgor pressure of 
drought-stressed plants grown under rising CO2 could assist plant 
growth even under low water potentials. Accordingly, e[CO2] reduced 
plant sensitivity to drought by enhancing water use efficiency and sus-
taining plant growth (Liu et al., 2019). While, numerous studies have 
reported that e[CO2] had a negative effect on plant nutrients concen-
trations (Li et al., 2016; Liu et al., 2020). Meanwhile, the decreased 
nutrient concentrations in xylem sap especially nitrate could also act as a 
signal inducing stomatal closure (Radin et al., 1982; Schurr et al., 1992); 
this, in turn, could affect the response of stomata to e[CO2] under 
drought stress. 

Nitrogen is one of the essential nutrients that affects the plant growth 
and physiology. Nitrogen is the key component of amino acids, proteins, 
nucleic acids and chlorophyll (Marschner, 2012; Takashima et al., 2004; 
Zhang et al., 2020), which contributes to regulating the carbon assimi-
lation and metabolism (Boussadia et al., 2010). Numerous studies sug-
gest that e[CO2] generaly decreas leaf nitrogen content due to the 
dilution effect (Mcgrath and Lobell, 2013). Meanwhile, the curtailed 
transpiration rate under e[CO2] could induce the reduction of mass flow, 
which, in turn, diminished the nitrogen uptake with the mass flow 
(Myers et al., 2014). Moreover, the nitrogen content in plant could be 
also related to the endogenous ABA concentrations, driven by the 
changes in root growth (Yang et al., 2014). In addition, low leaf nitrogen 
could stimulate the cytokinin content under e[CO2] (Yong et al., 2000), 
thus promoting the opening of stomata (She and Song, 2006). It’s worth 
noting that nitrogen has the potential to affect the ABA accumulation 
and the response of stomata to ABA (Radin et al., 1982), further 
modulating the response of stomata to drought stress under e[CO2] 
growth environment. 

The objective of the present study was to investigate the effect of 
nitrogen level on the response of leaf gas exchange, plant water re-
lations, and plant nutrients uptake to progressive soil drying under e 
[CO2] in tomato plants. In order to reveal the possible role of endoge-
nous ABA level in mediating the stomatal responses to drought and e 
[CO2], two genotypes of tomato, namely Ailsa Craig (wild type, WT) and 
its correspondent ABA-deficient mutant (flacca) were tested. We hy-
pothesized that: i) Nitrogen supply would ameliorate the negative effect 
of e[CO2] on nutrient concentrations of plants grown under drought 
stress; ii) Nitrogen would modulate the response of leaf gas exchange to 
progressive soil drying under e[CO2]; and iii) endogenous ABA level 
would be involved in affecting the response of tomato to progressive soil 
drying under e[CO2]. 

2. Materials and methods 

2.1. Experimental setup 

A pot experiment was carried out in the climate-controlled green-
house at Faculty of Science, University of Copenhagen, Taastrup, 
Denmark. The seeds of the ABA-deficient mutant (flacca) and its isogenic 
wild type (WT, cv. Ailsa Craig) tomato were sown on 16th June 2020 

and 3rd July 2020, respectively. The seedlings were transplanted in 4 L 
pots (with 2.1 kg peat) at 4th leaf stage. From sowing, half of the plants 
were exposed to ambient CO2 concentration (a[CO2], 400 ppm), and 
another half were exposed to elevated CO2 concentration (e[CO2], 800 
ppm). In both greenhouse cells, the climate conditions were set as: 23/ 
16±2 ◦C day/night air temperature, 65% relative humidity and 16 h 
photoperiod with a photosynthetic active radiation (PAR) > 500 μmol 
m− 2 s− 1 (sunlight plus LED lamps). The change of climatic parameters 
including daily average CO2 concentration ([CO2]), temperature (T), 
relative humidity (RH) and vapor pressure deficiency (VPD) in the 
greenhouse cell are illustrated in Fig. 1. 

Before transplanting, all pots were watered to supersaturate and then 

Fig. 1. Daily average CO2 concentration ([CO2]) (a), temperature (T) (b), 
relative humidity (RH) (c) and vapor pressure deficiency (VPD) (d) in the 
greenhouse cell at ambient CO2 concentration (a[CO2], 400 ppm) and elevated 
CO2 concentration (e[CO2], 800 ppm) during the experiment period. 
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drain freely to a constant weight (about 3.5 kg), which was defined as 
the 100% pot water holding capacity (WHC). Two N (in the form of 
NH4NO3) levels, i.e., 0.5 g pot− 1 (N1) and 1.0 g pot− 1 (N2) were used 
and applied to half of the plants respectively in each greenhouse cell, 
and 0.5 g pot− 1 K and 0.4 g pot− 1 P (as KH2PO4) were provided to all 
plants with irrigation water. The tomato plants were well-watered to 
95% WHC in the first three weeks. Thereafter, for each genotype and 
each N level, four plants form both a[CO2] and e[CO2] growth envi-
ronments were kept well-watered to 100% WHC and assigned as the 
control plans, the other plants were subjected to progressive soil drying 
by withholding irrigation pots until the stomatal conductance (gs) 
decreased to ca. 10% of the control plants. 

2.2. Measurements 

2.2.1. Soil water contents 
During the progressive soil drying period, the pots were weighted 

daily at 15:00 p.m. for determination of soil water status and which was 
expressed as the fraction of transpirable soil water (FTSW). The total 
transpirable soil water (TTSW) in the pot was the difference between pot 
weights at 100% WHC (i.e., 3.5 kg) and that when the gs of the drought- 
stressed plants decreased to ca. 10% of the control plants (i.e., 1.8 kg). 
Then the daily value of FTSW was calculated as the ratio between the 
amount of transpirable soil water still remained in pots and TTSW (Eq. 
(1)): 

FTSW =
(
WTn − WTf

)/
TTSW (1)  

where WTn is the pot weight on a given date, and WTf is the pot weight at 
the time when gs of drought-stressed plants was 10% of the control 
plants (i.e., 1.8 kg). Changes of FTSW during the experimental period in 
the two genotypes grown in both a[CO2] and e[CO2] environments are 
shown in Fig. 2. 

2.2.2. Leaf gas exchange 
During the soil drying period, leaf gas exchange rates were measured 

every morning between 9:00 to 11:00 h, including net photosynthetic 
rate (An), gs and transpiration rate (Tr), using a portable photosynthetic 
system (LiCor-6400XT, LI-Cor, NE, USA). All measurements were taken 
at 1200 μmol m− 2 s− 1 photon flux density with leaf temperature in leaf 
chamber onset at 23 ◦C, and at a[CO2] of 400 ppm for a[CO2] and 800 
ppm for e[CO2] treatment, respectively. Instantaneous water use effi-
ciency (WUEleaf, μmol mmol− 1) was calculated as the ratio of An (μmol 
m− 2 s− 1) to Tr (mmol m− 2 s− 1). 

2.2.3. Plant water relations and ABA concentration 
At each harvest, leaf water potential (Ψl) was determined on the 

same leaf used for leaf gas exchange measurement using a pressure 
chamber (Soil Moisture Equipment, Santa Barbara, CA, USA). After that, 
the leaf was immediately divided into two pieces and packed in 
aluminum foils separately, then stored at − 80 ◦C for leaf osmotic po-
tential (Ψπ) measurement and leaf ABA ([ABA]leaf) analysis. Ψπ was 
measured with a psychrometer (C-52 sample chambers, Wescor Inc., 
Logan, UT, USA) connected to a microvoltmeter (HR-33 T, Wescor, 
Logan, UT, USA) at 20 ◦C. Turgor pressure (ΨP) was computed according 
to the flowing equation (Eq. (2)): 

Ψp = Ψl − Ψπ (2)  

where Ψl is leaf water potential and Ψπ is leaf osmotic potential. 
Thereafter, xylem sap was collected with a Scholander-type pressure 

chamber, during which the whole pot was enclosed in the pressure 
chamber with the stem stick out, and the stem was severed at almost 
15–20 cm height from stem base. Pressure was applied into the chamber 
gradually until the xylem sap started to appear from the cutting surface, 
then the sap (ca. 1.0 ml) was collected into an Eppendorf tube with a 
pipette from the cutting surface and stored at − 80 ◦C for xylem ABA 
analysis (Liu et al., 2005). Leaf and xylem sap ABA concentrations were 
measured by enzyme-linked immunosorbent assay (ELISA) following 
the protocol of Asch (2000). 

At final harvest, leaf relative water content (RWC) was determined as 
(Eq. (3)): 

Fig. 2. Changes of fraction of transpirable soil water (FTSW) in the pots of WT tomato and its ABA deficient mutant (flacca) under ambient CO2 concentration (a 
[CO2], 400 ppm) and elevated CO2 concentration (e[CO2], 800 ppm) during progressive soil drying with low N (N1, 0.5 g pot− 1) and high N supply (N2, 1.0 g pot− 1). 
Error bars indicate standard error of the means (SE) (n = 4). 
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RWC =
(
Mf − Md

)/
(Mt − Md) (3)  

where Mf is the fresh mass of the leaf, Mt is the turgid mass of the leaf 
determined after steeping in distilled water for 4 h at 20 ◦C, and Md is the 
dry mass of the leaf determined after drying in an oven at 70 ◦C to 
constant weight. 

2.2.4. Plant dry matter, water use, water use efficiency 
Plant dry matter (DM) of leaf and stem were estimated at each har-

vest after drying at 70 ◦C in an oven for 72 h to a constant weight. Total 
dry matter accumulation (ΔDM) was calculated as the difference be-
tween the DM at first harvest and the DM at final harvest. The water use 
(WU, dm3) was the total water consumption from first harvest to final 
harvest. Plant water use efficiency (WUEP) was counted as the ratio of 
ΔDM to WU. 

2.2.5. Stomatal density, leaf area and specific leaf area 
At the final harvest, epidermal impressions were taken from the leaf 

for leaf gas exchange measurement with nail polish. Then the impression 
was attached to the microscopic slide and photographed using a Leitz 
DMRD light microscope (Leica Mikroskopie & Systeme GmbH, Wetzlar, 
Germany) with an associated camera (Leica DFC 420). Three images 
were taken for each impression and stomatal number was enumerated 
through ImageJ software (Version 1.51k, Wayne Rasband, National In-
stitutes of Health, USA, Java 1.6.0–24 (64 bit)). The stomatal density 
(SD, pores mm− 2) was calculated as the ratio of stomatal number to the 
image area. 

Plant leaf area (LA, cm2) was measured by a leaf area meter (LICOR 
3100) and the specific leaf area (SLA, cm2 g− 1) was determined as the 
ratio of LA to leaf dry matter. 

2.2.6. N and C contents, and C/N 
All above ground plants samples were divided into stem and leaf at 

the final harvest. The stem and leaf samples were ground into powder for 
analysis of C and N contents using a CHNS/O Elemental Analyser (Flash 
2000, Thermo Fisher Scientific, Cambridge, UK). The shoot total C 
content (TCC) and N content (TNC) was calculated as the weighted 
average of leaf and stem C and N content, respectively. The C/N was 
computed as the ratio of C to N content. 

2.2.7. Ionic concentrations in the xylem sap 
Ionic concentrations in the xylem sap were determined by ion 

chromatography (Metrohm AG, Herisau, Switzerland). Among which, 
the concentrations of anions (NO3

− ,SO4
2− , PO4

3− and Cl− ) were assayed 
on a Metrosep A Supp 4 analytical column (4 mm × 125 mm, 1.8 mM 
Na2CO3/1.7 mM NaHCO3 eluent), and the concentrations of cations (K+, 
Ca2+, Na+, Mg2+ and NH4

+) were assayed on a Metrosep C4-100 
analytical column (4 mm × 125 mm, 1.7 mM nitric acid/0.7 mM dipi-
colinic acid eluent). 

2.3. Statistical analysis 

The responses of An, Tr, WUEleaf to soil drying were evaluated by a 
linear-plateau model (Liu et al., 2019) Eq. (4a & b): 

If FTSW > C, y = yinitial (4a)  

If FTSW < C, y = yinitial + S × (FTSW − C) (4b)  

where y denotes An, Tr, WUEleaf, yinitial denotes the initial values of An, 
Tr, and WUEleaf when these variables were still not depressed by drought 
stress S is the slop of the linear equation, C is the FTSW threshold at 
which y started to diverge from yinitial. The parameters y, S and C were 
evaluated by PROC NLIN of PC SAS 9.4 (SAS Institute Inc., Cary, NC, 
USA, 2002–2012). 

All parameters derived from the linear-plateau regression were 

statistically analyzed by T-test using MedCalc statistical software 19.0.7. 
Three-way analysis of variance (ANOVA) was performed on the data of 
SD, LA, SLA, RWC, Ψl, Ψπ, Ψp, ΔDM, WU, WUE, N and C content, C/N, as 
well as ionic concentrations in the xylem sap. The effects of the inde-
pendent factors: N level ([N]), CO2 concentration ([CO2]) and genotype 
([GE]) as well as their interactions were detected using the SPSS sta-
tistics software (version 18.0, IBM Electronics). 

3. Results 

3.1. Leaf gas exchange and instantaneous water use efficiency (WUEleaf) 

3.1.1. Net photosynthetic rate (An) 
For WT, the An max of plants were not affected by N level under either 

CO2 growth environments, but were significantly enhanced by e[CO2] as 
compare with a[CO2] (Fig. 3a, b, Tables 1 and 2). For flacca, e[CO2] 
enhanced An max under both N levels in relation to a[CO2], and the An 

max of flacca plants grown under e[CO2] at N1 was significant lower than 
that at N2. For both WT and flacca, the threshold at which An started to 
decline (CA) at N2 was significantly higher than those at N1 under a 
[CO2] (i.e., WT: 0.52 vs 0.38, flacca: 0.37 vs 0.21) (Fig. 3a, c, Tables 1 
and 2), however, no significant difference of CA was observed between 
the N treatment under e[CO2] (Fig. 3b, d, Tables 1 and 2). For WT, plants 
grown under a[CO2] had greater CA compared to those grown under e 
[CO2] at both N levels (i.e., N1: 0.38 vs 0.32, N2: 0.52 vs 0.33) (Fig. 3a, b, 
Tables 1 and 2). Moreover, the same trend was observed in flacca at N2 
(i.e., 0.37 vs 0.24) (Tables 1 and 2). 

3.1.2. Transpiration rate (Tr) 
[CO2] and N level had no effect on Tr max of flacca tomato (Table 2). 

While in WT tomato, Tr max of plants with N2 treatment was 9.7% higher 
than the plants with N1 treatment under e[CO2] (Fig. 4b, Tables 1 and 
2); likewise, Tr max of plants grown under e[CO2] was lower than those 
under a[CO2] with N1 treatment (Fig. 4a, b, Tables 1 and 2). In WT 
tomato, Tr of plants at N1 started to decreased at a notable lower FTSW 
threshold (CT) than that of plants with N2 treatment under both a[CO2] 
and e[CO2] environments, respectively (i.e., a[CO2]: 0.71 vs 0.86; e 
[CO2]: 0.72 vs 0.84) (Fig. 4a, b, Tables 1 and 2), while CO2 treatment did 
not affect the CT of WT tomato (Table 2). In addition, the CT of flacca 
tomato at N1 was significantly lower than that of plants at N2 when 
under a[CO2] (i.e., 0.21 vs 0.35). Furthermore, a[CO2] significantly 
delayed the reduction of Tr in flacca plants at N1 level as compared with 
e[CO2] (Tables 1 and 2). 

3.1.3. Instantaneous water use efficiency (WUEleaf) 
At onset of drought stress, the initial instantaneous water use effi-

ciency (WUEleaf ini) of WT and flacca tomato were unaffected by N 
treatment under both a[CO2] and e[CO2] growth environments 
(Table 2). While e[CO2] improved WUEleaf ini of WT tomato at N1, and of 
flacca tomato at N2, compare to a[CO2] (Fig. 5, Tables 1 and 2). In WT, 
the CW of plants at N2 was 24.6% greater than that of plants at N1 under 
e[CO2] (i.e., 0.81 vs 0.65) (Fig. 5b, Tables 1 and 2). During progressive 
soil drying, WUEleaf of flacca plants under e[CO2] began to increase at 
evidently higher FTSW threshold (CW) than those under a[CO2] in N1 
treatment (i.e., 0.30 vs 0.20) (Fig. 5c, d, Tables 1 and 2) . Furthermore, 
N2 increased CW of flacca plants at a[CO2] condition (i.e., 0.29 vs 0.20) 
(Tables 1 and 2). 

3.2. Stomatal density, leaf area and specific leaf area 

At the final harvest, flacca had higher stomatal density (SD) than WT. 
[CO2] and [N] did not affect SD, neither did the interaction between 
[CO2], [N] and genotype ([GE]). As regards the leaf area (LA) and 
specific leaf area (SLA), it was found that e[CO2] enhanced the LA, 
however, SLA was unaffected by [CO2]. Across [CO2] and [GE], N2 
significantly decreased LA and SLA. Compared to WT tomato, lower LA 
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and greater SLA were observed in flacca. Moreover, the combination of 
[CO2] and [N] also affected LA and SLA, meanwhile, SLA was also 
influenced by [CO2] × [GE], [N] × [GE], [CO2] × [N] × [GE] (Table 3). 

3.3. Plant water relations and plant water use efficiency 

The results of plants water relations and plant water use efficiency 
(WUEP) at the final harvest are presented in Table 3, it showed that 
[CO2] and [N] had no effect on leaf relative water content (RWC), leaf 
water potential (Ψl), osmotic potential (Ψπ) and turgor pressure (ΨP), 
neither did the interactions between [CO2], [N] and [GE]. In relation to 
the WT tomato, flacca had lower RWC, Ψl, Ψπ, and ΨP at the end of soil 
drying. Regardless of [N] and [GE], e[CO2] increased the accumulation 
of plant dry matter (△DM), yet the water use (WU) during the treatment 
was unaffected by e[CO2], thus leading to a higher WUEP. [N] had no 
impact on △DM, however N2 decreased the WU in relation to N1, which 

caused an increase in WUEP of plants grown under e[CO2]. Across the 
[CO2] and [N] treatments, the △DM, WU and WUEP of flacca were 
67.2%, 10.1% and 63.8% lower than those of WT tomato, respectively. 
Furthermore, the WU and WUEP were also affected by [CO2] × [GE] and 
[N] × [GE]. 

3.4. Leaf and xylem ABA concentrations 

Leaf ABA concentration ([ABA]leaf) was increased along with the 
decrease of FTSW in WT and flacca. Nevertheless, [CO2] and [N] had no 
significant effect on [ABA]leaf in this two genotypes (Fig. 6). In both CO2 
growth environment, xylem ABA concentration ([ABA]xylem) also 
increased with the decreasing of FTSW in WT tomato (Fig. 7a and b), but 
not in flacca (Fig. 7c and d). During progressive soil drying, neither 
[CO2] nor [N] had significant effect on [ABA]xylem, meanwhile, no dif-
ference was found in [ABA]xylem between the two genotypes. In relation 

Fig. 3. Changes of net photosynthetic rate (An) of WT tomato and its ABA deficient mutant (flacca) grown under ambient CO2 concentration (a[CO2], 400 ppm) and 
elevated CO2 concentration (e[CO2], 800 ppm) during progressive soil drying with low N (N1, 0.5 g pot− 1) and high N supply (N2, 1.0 g pot− 1). 

Table 1 
Results of the linear-plateau regression analyses of the responses of photosynthetic rate (An), transpiration rate (Tr) and instantaneous water use efficiency (WUEleaf) of 
WT tomato, and its ABA deficient mutant (flacca) to the reduction in fraction of transpirable soil water (FTSW) under ambient CO2 concentration (a[CO2], 400 ppm) 
and elevated CO2 concentration (e[CO2], 800 ppm) with low N (N1, 0.5 g pot− 1) and high N supply (N2, 1.0 g pot− 1).  

Genotype [CO2] N Level An Tr WUEleaf 

CA An max CT Tr max CW WUEleaf ini 

WT 400 ppm N1 0.38±0.02 14.49±0.36 0.71±0.03 7.50±0.24 0.64±0.05 1.97±0.17 
N2 0.52±0.03 14.26±0.39 0.86±0.03 7.83±0.24 0.79±0.15 1.87±0.52 

800 ppm N1 0.32±0.03 21.50±0.49 0.72±0.03 6.88±0.20 0.65±0.05 2.93±0.35 
N2 0.33±0.04 21.86±0.65 0.84±0.04 7.62±0.25 0.81±0.11 2.70±0.82 

flacca 400 ppm N1 0.21±0.02 17.59±0.43 0.21±0.02 10.01±0.29 0.20±0.030 1.76±0.06 
N2 0.37±0.05 17.24±0.48 0.35±0.03 9.98±0.21 0.29±0.04 1.72±0.06 

800 ppm N1 0.25±0.05 19.17±0.62 0.33±0.04 9.56±0.35 0.30±0.04 1.98±0.26 
N2 0.24±0.03 21.52±0.39 0.34±0.02 9.82±0.20 0.27±0.03 2.22±0.14 

Notes: CA CT and Cw denoted the threshold at which the parameters (An, Tr, WUEleaf) start to decrease due to drought stress; An max, Tr max, and WUEleaf ini, indicated the 
initial values of the variables when the plants were not significantly affected by drought. 
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to flacca, higher [ABA]leaf and [ABA]xylem were found in WT plants 
under severe drought stress (i.e. FTSW <0.3) at both N levels under e 
[CO2] (P<0.05, ANCOVA) (Figs. 6b,d and 7b, d). 

3.5. N content, C content and C/N 

The contents of C and N in leaf, stem, as well as shoot, and the output 
of the three-way ANOVA are presented in Table 4. [CO2], [N], [GE], 

[CO2] × [GE], as well as [N] × [GE] had significant effects on leaf C 
content (LCC). Likewise, leaf N content (LNC) was significantly affected 
by [CO2], [N], [GE] and the interaction between [CO2] and [GE]. e[CO2] 
enhanced LCC but decreased LNC, resulting in higher leaf C/N. 
Reversely, LCC was reduced by N2, however plants under N2 had 
greater LNC, resulting in a significant decrease in leaf C/N of plants 
grown at N2. Compared to WT, lower LCC but higher LNC were found in 
flacca, leading to a lower leaf C/N in flacca compared to WT. 

Table 2 
Results of statistical analysis of the linear-plateau regression of leaf photosynthesis rate (An), transpiration rate (Tr) and instantaneous water use efficiency (WUEleaf) of 
WT tomato, and its ABA deficient mutant (flacca) response to the reduction in fraction of transpirable soil water (FTSW). *, **, and *** indicate the differences of the 
parameters between ambient CO2 concentration (a[CO2], 400 ppm) and elevated CO2 concentration (e[CO2], 800 ppm) with low N (N1, 0.5 g pot− 1) and high N supply 
(N2, 1.0 g pot− 1) at P<0.05, P<0.01, P<0.001 level, respectively; “ns” indicates on significant difference.  

Genotype Factor An Tr WUEleaf 

CA An max CT Tr max CW WUEleaf ini 

WT 400 ppm N1 0.0002 0.4194 0.0004 0.0998 0.1010 0.7173 
N2 *** ns *** ns ns ns 

800 ppm N1 0.7030 0.4105 0.0030 0.0036 0.0381 0.6243 
N2 ns ns ** ** * ns 

N1 400 ppm 0.0158 0.0001 0.6540 0.0074 0.7129 0.0027 
800 ppm * *** ns ** ns ** 

N2 400 ppm 0.0003 0.0001 0.4542 0.2711 0.8369 0.1382 
800 ppm *** *** ns ns ns ns 

flacca 400 ppm N1 0.0010 0.3191 0.0002 0.8724 0.006 0.4331 
N2 *** ns *** ns ** ns 

800 ppm N1 0.7433 0.0007 0.6704 0.2445 0.2754 0.1552 
N2 ns *** ns ns ns ns 

N1 400 ppm 0.1879 0.0058 0.0017 0.0950 0.0062 0.1441 
800 ppm ns ** ** ns ** ns 

N2 400 ppm 0.0043 0.0001 0.5992 0.3121 0.3603 0.0006 
800 ppm ** *** ns ns ns ** 

Notes: CA CT and Cw denoted the threshold at which the parameters (An, Tr, WUEleaf) start to decrease due to drought stress; An max, Tr max, and WUEleaf ini, indicated the 
initial values of the variables when the plants were not significantly affected by drought. *, **, and *** indicate the differences of the parameters between 400 ppm and 
800 ppm, and between N1 and N2 at P<0.05, P<0.01, P<0.001 level, respectively; “ns” indicates on significant difference. 

Fig. 4. Changes of transpiration rate (Tr) of WT tomato and its ABA deficient mutant (flacca) grown under ambient CO2 concentration (a[CO2], 400 ppm) and 
elevated CO2 concentration (e[CO2], 800 ppm) during progressive soil drying with low N (N1, 0.5 g pot− 1) and high N supply (N2, 1.0 g pot− 1). 
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In stem, the C content was significantly affected by [N], [GE], as well 
as the combination of [CO2] and [GE]. N2 declined stem C content 
(SCC), and flacca had higher SCC disregarding the [CO2] and [N] 
treatments. Stem N content (SNC) was only affected by [CO2] and [GE]. 
Plants grown at e[CO2] had lower SNC than those grown under a[CO2]. 
Irrespective of [CO2] and [N] treatments, the SNC of flacca was greater 
in relation to WT. Moreover, [CO2], [GE] and their interaction signifi-
cantly affected stem C/N. Additionally, e[CO2] improved the stem C/N 
in relation to a[CO2] in both genotypes and N levels. 

Similarly, the total shoot C content (TCC) was increased by e[CO2], 

while the reverse result was found in total shoot N content (TNC), which 
led to an increase TC/TN in plants cultivated under e[CO2] environment. 
N2 decreased TCC while increased TNC, reducing in a lowered TC/TN. 
Irrespective of [CO2] and [N] treatments, less TCC and more TNC were 
found in flacca as compared with WT, consequently, the TC/TN of flacca 
was lower than that of WT. 

3.6. Ionic concentrations in xylem sap 

At the final harvest, the ionic concentrations in xylem sap varied 

Fig. 5. Changes of instantaneous water use efficiency (WUEleaf) of WT tomato and its ABA deficient mutant (flacca) grown under ambient CO2 concentration (a 
[CO2], 400 ppm) and elevated CO2 concentration (e[CO2], 800 ppm) during progressive soil drying with low N (N1, 0.5 g pot− 1) and high N supply (N2, 1.0 g pot− 1). 

Table 3 
Leaf stomatal density (SD), leaf area (LA), specific leaf area (SLA), leaf relative water content (RWC), leaf water potential (Ψl), osmotic potential (Ψπ) and turgor 
pressure (ΨP), dry matter accumulation (ΔDM), water use (WU) and plant water use efficiency (WUEP) of WT tomato and its ABA deficient mutant (flacca) under 
ambient CO2 concentration (a[CO2], 400 ppm) and elevated CO2 concentration (e[CO2], 800 ppm) at final harvest with low N (N1, 0.5 g pot− 1) and high N supply (N2, 
1.0 g pot− 1), values are means ± SE (n = 16).  

Factor SD (pores 
mm− 2) 

LA (cm2) SLA (cm2 

g− 1) 
RWC Ψl (-MPa) Ψπ (-MPa) ΨP (MPa) △DM (g) WU (dm3) WUEP (kg 

m− 3) 

[CO2] ns *** ns ns ns ns ns *** ns *** 
400 ppm 323.79±16.25 1510.04±218.03 181.05±4.97 0.70±0.02 1.33±0.02 1.44±0.01 0.11±0.02 8.20±1.11 1.58±0.04 5.04±0.62 
800 ppm 368.78±20.01 1758.87±218.54 183.24±3.76 0.70±0.01 1.30±0.02 1.45±0.01 0.15±0.02 9.60±1.25 1.59±0.04 5.99±0.76 
[N] ns *** *** ns ns ns ns ns *** ** 
N1 342.15±22.46 1742.12±215.66 188.52±3.82 0.69±0.01 1.33±0.02 1.45±0.01 0.12±0.01 9.12±1.19 1.68±0.04 5.23±0.59 
N2 350.42±15.01 1526.79±222.04 175.78±4.36 0.71±0.02 1.30±0.02 1.44±0.01 0.14±0.02 8.68±1.20 1.49±0.02 5.79±0.79 
[GE] * *** *** ** *** * ** *** *** *** 
WT 314.48±14.01 2468.91±45.50 176.51±2.85 0.73±0.01 1.27±0.01 1.43±0.01 0.16±0.01 13.4 ±

0.35 
1.67±0.04 8.10±0.29 

flacca 378.10±20.02 800.01±49.47 187.79±5.16 0.67±0.02 1.36±0.02 1.46±0.01 0.10±0.01 4.39±0.17 1.50±0.02 2.93±0.09 
[CO2] × [N] ns ** *** ns ns ns ns * ns * 
[CO2] × [GE] ns ns *** ns ns ns ns * * ** 
[N] × [GE] ns ns *** ns ns ns ns ns *** *** 
[CO2] × [N] 
× [GE] 

ns ns *** ns ns ns ns ns ns ns 

Notes: *, **, and *** indicate the differences of the parameters between 400 ppm and 800 ppm, and between N1 and N2 at P<0.05, P<0.01, P<0.001 level, 
respectively; “ns” indicates on significant difference. 
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among the treatments as shown in Table 5. Compared to a[CO2], e[CO2] 
reduced the concentrations of K+ and NO3

− , but increased PO4
3- con-

centration in xylem sap. According to the three-way ANOVA, [N] 
significantly affected the concentrations of NH4

+, K+, Ca2+, NO3
− , 

PO4
3− and Cl− , where N2 enhanced almost all of the ion concentrations 

except NO3
− . Compared to WT tomato, flacca had lower concentrations 

of K+, Na+, Mg2+, NO3
− , PO4

3- and Cl− , whereas there was no noticeable 
difference in NH4

+ and Ca2+between WT and flacca. Additionally, the 
interaction between [CO2] and [N], and between [CO2], [N] and [GE] 
were only had significant impact on NO3

− , while [CO2] associated with 
[GE] affected K+, Ca2+, Na+, NO3

− , PO4
3− and Cl− , prominently. 

Intriguingly, [N] and [GE] had a significant interaction effect on all of 
the ion concentrations in xylem sap. 

4. Discussion 

4.1. Response of An, Tr, WUEleaf to N supply under e[CO2] during 
progressive soil drying 

It is well known that e[CO2] could increase An while reduce Tr 
(Leakey et al., 2009). In line with this, here plants grown under e[CO2] 
had higher An and lower Tr than those under a[CO2] at onset of drought 
stress (Fig. 3 and Table 1). Consequently, the water use efficiency at leaf 
level was enhanced at e[CO2] (Fig 5 and Table 1), which was in good 
agreement with the early findings (Pazzagli et al., 2016). It is well 
accepted that e[CO2] could expedite depolarization of the guard cell 
membrane potential by altering some ion channel activities, which 
further cause the reduction of stomatal aperture (Ainsworth and Rogers, 
2007), thereby decreasing the Tr. Moreover, some studies attributed the 
lowered Tr to the partial stomatal closure induced by ABA of plant 
grown under e[CO2] (Chater et al., 2015; Hsu et al., 2018). Nevertheless, 

in the present study, e[CO2] had no effect on [ABA]leaf and [ABA]xylem 
compared with a[CO2] before onset of the drought stress. Therefore, the 
ABA would not be involved in inducing stomatal closure and reduction 
of Tr of tomato plants grown under e[CO2], affirming our previous 
findings (Liu et al., 2019). In addition, for plants grown at e[CO2], the 
FTSW threshold at which An started to decrease during soil drying was 
lower than the plants grown under a[CO2] (Table 1). While the soil 
water threshold for Tr was unaffected by [CO2], coincided with the re-
sults by Liu et al. (2019). 

It was well recognized that leaf N is an essential factor mediating the 
plant photosynthesis, and sufficient N supply could increase the content 
and activity of Rubisco (Evans, 1989), and chlorophyll concentration 
(Shangguan et al., 2000), causing improved An of plants. In agreement 
with this, here N2 induced higher An when FTSW greater than the An 
threshold, though this only occurred in flacca under e[CO2] (Fig. 3d). 
Likewise, N2 treatment also enhanced Tr of WT plants grown at e[CO2] 
(Fig. 3b). Under more severer drought stress, N1 delayed the reduction 
of An and Tr as compared with N2 during progressive soil drying (Figs. 3 
and 4). For WT plants during progressive soil drying, the An and Tr of 
plants with N1 treatment was reduced at significantly lower FTSW 
thresholds than N2 treatment under both [CO2] growth environments 
except the An under a[CO2]. One of the reason for this could be that low 
N content in N1 plants (Table 4) may increase the stomatal opening of 
plants by stimulating cytokinin accumulation, which would sustain a 
greater stomatal aperture hereby delaying the reduction of An and Tr 
during drought (She and Song, 2006; Yong et al., 2000). In addition, the 
lower NO3

− in xylem sap of N2 plants (Table 5) could sensitize the 
stomatal response to ABA during progressive soil drying, promoting the 
stomatal closure (Davies et al., 2002), resulting in an accelerated 
decrease in An and Tr. In flacca plants, the delayed reduction of An and Tr 
at N2 compared with N1 during progressive soil drying was only found 

Fig. 6. Changes of leaf ABA concentration ([ABA]leaf) of WT tomato (n = 36) and its ABA deficient mutant (flacca) grown under ambient CO2 concentration (a[CO2], 
400 ppm) and elevated CO2 concentration (e[CO2], 800 ppm) during progressive soil drying with low N (N1, 0.5 g pot− 1) and high N supply (N2, 1.0 g pot− 1). Error 
bars indicate standard error of the means (SE) (n = 4). 
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in plants grown under a[CO2]. The results indicated that the effect of N 
supply on the response of leaf gas exchange to progressive soil drying 
was also genotypic dependent. 

4.2. Response of ABA concentration to N supply under e[CO2] during 
progressive soil drying 

ABA plays an essential role in inducing the stomatal closure under 
drought stress, and the [ABA]leaf increased with the decrease of FTSW 
during progressive soil drying (Li et al., 2017; Liu et al., 2019). In 
accordance with this, this experiment also showed that [ABA]leaf and 
[ABA]xylem of WT plants increased with declining of FTSW (Figs. 6a, b 

and 7a, b). However, such response was only seen in [ABA]leaf for flacca 
(Fig. 6c and d). At the onset of the drought treatment, no significant 
difference of [ABA] between WT and flacca was observed in this study; 
nonetheless, this difference became significant of plants grown under e 
[CO2] especially when the FTSW dropped below 0.30. This is consistent 
with the findings of Wei et al. (2020). It has been suggested [CO2] and 
[N] may have the potential to alter the ABA accumulation in plant 
(Radin et al., 1982; Wei et al., 2020), however, no significant effect of 
[CO2] and [N] on [ABA] was observed in the present study, which might 
be partially due to genotypic variation in the [ABA] response to [CO2] 
and [N] growth environments. 

Fig. 7. Changes of xylem ABA concentration ([ABA]xylem) of WT tomato and its ABA deficient mutant (flacca) grown under ambient CO2 concentration (a[CO2], 400 
ppm) and elevated CO2 concentration (e[CO2], 800 ppm) during progressive soil drying with low N (N1, 0.5 g pot− 1) and high N supply (N2, 1.0 g pot− 1). Error bars 
indicate standard error of the means (SE) (n = 4). 

Table 4 
The N content, C content and C/N in leaf, stem and shoot of WT tomato and its ABA deficient mutant (flacca) under ambient CO2 concentration (a[CO2], 400 ppm) and 
elevated CO2 concentration (e[CO2], 800 ppm) with low N (N1, 0.5 g pot− 1) and high N supply (N2, 1.0 g pot− 1), values are means ± SE (n = 16).  

Factor Leaf Stem Shoot 

C (mg g− 1) N (mg g− 1) C/N C (mg g− 1) N (mg g− 1) C/N TC (mg g− 1) TN (mg g− 1) TC/TN 

[CO2] ** *** *** ns * * *** *** *** 
400 ppm 381.30±3.46 49.19±1.56 7.90±0.32 369.25±1.24 35.53±1.10 10.54±0.31 377.72±2.29 45.02±1.37 8.53±0.301 
800 ppm 386.65±6.56 46.42±1.24 8.47±0.36 370.05±3.83 32.48±1.19 11.58±0.38 382.12±3.89 42.14±0.98 9.17±0.30 
[N] ** ** *** ** ns ns *** * *** 
N1 386.67±4.43 47.03±1.51 8.38±0.35 373.15±3.08 34.26±1.41 11.16±0.45 382.87±2.56 43.11±1.35 9.03±0.33 
N2 381.28±5.95 48.59±1.37 7.99±0.34 366.15±2.26 33.75±0.96 10.96±0.27 376.97±3.65 44.05±1.13 8.67±0.29 
[GE] *** *** *** *** *** ** *** *** *** 
WT 402.40±2.48 42.62±0.44 9.46±0.12 363.07±1.76 31.14±0.25 11.67±0.13 390.78±1.55 39.21±0.36 9.98±0.11 
flacca 365.55±2.13 52.99±0.66 6.91±0.09 376.23±2.71 36.87±1.33 10.45±0.46 369.06±1.70 47.95±0.67 7.72±0.12 
[CO2] × [N] ns ns * ns ns ns ** ns * 
[CO2] × [GE] *** * ns *** ns * *** *** ns 
[N] × [GE] *** ns ns ns ns ns *** ns ns 
[CO2] × [N] × [GE] ns ns ns ns ns ns Ns ns ns 

Notes: *, **, and *** indicate the differences of the parameters between 400 ppm and 800 ppm, and between N1 and N2 at P<0.05, P<0.01, P<0.001 level, 
respectively; “ns” indicates on significant difference. 
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4.3. Response of leaf stomatal density, leaf area, specific leaf area, plant 
water relations and plant water use efficiency to N supply under e[CO2] 

Previous studies suggested that e[CO2] growth environment could 
lead to a reduction of stomatal density (SD) (Woodward et al., 2002). On 
the contrary, here the SD tended to be greater under e[CO2] than under a 
[CO2], though the difference was statistically insignificant (Table 3), 
consistent with the finding by Reid et al. (2003). Which may be closely 
related to the diversity of species and the synergistic regulation of sto-
mata between physiology and morphology under e[CO2] (Haworth 
et al., 2015). A majority of studies about the effects of e[CO2] on leaf 
area (LA) revealed that e[CO2] promoted the expansion growth of LA 
(Liu et al., 2019). Consistent with this, plants grown under e[CO2] had 
higher LA than those under a[CO2] at final harvest in this work 
(Table 3). Meanwhile, early studies reported that e[CO2] decreased 
specific leaf area (SLA) of plants (Wang et al., 2020), this was not the 
case in the present study as there was no difference in SLA between the 
two [CO2] treatments. Additionally, previous research demonstrated 
that leaf development is sensitive to N supply (Trápani et al., 1999). In 
this experiment, a significant reduction of LA and SLA was found for 
plants at N2 treatment (Table 3), such phenomena contradicts the 
common consensus that increase N supply would lead to enhanced plant 
growth resulting in a larger LA. Here, we postulated that N might have 
not been a limiting factor for plant growth and N2 treatment could have 
caused a depressed cell production and cell expansion (Trápani et al., 
1999). 

Although numerous reports have shown that e[CO2] would 
contribute to the improvement of plant water relations by reducing the 
transpiration (Wullschleger et al., 2002). This was not the case in the 
present study, as [CO2] did not affect plant water relations (Table 3). 
The varied effects of [CO2] on plant water relations may arise from the 
differences in plant species/genotypes used. Besides, high N supply had 
a tendency to improve the plant water relations, though the difference 
was insignificant (Table 3). Compared with N1 treatment, N2 decreased 
the Tr at greater FTSW threshold (Table 1), which would help plants 
retain water during drought stress. Besides, plants in WT had higher Ψl, 
Ψπ, and ΨP than flacca this was probably due to the higher [ABA]leaf 
content in WT plants under drought stress which induced earlier closure 
of stomata hereby curtailing the Tr and sustaining the plant water status 
(Fig. 6). 

Moreover, e[CO2] increased △DM most probably due to the 
increased photosynthesis (Raja Reddy et al., 2005). However, no strong 
influence of e[CO2] on WU was observed in the present study. Conse-
quently, the WUEp was enhanced under e[CO2] (Table 3). Likewise, the 
WUEp of plants with high N treatment was increased as well, owing to 
the higher degree of decline in WU than in △DM. Compared to flacca, 

WT plants had greater WUEP (Table 3), this could be attributed to the 
higher △DM and [ABA] in WT (Figs. 6 and 7) (Liu et al., 2005). 

4.4. Response of C and N contents to N supply under e[CO2] during 
progressive soil drying 

Evidence has indicated that the leaf C content (LCC) and stem C 
content was greater under e[CO2] than under a[CO2], hence e[CO2] 
increased the total C content in shoot (TCC) (Liu et al., 2019). In 
accordance with this, our data also showed an enhancement of C content 
both in leaf and stem under e[CO2], leading to a remarkable increase in 
TCC (Table 4). The increased C content in different plant organs was 
mainly due to the rising resources requirement by plant growth under e 
[CO2] (Wang et al., 2020). On the other hand, the N content in each of 
the plant organs and the TN content (TNC) were decreased under e[CO2] 
growth environment (Table 4), which was due mainly to the dilution 
effect. Additionally, the reduced Tr under e[CO2] could have reduced 
root N acquisition with mass flow (Mcgrath and Lobell, 2013), which 
might have also contributed to the lowered N contents. As a conse-
quence, greater leaf C/N, stem C/N and TC/TN was noticed in plants 
grown under e[CO2] (Table 4). 

Apart from this, high N available at N2 enhanced the N absorption, 
and distribution, resulting in greater LNC, SNC and TNC than at N1 
(Table 4). Whereas, the C assimilation was decreased in plants with N2 
treatment. It is well accepted that C assimilation is mainly dependent on 
photosynthesis (Farquhar and Sharkey, 1994), the advanced decline of 
photosynthesis under N2 (Table 1) could have caused the reduction of C 
assimilation during drought stress, which further led to the reduction of 
plant C/N (Table 4). 

4.5. Response of ionic concentrations in xylem sap to N supply under e 
[CO2] during progressive soil drying 

[CO2], [N] and [GE] had various influence on ionic concentrations in 
the xylem sap (Table 5). It is widely accepted that e[CO2] would reduce 
the K+concentration in xylem sap (Liu et al., 2020). In line with this, 
here a reduced K+ concentration in xylem sap was observed. Loladze 
(2014) reported that e[CO2] would reduce the mass flow through 
decreasing the transpiration, hence jeopardizing the upward transport of 
K+ with the mass flow. Meanwhile, e[CO2] could stimulate the activity 
of phosphatase (Zhong et al., 2018), which resulted in the enhanced 
uptake of PO4

3− . Moreover, most of the ions in the xylem sap were 
increased at N2, which may be caused by the depressed water uptake of 
plants with high N supply under drought stress. Surprisingly, the 
NO3

− was reduced under N2 treatment and the reason behind this is not 
known. Chen et al. (2004) suggested that high N level was positively 

Table 5 
Ionic concentrations in xylem sap of WT tomato and its ABA deficient mutant (flacca) under ambient CO2 concentration (a[CO2], 400 ppm) and elevated CO2 con-
centration (e[CO2], 800 ppm) at final harvest with low N (N1, 0.5 g pot− 1) and high N supply (N2, 1.0 g pot− 1), values are means ± SE (n = 16).  

Factor Cation concentration (g L− 1) Anion concentration (g L− 1) 

NH4
+ K+ Ca2+ Na+ Mg2+ NO3

− PO4
3− SO4

2− Cl−

[CO2] ns * ns ns Ns *** ** ns ns 
400 ppm 0.041±0.002 1.566±0.249 0.421±0.032 0.024±0.003 0.156±0.016 0.143±0.024 0.551±0.075 0.451±0.057 1.947±0.269 
800 ppm 0.039±0.002 1.299±0.157 0.460±0.031 0.025±0.002 0.175±0.014 0.092±0.004 0.669±0.073 0.384±0.040 1.802±0.187 
[N] ** ** ** Ns Ns *** * ns *** 
N1 0.036±0.002 1.268±0.145 0.385±0.029 0.023±0.002 0.153±0.011 0.142±0.024 0.564±0.064 0.372±0.039 1.584±0.139 
N2 0.044±0.001 1.597±0.254 0.495±0.029 0.026±0.003 0.178±0.018 0.093±0.003 0.656±0.085 0.463±0.056 2.165±0.278 
[GE] ns *** ns *** *** *** *** ** *** 
WT 0.041±0.002 2.098±0.161 0.458±0.030 0.030±0.002 0.209±0.010 0.154±0.023 0.873±0.040 0.499±0.047 2.516±0.207 
flacca 0.040±0.002 0.767±0.063 0.423±0.034 0.019±0.002 0.122±0.011 0.080±0.001 0.081±0.001 0.347±0.026 0.336±0.043 
[CO2] × [N] ns ns ns Ns Ns *** ns ns ns 
[CO2] × [GE] ns *** * ** ns *** ns ns ** 
[N] × [GE] * *** ** *** *** *** * *** *** 
[CO2] × [N] × [GE] ns ns ns Ns ns *** ns ns ns 

Notes: *, **, and *** indicate the differences of the parameters between 400 ppm and 800 ppm, and between N1 and N2 at P<0.05, P<0.01, P<0.001 level, 
respectively; “ns” indicates on significant difference. 
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related to the nitrate reductase activity, promoting the reduction of 
NO3

− , consequently decreased the NO3
− concentration in the xylem sap. 

Furthermore, the interaction between [CO2] and [N] had no impact on 
most of the ionic concentrations (Table 5), indicating that high N supply 
could offset the negative effect of e[CO2] on ionic concentrations in 
xylem sap. Furthermore, the ionic concentrations in the xylem sap of 
flacca plants were significantly lower than those of WT plants, which 
could be ascribed to the greater endogenous [ABA] in WT that would 
stimulate stomatal closure, leading to decreased Tr (Wei et al., 2020), 
this in turn inhibited the distribution and transport of nutrients in the 
xylem sap to other tissues. 

5. Conclusions 

In this study, e[CO2] had adverse impact on N acquisition and ionic 
concentrations in the xylem sap of tomato plants, such negative effect 
could be moderated by high N supply. Meanwhile, e[CO2] increased C 
assimilation and C/N, adversely high N supply reduced C assimilation 
and C/N. Both e[CO2] and high N supply had positive effect on plant 
water use efficiency. Compared to flacca, WT had better leaf water re-
lations, higher C/N and water use efficiency. Moreover, e[CO2] retard 
photosynthetic decline in WT during progressive soil drying among two 
N levels. In flacca, this case was only true in plants with high N supply, 
indicating that this effect was also genotypic dependent. Additionally, 
WT and flacca plants with high N supply reduced the photosynthesis and 
transpiration at the early stage of drought, which would contribute to 
the improvement of plant water relations under drought stress. 
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