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Abstract: The increasing CO2 concentration ([CO2]) in the atmosphere decreases mineral nutrients
concentration in crops, whereas it increases water use efficiency (WUE). Partial root-zone irrigation
(PRI) could not only increase WUE but also improve plant nutrient status. Yet the effect of PRI
combined with elevated CO2 concentration (e[CO2]) on the element stoichiometry of tomato leaves
remains unknown. This study sought to investigate the responses of leaf mineral nutrients status
and element stoichiometric ratios in tomatoes to PRI combined with e[CO2]. Tomato plants (cv.
Ailsa Craig) were grown in pots in climate-controlled growth chambers with ambient [CO2] (a[CO2],
400ppm) and elevated [CO2] (e[CO2], 800ppm), respectively. Three irrigation regimes, i.e., full
irrigation (FI), deficit irrigation (DI) and PRI, were applied to tomato plants at the flowering stage.
The results showed that plants grown under DI and PRI had a similar biomass, enhanced root growth
including greater root to shoot ratio, root length, surface area, volume and specific length, and an
improved WUE in comparison with FI under e[CO2]. Additionally, under e[CO2], PRI showed an
increase in leaf [C](+1.5%) and [N] (+9.3%), no decrease in leaf [K], [Ca], [Mg], [S] and [15N], but
a decrease in leaf C/N (−6.6%) as compared with FI. Conclusively, PRI had the ability to improve
leaf N concentration, maintain most leaf mineral nutrient concentrations, and optimize or maintain
leaf element stoichiometric ratios under e[CO2]. Therefore, PRI would be a practicable mode of
irrigation for optimizing WUE and nutrient status in tomato leaves in a future freshwater-limited
and higher-CO2 environment.

Keywords: CO2 concentration; irrigation regimes; root morphology; mineral nutrient; elemental
stoichiometric ratio

1. Introduction

The atmospheric [CO2] has been continuing to rise for the past few decades and
is predicted to reach nearly 800 ppm at the end of this century, even if further actions
are taken to reduce emissions [1]. This has aroused wide concern regarding the effects
of rising atmospheric [CO2] on crop yield and quality. Positive effects of e[CO2] have
been observed in most crop plants, and the results can be summarized as increasing net
photosynthetic rate, increasing biomass and yield, decreasing stomatal conductance, and
enhancing WUE and C/N ratio [2–6]. Nonetheless, e[CO2] decreases transpiration, and
hence decreases soil nutrient mass flow, which can reduce the delivery of mobile mineral
nutrients to the root surface and thereby limit the acquisition of mineral nutrients [7].
This has been associated with a significant decrease in the concentrations of important
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macro- and micro-nutrient elements in C3 crops [8,9], and this effect has been explained
as the growth dilution phenomenon [10]. Earlier studies have also shown that e[CO2]
could reduce mineral concentration in plants at different levels [9,11], and decrease N more
notably than P and K [11], which could disturb the stoichiometry (the comparative ratio
of chemical elements) in plants [12]. Nutrient imbalance in plants has a serious impact on
plant growth and metabolism [13]. Additionally, mineral nutrient content in plants can
be influenced by the capacity of roots to absorb mineral nutrients from soil solution, and
plant root systems have morphological plasticity in response to e[CO2] [14]. The roots of
plants grown under e[CO2] grow faster, with more numerous, thicker and longer roots [15].
An increase in root length under e[CO2] may change the spatial patterns of exploitation
of soil water and nutrients from different soil layers [14,16]. Hence the change in root
morphological traits would affect water and mineral nutrient uptake in tomatoes grown
under e[CO2] conditions.

Alternate partial root-zone drying irrigation (PRI) and deficit irrigation (DI) are water-
saving irrigation strategies [17]. DI irrigates the entire root zone with less water than
the potential evapotranspiration, but the mild water stress has minimal effects on plant
growth [18]. Alternate PRI is a further improvement of DI [19]. Alternate PRI involves
irrigating only part of the root zone and permitting the other part to dry to a predetermined
level before the next irrigation [20]. Due to spatial and temporal differences in soil water
status under PRI, the plants have greater root biomasses, longer root lengths (RL), and
greater root length densities and root to shoot ratio (R/S), but reduced leaf area [21–23].
These findings indicate that PRI plants have a greater capacity for more widespread water
and nutrient exploration, and less water consumption than DI and FI plants [19,22,24]. It
was reported that PRI could increase N concentration in tomato upper leaves, leading to
greater photosynthesis and WUE compared with DI [18]. Furthermore, soil drying and
rewetting cycles of PRI can stimulate the organic matter decomposition and mineralization
of soil nutrients, resulting in enhanced nutrients availability and plant uptake [25,26]. Accu-
mulated evidence has demonstrated that PRI can increase N [18] and P [27] accumulation in
plants, and enhance the concentrations of anions and cations in xylem sap [26]. Therefore,
it is suggested that PRI has the potential to improve nutrient status in tomatoes grown
under e[CO2].

Recent studies have revealed that PRI can improve the quality and mineral nutrient
status of tomato fruits grown under e[CO2] [6,28]. However, the combined effects of e[CO2]
and PRI on tomato root morphological traits and mineral stoichiometry in leaves have
not been effectively studied. Accordingly, the objective of this study was to investigate
the responses in leaf mineral nutrient status and leaf element stoichiometry of tomato
plants grown under PRI exposed to e[CO2]. In this study, tomato plants (cv. Ailsa Craig)
grown in two growth chambers with a[CO2] and e[CO2], respectively, were investigated,
and the 15N isotope technique was used to trace N accumulation in tomato leaves during
the irrigation treatment period. It is hypothesized that PRI would have positive effects
on root morphological traits for mineral nutrient absorption, which would relieve the
negative effects on leaf mineral nutrient concentrations, thereby improving the leaf element
stoichiometric ratios of tomato grown under e[CO2].

2. Materials and Methods

The tomato plant (cv. Ailsa Craig) used in this study is the wild species of many
cultivated tomatoes, with good agronomic performance and anti-adversity abilities [29],
and it has been widely used in glasshouse adversity studies. The tomato seeds were
obtained from the Department of Plant and Environmental Sciences at the University
of Copenhagen.

The experiment was carried out from September to November 2020 in the climate-
controlled greenhouse of Northwest A&F University (N 34◦15′, E 108◦04′), Yangling,
Shaanxi, China. The tomato seeds were sown on 13 September 2020 under either a[CO2] or
e[CO2], respectively, at day/night air temperatures of 25/16 ± 2 ◦C and relative humidity
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of 55± 5%, and under long-day (16 h of light provided by high-pressure sodium lamps and
metal halide lamps) conditions. The daily average temperature (Temp), relative humidity
(RH) and vapor pressure deficit (VPD) during the irrigation regime treatment are illustrated
in Figure 1.
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Figure 1. The average daily climate data inside the climate-controlled growth chambers during the
treatment period.

Four weeks after sowing, the seedlings were transplanted into pots with a volume of
16 L (16 cm inner width, 26 cm length inner, and 40 cm height) at 4-leaf stage with one plant
per pot. The pots were divided into two equally sized vertical compartments with plastic
sheets to prevent water and nutrient exchange between the two compartments. A small
piece of plastic (6 × 8 cm) was removed from the top-middle of the sheet where the tomato
seedlings were transplanted. Nylon meshes with an aperture of 150 µm were inserted
3 cm away from both the inner edge of the compartments along the length direction, and
therefore, the pot was divided into four sections (a, b, c, d) (Figure 2). The tomato roots were
grown in the soil volumes of a and b. The soils in compartments c and d were considered
rhizosphere soil. Each pot was filled with 18.5 kg pot−1 naturally dried soil at a bulk density
of 1.30 g cm−3. The soil was taken from 25 cm-deep topsoil in a conventional agricultural
field in Yangling. The soils were air-dried and sieved through a 0.5 cm mesh. The soil had a
pH of 7.8, EC of 0.36 ms/cm, total C of 17.79 g/kg, total N of 0.46 g/kg, total P of 0.60 g/kg
and total K of 24.24g/kg. The pot water-holding capacity (WHC, %) was 30%. Two weeks
after transplanting, 2.0 g N (as urea), 2.0 g K (as KH2PO4 + K2SO4) and 1.6 g P (as KH2PO4)
were applied to each pot with the irrigation water to meet the nutrient requirements for
plant growth. To prevent soil evaporation, the soil surface was covered with a 2–3 cm layer
of pearlite. Each pot was watered daily to 90% WHC from 18 October to 4 November 2020.
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Figure 2. The profile of tomato growth pot. Roots were grown in the compartments of a and b. The
compartments of c and d were rhizosphere soil.

2.1. Treatments

The tomato seedlings were grown in growth chambers with either a[CO2] or e[CO2],
and in each of the growth chambers, the pots were randomly arranged, comprising 3 treat-
ments with 4 replicates each, for 12 pots, and an additional 4 pots in each growth chamber
were used for acquiring the basic growth indices of the plants before the start of irrigation
treatments. Each growth chamber was equipped with a CO2 monitor that controlled the
CO2 concentrations over the experimental period by connecting with an automated CO2
adjustable valve, installed on a special high-pressure gas cylinder.

All plants were well watered for 18 days from one week after transplanting. To
stimulate root growth and activity, the soil water content was maintained at 60% of WHC
during the first week after transplanting. Three days before the onset of the irrigation
treatments, 0.10 g 15N urea (5% 15N abundance) was dissolved in 1 mL water and added
into the c and d soil compartments with a syringe, respectively. The irrigation treatments
included (I) full irrigation (FI), where the whole pot was watered daily to 90% of WHC; (II)
deficit irrigation (DI) in which 70% of the water used in the FI was irrigated evenly into the
entire pot; (III) partial root-zone drying irrigation (PRI) where the soil compartments a and
c were watered using the same volume of water used for DI while b and d were allowed
to dry to a soil water content at 12–14%, after which the irrigation was switched. The
irrigation treatments lasted 20 days, during which each of the tomato soil compartments
underwent two drying/wetting cycles. The average soil water content was determined
by TDR (time-domain reflectometer, MINITRASE, Soil Moistures Equipment Crop., SEC,
Santa Barbara, CA, USA) with probes (35 cm) inserted in both a and b soil compartments.
The plants were irrigated manually with tap water daily between 16:30 and 18:00.

2.2. Measurements
2.2.1. Harvest

The plants were harvested two times during the experimental period. The first harvest
was done at the onset of the irrigation treatment, during which four pots of tomato plants
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from each growth chamber were harvested. The last harvest was conducted when tomato
plants reached the blossom stage, then all 24 pots were harvested. During each harvest,
the plant samples were divided into three parts: leaf, stem, and root. The entire root was
collected by carefully washing with tap water and then stored at 4 ◦C for further analysis.
Leaves and stems were oven-dried separately at 75 ◦C to a constant weight.

2.2.2. Root Morphological Analyses

The stored root samples were thawed and washed with deionized water before mea-
suring root traits. The procedure has been described in detail by Liu et al. [30]. Roots
were carefully washed on a 2 mm sieve and broken segments were also collected during
flushing. Then, a representative root subsample from each clean root sample was used
for scanning on 20 × 25 cm transparent trays with deionized water using WinRHIZO Pro
(Modified Epson Expression 12000XL, Regent Instruments Inc., Québec, QC, Canada) at
400 dots per inch resolution. The obtained images were analyzed with WinRHIZO v.2021
software (Regent Instruments Inc., Quebec, QC, Canada) for root length (RL), root average
diameter (RAD), root surface area (RS) and root volume (RV). Afterwards, root samples
were oven-dried to a constant weight at 75 ◦C to determine dry matter. The specific root
length (SRL) was calculated as the root length per unit of root dry weight, and root tissue
density (RTD) was computed as the ratio of root dry weight/root volume [30].

2.2.3. Plant Biomass, Water Use, Water Use Efficiency

The dry weight of each plant part was measured after oven-drying to a constant
weight. Total dry mass (DM) was computed as the sum of the dry weight of leaves, stems
and roots. The shoot dry weight (SDW) was evaluated as the sum of leaf dry weight (LDW)
and stem dry weight. Total dry matter accumulation (∆DM) during the irrigation treatment
period was calculated as the difference in DM between the first harvest and the last harvest.
Biomass partitioning was calculated as the ratio of the dry weight of leaves, stems and roots
to the plant DM, respectively. Plant water use (WU) was calculated based on the amount of
irrigation and changes in soil water content in the pots from the initiation to the end of the
irrigation treatments. Plant water use efficiency (WUE) was calculated as the ratio of ∆DM
to WU. Thereafter, the oven-dried leaf samples were thoroughly ground into powder and
passed through a 0.2 mm sieve for further analysis.

2.2.4. Elemental Analyses

The values of δ15 N as well as the total C and N contents in the leaves were mea-
sured using elemental analyzer (vario PYRO cube, Elementar Analysensysteme GmbH,
Hanau, Germany) coupled to an isotope-ratio mass spectrometer (Isoprime100, Elementar
Analysensysteme GmbH, Hanau, Germany).

Leaf P, K and S concentrations were determined after digestion with 10 mL of concen-
trated nitric acid + 2 mL perchloric acid, using an Automatic Flow Elemental Analyzer (Seal
AA3, Seal Analytical Instrument Co., Ltd, Berlin, Germany). Leaf Ca and Mg concentrations
were measured by Atomic Absorption Spectroscopy (PE-pinAAcle, 900 F) after digestion
with 5 mL concentrated nitric acid + 1 mL perchloric acid. The obtained values of the leaf
were used to calculate stoichiometric ratios of C/N, C/P, C/K, C/Ca, C/Mg, C/S, N/P
and N/K. The elements’ uptake values were determined as leaf elemental concentration
multiplied by leaf DM.

2.3. Statistical Analysis

The data were analyzed by two-way analysis of variance (ANOVA) using SPSS 20.0
(IBM Corporation, New York, NY, USA) to evaluate the effects of CO2 and irrigation
regimes, as well as their interactions, on plants growth, WUE, root morphological traits,
leaf element concentrations, leaf element uptakes, and leaf element stoichiometry. One-
way ANOVA and Duncan’s multiple range tests at the 5% confidence level were further
conducted when there were significant interactions between the independent factors, to
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test for significant differences among treatments. Principle component analysis (PCA) and
Pearson correlation coefficient were assessed using Origin 2021 (OriginLab, Northampton,
MA, USA).

3. Results
3.1. Plant Dry Matter Accumulation, Dry Biomass Allocation, Shoot Dry Weight, Plant Water
Use and Plant Water Use Efficiency

The ∆DM, SDW, LDW, biomass allocation to leaf (LMR), stem (SMR) and root (RMR),
WU and WUE values of tomato plants, and the output of two-way ANOVA, are all shown in
(Table 1). CO2 significantly affected these parameters. e[CO2] led to significantly more ∆DM,
SDW, LDW, LMR, RMR, WU and WUE—101.5%, 99.2%, 101.5%, 3.8%, 14.1%, 38.5% and
45.4%, respectively—and 13.3% lower SMR in tomato plants than a[CO2]. IR significantly
influenced LMR, SMR, RMR, LDW, WU and WUE. Compared to FI, the reduced irrigations
(DI and PRI) increased SMR (+13.7% at DI, +16.2% at PRI), RMR (+22.7% at DI, +18.5%
at PRI) and WUE (+35.5% at DI, +38.7% at PRI), but reduced LMR (−5.5% at DI, 5.2% at
PRI), LDW (−7.5% at DI, −9.0% at PRI) and WU (ca. 30% at both DI and PRI). C × IR had
little effect on the ∆DM, SDW, LDW, biomass allocation to leaf (LMR), stem (SMR) and root
(RMR), WU and WUE values of tomato plants.

Table 1. The main effects of treatments and the output of two-way ANOVA for dry biomass accumu-
lation, dry biomass allocation, shoot dry mass, water use and water-use efficiency.

CO2
Irrigation
Regimes

∆DM
(g Plant−1)

Biomass Allocation (%) SDW
(g Plant−1)

LDW
(g Plant−1)

WU
(L Plant−1)

WUE
(g L−1)Leaf Stem Root

C400
FI 25.9 ± 1.6 73.0 ± 1.5 21.6 ± 1.4 5.4 ± 0.2 26.6 ± 1.5 20.5 ± 1.0 7.0 ± 0.3 3.7 ± 0.3
DI 25.7 ± 0.5 68.5 ± 1.2 24.9 ± 1.2 6.7 ± 0.2 26.2 ± 1.8 19.2 ± 1.2 4.9 ± 0 5.2 ± 0.1
PRI 25.8 ± 2.0 67.6 ± 1.2 25.6 ± 1.2 6.8 ± 0.1 26.1 ± 0.5 18.9 ± 0.3 4.9 ± 0 5.3 ± 0.4

C800
FI 53.8 ± 2.1 74.3 ± 1.3 19.2 ± 1.4 6.5 ± 0.2 52.6 ± 2.1 41.8 ± 1.9 9.7 ± 0.7 5.6 ± 0.3
DI 50.3 ± 1.6 70.7 ± 1.1 21.5 ± 1.0 7.9 ± 0.4 50.2 ± 2.4 38.4 ± 1.3 6.8 ± 0 7.4 ± 0.2
PRI 52.1 ± 2.7 72.0 ± 0.7 21.8 ± 0.3 7.3 ± 0.4 48.8 ± 1.3 37.8 ± 0.8 6.8 ± 0 7.6 ± 0.4

Output of two-way ANOVA

[CO2] (C) *** * ** ** *** *** *** ***
Irrigation regimes (IR) ns ** * *** ns ** *** ***

C × IR ns ns ns ns ns ns ns ns

The table shows the significance results of two-way analysis of variance (ANOVA) of dry mass accumulation
(∆DM), the allocation of ∆DM to leaf (LMR), stem (SMR) and root (RMR), shoot dry weight (SDW), leaf dry weight
(LDW), water use (WU) and water use efficiency (WUE) of tomato plants as affected by the CO2 concentration
(400 ppm and 800 ppm) and irrigation regimes (IR) (FI, full irrigation; DI, deficit irrigation; and PRI, alternative
partial root drying irrigation), as well as their interactions. Values are means ± standard error of the means (SE)
(n = 4). Different letters after the means indicate significant differences among treatments determined by Duncan’
s multiple range test at p < 0.05. *, **, *** indicates significance level at p < 0.05, p < 0.01, and p < 0.001, respectively,
while “ns” is non-significant.

3.2. Root Growth and Morphological Traits

The RL, RS, RD, RV, SRL, RTD, R/S and RDW of tomatoes grown under different
irrigation regimes with a[CO2] and e[CO2], respectively, and the output of the two-way
ANOVA are shown in Table 2. [CO2] significantly affected the RL, RS, RV, R/S and RDW
values. e[CO2] significantly increased the RL, RS, RV, R/S and RDW values by 154.7%,
144.9%, 134.5%, 20.0% and 139.2%, respectively. IR significantly influenced RL, RS, RV,
SRL, RTD and R/S. Reduced irrigations led to longer RL, greater RS and RV, and larger
SRL, RTD and R/S than FI. C × IR significantly affected RSL but had no influence on other
indices. Compared to a[CO2], e[CO2] enhanced SRL by 121.2% and 19.4%, respectively,
under FI and PRI, whereas it decreased SRL by 26.7% at DI.
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Table 2. The effects of treatments and output of two-way ANOVA for root traits of tomato plants.

CO2
Irrigation
Regimes

RL
(m)

RS
(cm2)

RD
(mm)

RV
(cm3)

SRL
(m g−1)

RTD
(g cm−3) R/S RDW

(g Plant−1)

C400
FI 12.9 ± 1.1 280.5 ± 28.6 0.54 ± 0.02 4.5 ± 0.6 9.9 ± 0.8c 0.3 ± 0.02 0.06 ± 0.003 1.5 ± 0.1
DI 60.8 ± 4.6 718.0 ± 55.8 0.38 ± 0.01 7.1 ± 0.5 35.9 ± 2.7a 0.2 ± 0.02 0.07 ± 0.003 1.9 ± 0.2
PRI 43.1 ± 6.4 609.8 ± 62.7 0.45 ± 0.03 7.4 ± 0.6 25.8 ± 2.9ab 0.2 ± 0.01 0.07 ± 0.003 1.9 ± 0.0

C800
FI 75.0 ± 19.7 1045.5 ± 132.7 0.47 ± 0.04 12.4 ± 0.6 21.9 ± 5.9b 0.3 ± 0.01 0.07 ± 0.003 3.6 ± 0.1
DI 99.5 ± 24.5 1324.4 ± 240.7 0.47 ± 0.05 15.2 ± 1.6 26.3 ± 4.5ab 0.2 ± 0.01 0.08 ± 0.005 4.3 ± 0.4
PRI 123.0 ± 14.3 1569.4 ± 123.7 0.43 ± 0.03 17.0 ± 1.1 30.8 ± 4.6ab 0.2 ± 0.01 0.09 ± 0.005 3.8 ± 0.3

Output of two-way ANOVA

CO2 (C) *** *** ns *** ns ns ** ***
Irrigation regimes (IR) * ** ns ** ** ** ** ns

C × IR ns ns ns ns * ns ns ns

The table reports the significance results of two-way analysis of variance (ANOVA) of root length (RL), root
surface area (RS), root average diameter (RD), root volume (RV), specific root length (SRL), root tissue density
(RTD), root dry weight (RDW) and root to shoot ratio (R/S) of tomato plants as affected by the CO2 concentration
(400ppm and 800ppm) and irrigation regimes (FI, full irrigation; DI, deficit irrigation; and PRI, alternative partial
root drying irrigation), as well as their interactions. Values are means ± standard error of the means (SE) (n = 4).
Different letters after the means indicate significant differences among treatments determined by Duncan’s
multiple range test at p < 0.05. *, ** and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001, respectively,
while “ns” is non-significant.

3.3. Leaf Element Concentration

The leaf [C], [N], [P], [K], [Ca], [Mg], [S] and [15N] of tomatoes grown under different
irrigation regimes under a[CO2] and e[CO2], respectively, and the output of the two-way
ANOVA are presented in Table 3. [CO2] significantly affected leaf [N], [Ca], [Mg] and [S].
e[CO2] significantly lowered leaf N and Mg, respectively, by 13.1% and 6.9%, but increased
leaf [Ca] and [S], respectively, by 8.2% and 20.2%. IR significantly affected leaf [C], [[P],
[Ca], [Mg] and [15N]. Reduced irrigations significantly decreased leaf [P] (−10.7% at DI,
−19.0% at PRI), [Ca] (−2.5% at DI, −8.3% at PRI) and [Mg](−2.6% at DI, −10.3% at PRI),
while they increased leaf [C] (+1.2% at DI, +1.7% at PRI) and [15N] (+46.2% at DI, +11.5% at
PRI). C × IR had little effect on leaf [C], [N], [P], [K], [Ca], [Mg], [S] and [15N] of tomatoes.
Nevertheless, compared to a[CO2], e[CO2] decreased leaf [N] and [P], and had equivalent
leaf [C], [K], [Mg] and [15N], but increased leaf [Ca] and [S] (Table 3). Moreover, under
e[CO2], PRI increased leaf [C], [N] and [S], and had no effect on leaf [K], [Ca], [Mg] and
[15N] relative to FI (Table 3).

Table 3. The effects of treatments and output of two-way ANOVA for leaf element concentrations.

CO2
Irrigation
Regimes

[C]
(mg g−1)

[N]
(mg g−1)

[P]
(mg g−1)

[K]
(mg g−1)

[Ca]
(mg g−1)

[Mg]
(mg g−1)

[S]
(mg g−1)

[15N]
(mg g−1)

C400
FI 412.2 ± 4.1 50.9 ± 0.9 4.2 ± 0.09 25.0 ± 1.9 51.2 ± 1.1 4.1 ± 0.2 7.2 ± 0.5 1.5 ± 0.1
DI 421.4 ± 2.9 54.8 ± 1.1 3.8 ± 0.1 24.6 ± 2.0 49.5 ± 1.5 3.9 ± 0.2 5.7 ± 0.3 2.2 ± 0.3
PRI 420.4 ± 1.1 54.0 ± 1.8 3.8 ± 0.05 22.5 ± 1.4 47.1 ± 1.7 3.6 ± 0.1 5.9 ± 0.4 1.4 ± 0.2

C800
FI 417.6 ± 1.4 45.4 ± 2.2 4.2 ± 0.16 25.0 ± 0.7 55.2 ± 1.7 3.7 ± 0.2 7.8 ± 0.1 1.1 ± 0.1
DI 418.4 ± 3.1 43.7 ± 1.6 3.7 ± 0.27 24.5 ± 1.8 54.2 ± 1.9 3.7 ± 0.1 7.6 ± 0.4 1.6 ± 0.1
PRI 423.9 ± 1.7 49.6 ± 3.3 3.0 ± 0.39 22.7 ± 1.2 50.5 ± 1.6 3.4 ± 0.1 7.2 ± 0.7 1.5 ± 0.1

Output of two-way ANOVA

CO2 (C) ns *** ns ns ** * ** 0.052
Irrigation regimes

(IR) * ns ** ns * * ns **

C × IR ns ns ns ns ns ns ns ns

The table shows the significance results of two-way analysis of variance (ANOVA) of leaf C concentration ([C]),
leaf N concenrationt ([N]), leaf P concentration ([P]), leaf K concentration ([K]), leaf Ca concentration ([Ca]),
leaf Mg concentration ([Mg]), leaf S concentration ([S]) and leaf [15N] of tomato plants as affected by the CO2
concentration (400 ppm and 800 ppm) and irrigation regimes (FI, full irrigation; DI, deficit irrigation; and PRI,
alternative partial root drying irrigation) and their interactions. Values are means ± standard error of the means
(SE) (n = 4). Different letters after the means indicate significant differences among treatments determined by
Duncan’s multiple range test at p < 0.05. *, ** and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001,
respectively, while “ns” is non-significant.
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3.4. Leaf Element Uptakes

The leaf C, N, P, K, Ca, Mg, S an 15N uptakes of tomatoes grown under different
irrigation regimes with a[CO2] and e[CO2], respectively, and the outputs of the two-way
ANOVA are depicted in Table 4. [CO2] significantly affected leaf C, N, P, K, Ca, Mg, S
and 15N uptakes. e[CO2] significantly enhanced these indices. IR significantly influenced
leaf P, K, Ca, Mg, S and 15N uptakes. Reduced irrigations significantly lowered leaf P, K,
Ca, Mg and S uptakes, but increased leaf 15N uptakes. C × IR significantly affected leaf P
uptake. Compared to a[CO2], e[CO2] increased leaf P uptake under FI more notably than
reduced irrigations.

Table 4. The effects of treatments and output of two-way ANOVA for leaf element uptakes.

CO2
Irrigation
Regimes

C
(g Plant−1)

N
(g Plant−1)

P
(mg Plant−1)

K
(mg Plant−1)

Ca
(g Plant−1)

Mg
(mg Plant−1)

S
(mg Plant−1)

15N
(mg Plant−1)

C400
FI 8.5 ± 0.5 1.0 ± 0.05 86.4 ± 5.1d 506.8 ± 17.2 1.1 ± 0.1 82.5 ± 3.1 147.7 ± 13.2 31.0 ± 2.2
DI 8 ± 0.1 1.0 ± 0.02 71.2 ± 1.5d 463.6 ± 31.8 0.9 ± 0.0 74.3 ± 2.4 107.5 ± 6.6 41.0 ± 5.2
PRI 8.1 ± 0.5 1.0 ± 0.06 73.2 ± 3.9d 431.9 ± 41.5 0.9 ± 0.1 68.7 ± 5.5 112.4 ± 8.2 26.9 ± 4.7

C800
FI 17.5 ± 0.8 1.9 ± 0.05 175.8 ± 11.2a 1041.3 ± 43.5 2.3 ± 0.1 155.2 ± 7.9 328.0 ±17.6 45.7 ± 5.8
DI 15.8 ± 0.4 1.7 ± 0.04 141.4 ± 13.3b 929.5 ± 89.3 2.0 ± 0.0 138.7 ± 6.3 287.9 ± 21.9 61.7 ± 3.5
PRI 16.3 ± 0.6 1.9 ± 0.11 113.3 ± 11.1c 867.4 ± 18.5 1.9 ± 0.1 129.5 ± 5.8 273.9 ± 21.1 58.2 ± 4.2

Output of two-way ANOVA

CO2 (C) *** *** *** *** *** *** *** ***
Irrigation regimes (IR) ns ns ** * ** ** * *

C × IR ns ns * ns ns ns ns ns

The table reports the significance results of three-way analysis of variance (ANOVA) of leaf C accumulation, and
N, P, K, Ca, Mg and S uptakes of tomato plants as affected by the CO2 concentration (400 ppm and 800 ppm) and
irrigation regimes (FI, full irrigation; DI, deficit irrigation; and PRI, alternative partial root drying irrigation), as
well as their interactions. Values are means ± standard error of the means (SE) (n = 4). Different letters after the
means indicate significant differences among treatments determined by Duncan’s multiple range test at p < 0.05.
*, ** and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001 respectively, while “ns” is non-significant.

3.5. C/N, C/P, C/K, C/Ca, C/Mg, C/S, N/P and N/K in Tomato Leaves

Leaf C/N, C/P, C/K, C/Ca, C/Mg, C/S, N/P, N/K and P/K of tomatoes grown
under different irrigation regimes with a[CO2] and e[CO2], respectively, and the outputs
of the two-way ANOVA are shown in Figures 3 and 4. [CO2] significantly affected leaf
C/N, C/Ca, C/Mg, C/S and N/K. e[CO2] significantly increased leaf C/N and C/Mg,
respectively by 16.6% and 7.6%, while it decreased leaf C/Ca, C/S and N/K, respectively,
by 7.0%, 17.2% and 14.0%. IR significantly affected leaf C/P, C/Ca, C/Mg, C/S and N/P.
Reduced irrigations significantly increased leaf C/P, C/Ca, C/Mg, C/S and N/P. C ×
IR significantly affected leaf N/P. Compared to a[CO2], e[CO2] decreased leaf N/P at FI
(−10.0%) and DI (−17.5%), but increased it by 21.8% at PRI. Nevertheless, compared to
a[CO2], e[CO2] showed similar leaf C/K and C/Mg and increased leaf C/N, C/P and
N/P, but decreased leaf C/Ca, C/S and N/K, under PRI. Additionally, under e[CO2], PRI
showed an increase in leaf C/N and C/S as compared with FI.

3.6. The Pearson Correlation Analysis between Root Morphology Traits and Tomato Growth,
Element Concentrations, Element Uptakes and Stoichiometric Ratios

The Pearson correlation analysis results indicate that ∆DM, LDM, WU, WUE, SDW, leaf
element uptakes, leaf C/N and C/Mg were all significantly positively correlated, whereas
leaf [Mg] was significantly negatively correlated with RV, RS, RL and RDW (Figure 5).
∆DM, WUE, leaf 15N uptake, leaf [C], leaf C/Mg and C/P correlated significantly posi-
tively, whereas leaf [P] correlated significantly negatively, with R/S. RD was significantly
positively correlated with WU and leaf [Mg], but significantly negatively with leaf [C] and
leaf C/Mg.
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Figure 3. Leaf C/N ratio (C/N, (a)), leaf C/P ratio (C/P, (b)), leaf C/K ratio (C/K, (c)), leaf C/Ca ratio
(C/Ca, (d)), leaf C/Mg (C/Mg, (e)), as well as leaf C/S ratio (C/S, (f)) of tomato plants grown under
three irrigation regimes (IR) (full irrigation, FI; deficit irrigation, DI; and alternative partial root-zone
irrigation, PRD) under either ambient (400 ppm, C400) or elevated (800 ppm, C800) atmospheric
CO2 concentrations. Bars show the maximum (top edge) and minimum (lower edge) percentiles,
whereas boxes represent the 25% and 75% percentiles across tomato plants (n = 4). The median (50%)
percentile is represented by the horizontal line within the box. Symbols indicate extreme values. *, **
indicate significant levels at p < 0.05, p < 0.01, respectively; “ns” denotes non-significant differences.

3.7. PCA Analysis of Tomato Parameters

PCA plots of tomato attributes for tomato plants including plant growth parameters,
plant root morphology parameters, leaf element concentrations, leaf element uptakes and
leaf nutrition stoichiometry ratios are shown in Figure 6. PC1 and PC2 explained 45.0%
and 20.8% of the variation in tomato attributes, respectively. The clusters for tomato plants
are distinct, since a[CO2] and e[CO2] treatments are distributed on the left and right sides
of the PCA plot, respectively. a[CO2] is clustered in the same direction as the vectors of [N],
[15N], [Mg], [P], leaf C/S, leaf N/K and C/Ca, indicating tomatoes grown under a[CO2]
had higher values of these parameters. [C400, FI] is clustered in the same direction as leaf
[Mg] and [P], indicating it had higher values of these parameters. [C400, DI] and [C400,
PRI] are clustered towards higher [N], [15N], leaf C/S, N/K and C/Ca. e[CO2] is clustered
towards higher ∆DM, SDW, RDW, LDW, WU, WUE, RL, RS, RV, R/S, SRL, mineral nutrient



Agronomy 2023, 13, 3069 10 of 19

uptakes, leaf [C], [Ca], [S], leaf C/N, C/P and C/Mg. [C800, PRI] is clustered to the upper
right side of the PCA plot, possessing higher RL, RS, RV, RDW, SRL, R/S, WUE, leaf C/P,
C/Mg and [C]. [C800, FI] is clustered to the bottom right of the PCA plot, showing higher
leaf C, Ca, S, Mg, P, K, [Ca], [S] and plant WU, but lower leaf [N] and [15N], and leaf C/Ca,
C/S and N/K.
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Figure 4. Leaf N/P ratio (N/P, (a)) and leaf N/K ratio (N/K, (b)) of tomato plants grown under
three irrigation regimes (IR) (full irrigation, FI; deficit irrigation, DI; and alternative partial root-zone
irrigation, PRD) under either ambient (400 ppm, C400) or elevated (800 ppm, C800) atmospheric CO2

concentrations. Bars show the maximum (top edge) and minimum (lower edge) percentiles, whereas
boxes represent the 25% and 75% percentiles across tomato plants (n = 4). The median (50%) percentile
is represented by the horizontal line within the box. Symbols indicate extreme values. Different
letters indicate significant difference determined by Duncan’s multiple range test at p < 0.05. *, **
indicate significant levels at p < 0.05, p < 0.01, respectively; “ns” denotes non-significant differences.
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Figure 5. Heat map of Pearson correlation coefficient between root morphological traits and plant
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and blue colors denote positive and negative relationships, respectively. * indicates significance at
p < 0.05.
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Figure 6. PCA plots for different parameters of tomato plants grown under three irrigation regimes
(IR) (full irrigation, FI; deficit irrigation, DI; and alternative partial root-zone irrigation, PRD) under
either ambient (400 ppm, C400) or elevated (800 ppm, C800) atmospheric CO2 concentrations. Brown
vectors are related to plant root traits (RV, RL, RS, RDW, RD, RTD, SRL, root to shoot), red vectors
are related to dry mass and WUE (mass, LDM, SDW, WU and WUE), pink vectors are related to leaf
nutrition stoiochiometry (leaf C/N, leaf C/P, leaf C/K, leaf C/Ca, leaf C/Mg, leaf C/S, leaf N/P, leaf
N/K), green vectors are related to leaf nutrition uptake (C, N, P, K, Ca, Mg, S, 15N), and blue vectors
are related to leaf nutrition concentration (leaf [C], leaf [N], leaf [P], leaf [K], leaf [Ca], leaf [Mg], leaf
[S], leaf [15N]).

4. Discussion

Root morphological traits mediate the responses of the shoot to environmental changes,
which are altered under PRI and e[CO2] scenarios. Nevertheless, most studies have con-
centrated on the effects of PRI combined with e[CO2] on the aboveground tissues [5,28],
and less information is available on roots. In the present study, the responses of plant
growth, root morphological traits, leaf element concentration and uptake, and leaf element
stoichiometry in tomato plants to different irrigation regimes under e[CO2] were studied.
The results confirm our hypothesis that PRI has a positive effect on root morphological
traits related to mineral nutrient uptake, relieving the negative effect on leaf mineral nu-
trient concentrations and optimizing leaf stoichiometrical ratios related to e[CO2]. More
importantly, studying root morphological traits would deepen our understanding of the
effect of PRI on nutrient status and element balance in plants grown under e[CO2].

4.1. The Effects of PRI on Plant Biomass, Biomass Allocation and Water Use Efficiency
under e[CO2]

In accordance with the findings of Pazzagli et al. [31] and Wei et al. [5], the ∆DM, SDM,
LDM and RDM values of tomatoes were greater under e[CO2] than a[CO2] (Tables 1 and 2,
Figure 6). In addition, in the present study, despite the 30% water reduction relative to
the FI plants, reduced irrigation led to similar ∆DM values in tomato plants grown under
both CO2 conditions. This coincides with the evidence in the literature [17,18,32], and it
is believed that both DI and PRI could consume 25–50% less water without significant
reductions in biomass compared to FI. Therefore, reduced irrigation resulted in higher
WUE than under FI with both CO2 conditions, since WUE was calculated as ∆DM/WU.
e[CO2] has been suggested to cause reduced plant WU as a result of a decline in leaf
stomatal conductance [4]. Nonetheless, decreased stomatal conductance could increase
leaf temperature, and accordingly enhance the rates of leaf transpiration [33]. On the other
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hand, plants grown under high [CO2] usually have larger leaf areas, RS and RV, which
increases the transpiration of whole plants as well as water acquisition [33,34]. Although
leaf area was not measured in this study, e[CO2] led to larger LDM (+101.5%), RS, RV
and RDW than a[CO2] (Tables 1 and 2, Figure 6), and WU was positively associated with
RDW (Figure 5). The greater LDM value reflects a larger leaf area, combined with a larger
RDW, which could imply the response of an increase in WU to CO2 enrichment. Therefore,
plants grown under e[CO2] might be able to totally offset the effects of lowered stomatal
conductance, and ultimately bring about an increase in transpiration and WU at the plant
level. Tomato plants exposed to e[CO2] achieved 45.3% higher WUE than those exposed to
a[CO2] (Table 1, Figure 6). We ascribe this result to the 102.6% increase in ∆DM and 38.5%
increase in WU (Table 1).

Furthermore, biomass allocation to different plant tissues is affected by growth envi-
ronment [35], and changes in biomass allocation patterns provide an explanation of the
physiological differences in plants grown in various environments [36]. One theory of
functional equilibrium is that plants shift their biomass allocation towards the part that is
short of resources [37], which means that under e[CO2], the photosynthesis rate per unit
of leaf mass is increased, and nutrient demand may also be increased due to accelerated
plant growth, but transpiration rate and mineral nutrient mass flows will be decreased,
which increases the need to allocate more biomass to the roots [35]. Many previous studies
have indicated that the root biomass of most horticultural crops is enhanced under e[CO2],
and is often stimulated more notably than shoot biomass, with increases in R/S taking
place more frequently [14,38–40]. In agreement with these findings, our results show that,
compared to a[CO2], e[CO2] more significantly increased the biomass allocation to leaves
and roots from stems, and enhanced RDW by 139.2% and R/S by 20% (Tables 1 and 2).

Similarly, according to functional equilibrium theory [35], water uptake is decreased
per unit root mass, and a decline in nutrient uptake may occur due to a decrease in mass
flow, which is expected to increase biomass allocation to roots under drought conditions [35].
Moreover, many studies have also shown that PRI could reduce the leaf area, as well as leaf
and stem biomass [31], but could promote root growth and increase biomass allocation to
roots from the shoot organs [41], as well as increasing R/S [21,42]. These findings are partly
consistent with our findings that reduced irrigation increases RDM, R/S ratio and biomass
allocation to roots from leaves (Table 1). Hence the lower LDW and LMR under reduced
irrigation regimes, which are due to the greater amount of ∆DM allocated to stems and
roots compared to under FI (Table 1). The reasons for the enhanced SMR in this study are
still unknown, and need to be studied further. Our findings suggest that the allocation of
more biomass to roots and higher R/S could, to some extent, mean that the tomato plants
will have a stronger ability to capture water and nutrients.

4.2. The Effects of PRI on Root Morphological Traits of Tomato Leaves under e[CO2]

Generally, the roots of higher plants are the only tissues responsible for mineral
nutrient uptake, hence the growth and development of roots greatly affects the ability
of plants to acquire mineral nutrients and water [43]. The growth of roots is in close
coordination with the supply of photosynthesis-derived energy from the shoot [44]; in
turn, mineral nutrient uptake by the roots has a strong effect on the shoot growth and
development [45]. Consistently with these results, our results show that RDW, RL, RS
and RV were positively correlated with ∆DM, SDW and LDW (Figure 5). In addition,
root growth is highly sensitive to soil mineral nutrients and water conditions [43,46].
Plants could achieve a fast relative growth rate, deeper resource exploration and more
rapid water and nutrient acquisition rates by increasing their RL, RS, RV and SRL, and
decreasing RD and RTD, allowing them to extend their root systems with low investment
in dry matter under limited resource conditions [40,47–49]. This has been considered as
an important indicator of the strategy of plant resource use [47]. Likewise, in this study,
reduced irrigation under either CO2 condition increased root system size, and enhanced RL,
RS, RV, and SRL, but decreased RTD (Table 2). These results may be due to the upregulation
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of genes controlling root RL, RS, RV and the elongation of seminal roots under reduced
irrigation [46]. Furthermore, ABA induced by reduced irrigation promotes seminal root
elongation, and lateral root development and branching [50], vie the upregulation of the
expression of auxin-related genes [51], and the inhibition of the synthesis of ethylene [46].
Additionally, a decline in RD and RTD is considered a functional trait of drought tolerance,
and RD and RTD regulate SRL and RS per root biomass [52]. In the present study, the
increased levels of SRL under reduced irrigation (particularly under PRI with e[CO2])
were due to the decreased RTD, while no influence was seen on RD as compared with FI,
implying that tomato plants grown under reduced irrigation had a higher efficiency in
water and nutrient acquisition via the exploration of a greater soil volume per unit of dry
matter investment in root length [53] compared to those grown under FI. However, the lack
of decline in RD under reduced irrigations requires further study.

In addition, many studies have demonstrated that root traits are sensitive to e[CO2] [14,43].
e[CO2] stimulates root growth much more effectively than shoot growth, increasing RL, RD,
RV, RS, RTD, R/S and RDW [40,54,55], while decreasing the SRL of the absorptive root [56],
and the efficiency of direct water and nutrient acquisition [57,58]. In this study, we found
that e[CO2] increased RL, RS, RV, R/S and RDW compared to a[CO2] (Table 2, Figure 6).
These results may be attributed to e[CO2] allocating more biomass to roots, but with little
effect on RD, RTD and SRL in tomato plants (Table 2, Figure 6), since an increase in root
biomass can reflect an increase in total RL or average RD or RTD [59]. The equivalent
SRL values indicate that the tomato plants achieved similar efficiency in direct water and
nutrient acquisition under the two CO2 regimes. Additionally, the rapid growth caused
by e[CO2] is related to the synthesis of auxin in shoots, which is transported to the root
and stimulates primary root elongation and lateral root development [43], resulting in the
enhanced RL, RS and RV values of tomato plants grown under e[CO2].

We found an interactive effect between [CO2] and IR on SRL (Table 2). Compared to
a[CO2], e[CO2] increased SRL under FI and PRI, while it decreased it under DI. This might
be partly due to e[CO2] showing similar RTD values under the three irrigation regimes, a
slight decrease in RD under FI and PRI, and a tiny increase in RD under DI in relative to
a[CO2]. This is because RD and RTD regulate SRL and RS [52].

Nutrient uptake in roots is achieved in three ways, namely, root interception, mass
flow and diffusion [43,60]. Root interception depends on the contents of nutrients in
the soil where the roots grow, and the quantity of nutrients intercepted by the roots is
equivalent to the amount of nutrients in a volume of soil identical to the root volume [43];
therefore, enhanced RL, RS and RV can increase root nutrient interception. Mass flow and
diffusion are the modes of transport of nutrients from the bulk soil to the root surface [60,61].
The further increased values of RS, RL, RV and SRL in tomato plants grown under PRI
with e[CO2] (Table 2, Figure 6) would be more beneficial to the acquisition of diffusion-
limited nutrients, such as phosphorus and potassium, whereas the co-optimization of traits
improving water acquisition would also more notably assist in the acquisition of soluble
mobile resources, such as nitrate, calcium, magnesium and sulfur [53]. In good agreement
with these findings, the RL, RS, RV and RDW were also significantly positively correlated
with element uptake.

4.3. The Effects of PRI on Leaf Nutrient Concentration, Nutrient Uptake, and Nutrient
Stoiochiometry of Tomato Leaves under e[CO2]

Plant nutrient uptake depends not only on the morphological traits of roots, but also
on plant physiological properties and the nutrient availability in the soil [43]. It is reported
that the mass flow of a nutrient is driven by transpiration, drawing water from roots and
releasing it to the atmosphere, which can be calculated as nutrient concentration multiplied
by the amount of water transpired, and the mass flow of water is equal to the volume of
water transpired [61]. In this study, e[CO2] was found to enhance the WU (amount of water
transpired) of tomato plants more notably than a[CO2] with the same supply of mineral
nutrients to the plants, which indicates that the mineral nutrient mass flow was enhanced,
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or at least not lowered. In addition, RL, RS, RV and RDW were significantly positively
correlated with element uptakes (Figure 5). These might be the reasons for the enhanced
levels of mineral nutrient uptake and leaf [Ca] and [S], and similar leaf [C], [P], K and [15N]
values, of tomato plants grown under e[CO2] (Tables 3 and 4).

Furthermore, compared with a[CO2], e[CO2] increased the LDM and leaf N and Mg
uptake, respectively, by 101.46%, 75.16%, and 87.8%, which led to a reduced leaf [N] and
leaf [Mg], respectively, by 13.1% and 6.9% (Tables 1, 3 and 4). Additionally, e[CO2] enhanced
leaf carbon uptake by 102.37%, leading to increased leaf C/N and C/Mg. Therefore, the
decrease in leaf [N] and [Mg], and the higher leaf C/N and C/Mg, were mainly due to the
dilution effect [4].

Plant 15N values are related to the acquisition, assimilation and allocation of N [62].
It has been reported that 15N uptake under a[CO2] is greater than that under e[CO2]
in Arabidopsis [63]. In leaves, 15N concentration shows a positive correlation with N
concentration [64]. However, we found that e[CO2] enhanced 15N uptake, while it had
little effect on leaf [15N] and decreased leaf [N], as compared with a[CO2] (Tables 3 and 4,
Figure 6). These results might be attributed to the N of leaves being transported to stems
and roots, and the fractionation of 15N during the reallocation of N, leaving 15N in leaves
during the faster growth period [65].

Stoichiometry assesses comparative ratios of nutrients [12]. Recent studies have stated
that leaf C/N, C/P, C/K, C/Mg, C/Ca and C/S could be used to indicate variations in
the balance between leaf structural (i.e., cell wall construction) and metabolic functional
(i.e., photosynthesis and synthesis of biomolecules) investments [13,66]. Leaf stoichiometry
can also demonstrate leaf structural and metabolic strategies, such as regarding leaf C and
Ca (primarily linked with cell wall construction), P and K (mostly used in regulating leaf
cell protoplasm metabolic status), and N, Mg and S (associated with both leaf structural
function and metabolic activity) [13,66]. Furthermore, the nutrient ratios can reflect the
relative availabilities of nutrients, and can be used to determine the degree of nutrient
limitation [67]. When a plant’s N/P ratio is <14, N is limited, and when the plant N/P
ratio is >16, P is limited, whereas within this range (combined with a N/K ratio = 2.1),
the effects of fertilization are not unequivocally related to N/P and N/K ratio [68,69]. But
when the N/K ratio is <2.1, N is limited, and when the N/K ratio is >2.1, K is limited [69].
In this study, compared to a[CO2], e[CO2] increased leaf C/N and C/Mg, while it decreased
C/Ca, C/S and N/K, and had no influence on leaf C/P, C/K and N/P, with N/P < 14 and
N/K < 2.1 (Figures 3 and 4). These results indicate that N limits tomatoes growth under
e[CO2], and e[CO2] positively affects cell wall construction but negatively influences leaf
cell protoplasm metabolism.

It has been reported that the drying and wetting cycles of soil under PRI enhance root
growth [41] and improve leaf mineral nutrient concentrations [18]. In accordance with
these results, we found that reduced irrigation methods enhanced RL, RS, RV, SRL and R/S,
particularly under PRI (Table 2). RDW, RL, RS and RV correlated positively with element
uptakes, LDW, and leaf C/N and C/Mg, whereas they correlated negatively with leaf [N],
[P] and [Mg] (Figure 6); this might be due to the greater LDW diluting the leaf N, P and
Mg concentrations in tomato leaves exposed to e[CO2]. In partial agreement with previous
studies [18], here, the reduced irrigation plants showed equivalent leaf [N], [K] and [S], leaf
C and N uptakes and leaf C/N, C/K and N/K, increased leaf [C] and [15N] and leaf C/P,
C/Ca, C/Mg, C/S and N/P, and decreased leaf [P], [Ca] and [Mg] and leaf P, K, Ca, Mg and
S, compared to FI (Table 4, Figures 3 and 4). The reductions in mineral nutrient uptake were
mostly due to the reduced LDW under reduced irrigation (particularly under PRI). The
element uptakes were computed as LDW multiplied by element concentration. Moreover,
the decreases in leaf [P], [Ca] and [Mg] under reduced irrigation were due to the reduced
diffusion of soil P and the mass flow of soil Ca and Mg under reduced irrigations [70,71].
The similar levels of leaf [N], [K] and [S] under FI might be due to the positive effects of
bioavailability on mineral nutrients under PRI [18]. The equivalent leaf C/N, C/K and N/K
values were due to the similar levels of increase in leaf [C], [N] and [K], while the increases
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in leaf C/P, C/Ca, C/Mg, C/S and N/P were due to the increased leaf [C], the decreased
leaf P, [Ca] and [Mg], and the equivalent leaf [N]. Additionally, the results regarding the
stoichiometric ratio suggest greater C but less Ca investment to leaf cell wall construction,
less P investment to the leaf cell protoplasm metabolic ability, and less Mg investment to
leaf structural and metabolic activity [13].

The reduced irrigation methods enhanced leaf [15N], but led to similar leaf [N] values,
relative to FI, which result is attributed to leaf N transportation to the stems and roots, with
higher 15N left in the leaves due to 15N discrimination during leaf N reallocation [65]. More
dry mass was allocated to the stems and roots with reduced irrigation (Table 1), implying
that these tissues needed more N.

An interaction was found between [CO2] and IR in terms of their effects on leaf P
uptake and leaf N/P (Table 4 and Figure 4). Compared to a[CO2], e[CO2] led to a smaller
increase in leaf P uptake under PRI than under FI and DI, while e[CO2] decreased leaf
N/Punder FI and DI but enhanced itunder PRI. The lower increase in leaf P uptake under
PRI with e[CO2] was mostly due to the e[CO2] reducing leaf [P] under PRI in comparison
with a[CO2] (Table 3). e[CO2] reduced leaf N/P under FI and DI, whereas it increased it
under PRI, which was attributed to e[CO2] causing a greater decrease in leaf N than in leaf
[P] under FI and DI, and non-significantly lowering leaf [N] but significantly decreasing
leaf P under PRI relative to a[CO2].

Moreover, compared to a[CO2], e[CO2] led to similar leaf [C], [K] and [Mg] and leaf
C/K and C/Mg, decreased leaf N and P and leaf C/Ca, C/S and N/K, and increased leaf
[Ca] and [S] and leaf C/N, C/P and N/P, under PRI. These results indicate that PRI could
increase leaf [Mg], and maintain or improve most leaf mineral nutrient concentrations and
element stoichiometric ratios in tomatoes grown under e[CO2]. The decreased leaf [N] and
[P] were due to the dilution effect. Compared to a[CO2], e[CO2] increased LDW by 100%,
but enhanced leaf N and P uptake, respectively, by 90% and 54.8% under PRI. The similar
levels of leaf [K] and [Mg] and enhanced levels of leaf [Ca] and [S] might be attributed to
the increased RL, RS and RV (Table 2) and the higher degree of transpiration (WU) (Table 1).
The different effects of PRI under the two [CO2] conditions on stoichiometric ratios were
due to the changes in element concentration.

Furthermore, under e[CO2], PRI led to an increase in leaf [C] and [N], and no decrease
in leaf [K], [Ca], [Mg], [S] and [15N], but it caused a decrease in leaf C/N as compared
with FI. The similar mineral nutrient concentrations under PRI might be ascribed to the
elevated RL, RS, RV and SRL (Table 2, Figure 6) and the improved bioavailability of mineral
nutrients as induced by PRI [18]. These results suggest that PRI had the ability to improve
N concentration, maintain most other mineral nutrient concentrations, and improve leaf
C/N under e[CO2]. The reduced leaf C/N was due to the higher leaf [N] under PRI. These
results are consistent with our previous finding that PRI could alleviate the negative effects
on N concentration caused by e[CO2] [6,28].

5. Conclusions

Collectively, the reduced irrigation methods had no effect on ∆DM and SDW, stimu-
lated root growth, increased R/S ratio, elevated RL, RS, RV and SRL, and improved the
WUE of tomato plants. e[CO2] was shown to further stimulate root growth, enlarge the
root system, enhance R/S ratio and improve the plant WUE of tomatoes grown under
PRI. Compared with a[CO2], e[CO2] led to similar leaf [C], [K] and [Mg] and leaf C/K and
C/Mg, and increased leaf [Ca], [S] and leaf C/N, C/P and N/P, but it decreased leaf [N]
and [P] and leaf C/Ca, C/S and N/K under PRI. Additionally, under e[CO2], PRI led to an
increase in leaf C, and no difference in leaf [N], [K], [Ca], [Mg], [S] and [15N], but it caused
a decrease in leaf C/N as compared with FI. Accordingly, PRI could improve plant WUE,
and had the ability to alleviate the negative effects on N concentration while maintaining the
concentrations of most other mineral nutrients and optimizing leaf stoichiometric ratios under
e[CO2]. Therefore, PRI is recommended as a mode of IR for improving WUE and optimizing
nutrient status in tomato plants under a future water-deficient and CO2-enriched scenario.
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