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ABSTRACT
The response of wheat to elevated carbon dioxide concentration (e[CO2])
is likely to be dependent on nitrogen supply. To investigate the underlying
mechanism of growth response to e[CO2], two wheat cultivars were grown
under different carbon dioxide concentration [CO2] in a chamber experi-
mental facility. The changes in leaf photosynthesis, C and N concentration,
and biomass were investigated under different [CO2] and N supply. The
result showed an increase in photosynthesis under e[CO2] at all N level
except the one with the lowest N supply. Furthermore, a significant
decrease in gs and Tr for both the cultivars was also observed under
e[CO2] at all N levels. A considerable increase in WUEi was observed for
both the cultivars under e[CO2] at all N levels except for the lowest con-
centration one. Therefore, the study shows that a stimulation of plant
growth under e[CO2] to be marginal at higher N supply.
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Introduction

Since the industrial revolution, the atmospheric carbon dioxide concentration (a[CO2]) has
increased by more than 40% (IPCC 2013) and it is projected to exceed 700lmol mol�1 by the
end of the 21st century (Pachauri et al. 2014). Increase in a [CO2] directly and indirectly affects
growth and development of plants (Seneweera and Conroy 2005). For example, the growth
response to elevated carbon dioxide concentration (e[CO2]) (550lmol mol�1)for wheat illustrates
the increase in the order of 5–40% (Ainsworth and Long 2004; Weigel and Manderscheid 2012;
O’Leary et al. 2015). Studies show increase in root biomass and root growth rates with a max-
imum increase of 37% in spring wheat (Thilakarathne et al. 2015) and 75% in winter wheat (Ma
et al. 2007) under e[CO2] (550lmol mol�1). CO2 fertilization effect may be limited by the low
supply of nitrogen (N). Some studies argued that low soil N fertilization constrained the positive
response of plant biomass and yield for majority of the crops to e[CO2] (Seneweera et al. 2005;
Langley and Megonigal 2010; McCarthy et al. 2010; Larsen et al. 2011; Inauen, Korner, and
Hiltbrunner 2012; Reich and Hobbie 2013).

The majority of plant species including wheat (Triticum aestivum) shows an increase in growth
and yield under rising [CO2] mainly due to increased photosynthesis rate (Carlisle et al. 2012).
While the long-term exposure of plants to e[CO2] may reduce photosynthetic capacity introduc-
ing photosynthetic acclimation for most C3 plants (Long et al. 2004). There are several factors for
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explaining this phenomenon: (1) limitation by nitrogen (N) supply (Seneweera et al. 2002; Sanz-
S�aez et al. 2010), (2) insufficient capacity of sink organs (Aranjuelo et al. 2011; Ruizvera et al.
2017), (3) the downregulation of photosynthetic genes by carbohydrates (Vicente et al. 2017). But
according to Farage, McKee, and Long (1998), no acclimation was observed under e[CO2] in
wheat plants, while other studies showed strong acclimation in wheat plants at elevated [CO2]
(700lmol mol�1) (P�erez et al. 2005; Aranjuelo et al. 2011). Many studies in wheat and other spe-
cies also show a decline in leaf N concentration accentuating photosynthetic acclimation under
e[CO2] (Bloom et al. 2010, 2014; Aranjuelo et al. 2011; Pleijel and Uddling 2012; Lekshmy et al.
2013; Zhang, Yu, and Ma 2013). Elevated CO2-induced photosynthetic acclimation was predomi-
nating in N-limited plantscompared to well-fertilized ones (Seneweera et al. 2002; Sanz-S�aez et al.
2010; Vicente et al. 2015a).

Some studies show decrease in tissue N concentrations of crop and non-crop species ranging
from 4.9 to 19% under e[CO2] (Ainsworth and Long 2004; Weigel and Manderscheid 2012;
McGrath and Lobell 2013; Bloom et al. 2014; Vicente et al. 2016; Dier et al. 2018). Explanations
for this reduction include: (1) increasing plant biomass, the so-called “dilution effect” (Reich
et al. 2006); (2) reducing mass flow of nutrients through the soil to plant due to decreased stoma-
tal conductance and transpiration (Mcgrath and Lobell 2013); (3) decreasing the prevalent protein
Rubisco concentrations (Long et al. 2004); (4) inhibiting nitrate assimilation (Bloom et al. 2012,
2014; Myers et al. 2014); (5) altering the rhizosphere environment and limiting the N available
for plant uptake (Reich et al. 2006).

The present research reports the effect of [CO2] on leaf photosynthetic physiology, growth,
and C and N concentration in two wheat cultivars. The study aims to address the following ques-
tions. Will stimulation of leaf photosynthesis of two cultivars by e[CO2] be altered with different
N supply? Would e[CO2] change C and N concentrations of wheat tissue at different N supply?
How does N supply alter the response of wheat to e[CO2]? By answering these questions, we can
improve our understanding of the responses of a major food crop to e[CO2] at different
N supply.

Materials and methods

Plant culture and treatments

Two wheat cultivars (Triticum aestivum), L. cv. RAC0875 and cv. Kukri was selected for the
experiment. Squared bottom perforated pots, each of dimension of 5 cm � 5 cm were taken and
were filled with vermiculite up to 12 cm from the bottom. Two growth chambers were used
where one was set with a[CO2] for 400lmol mol�1 and other with e[CO2] for 700 lmol�1 keep-
ing all other parameters same. Each chamber had four pallets (30 cm � 70 cm rectangular plastic
pallet) with different N level nutrient solution as N1: 0.2mM, N2: 0.5mM, N3: 1.0mM, and N4:
3.0mM. Altogether, the experiment consisted of eight different CO2 � N fertilization combina-
tions, which were replicated eight times. Three seeds were sown in each pot and then eight repli-
cates of both wheat cultivars were placed in each pallet at the same N levels. Then, all the pallets
were filled with water up to 5 cm depth. After seven days, when the cultivars started germinating,
water was replaced by a basal nutrient solution with pH 5.8–6 of the following composition:
0.8mM KH2PO4, 0.5mM MgSO4, 0.6mM CaCl2, 40.0 mM H3BO3, 50.0 mM Fe-EDTA, 7.0 mM
MnSO4, 0.5 mM ZnSO4, 0.2 mM CuSO4, 0.1 mM Na2MoO4. The nitrogen supply was 0.1, 0.25, 0.5,
1.5mM NH4NO3 as different nitrogen levels. The solution was renewed once a week. The pallets
were interchanged weekly from one chamber to the other interchanging the [CO2] among the
chambers. The plants and [CO2] were alternated between chambers every week to avoid the
chamber effect.
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The selected cultivars were grown in the growth chambers Bioline Australia, under controlled
temperature (13.0 �C from 6PM to 6 AM, 15.0 �C from 6 AM to 8 AM, 20.0 �C from 8 AM to 10
AM, 25.0 �C from 10 AM to 3 PM, 20.0 �C from 3PM to 6 PM), light (14-hr photoperiods,
1250 lmol m�2 s�1 light intensity) and humidity (70%) for 6weeks with four nitrogen levels (0.2,
0.5, 1.0, 3.0mM).

Biomass, leaf areas, and C/N concentrations

Four pots of each treatment were harvested on the fourth and sixth week. The harvested plants
were divided into leaf blades, stems, and roots. Leaf blade area was measured by an LI-3100 area
meter (Lincoln Nebraska, USA). The blades, sheaths, and roots were oven-dried at 60�C for more
than 48 hr and then weighed and milled (leaf and stem milled for N, and C analysis. Nitrogen
analysis was carried out by using LECO CN628 elemental analyzer (LECO, St. Joseph, MI, USA),
the C and N concentration from the dried ground material was determined).

Gas exchange measurements

Gas exchange measurements were conducted at the sixth week from last fully expanded leaf
blade. One of the uppermost fully expanded leaves was randomly selected per pot (four leaves for
each treatment). Gas exchange measurements were conducted using a portable gas exchange sys-
tem (LI-COR 6400; LI-COR, Lincoln, Nebraska, USA). The [CO2] in the leaf chamber was con-
trolled by the LI-COR CO2 injection system, and an irradiance of 1600lmol (photons) m�2 s�1

was supplied using a built-in LED lamp (red/blue). The temperature in the 2� 3 � 2.5 cm3 leaf
chamber was set at 25 �C. The vapor pressure deficit (VPD) on the leaf surface was between 1.9
and 2.1 kPa. Net photosynthetic rate (PN), transpiration rate (Tr), stomatal conductance (gs), and
intrinsic water-use efficiency (WUEi, WUEi¼ PN/gs) were measured at the same irradiance, tem-
perature, and vapor pressure. The [CO2] in the leaf chamber was set to 400 lmol mol�1 for ambi-
ent [CO2], and to 700lmol mol�1 for e[CO2] treatment. Measurements were done between 10
AM and 1 PM local time.

Statistical analyses

Four biological replicates for each of the treatments and controls were used for statistical analyses.
All experimental data presented were analyzed with variance at p� .05 using SAS System 8.1
(SAS Institute Inc., Cary, NC, USA).

Results

Plant growth

The effects of [CO2] and N level on biomass wereb measured at four and six weeks (Figure 1).
Irrespective of [CO2] treatment, raising the N supplies increased above-ground and root biomass
of both the cultivars at the fourth and the sixth week (Figure 1, Table 1). At the fourth week,
both the cultivars showed an increase in the above-ground biomass under e[CO2] at all N levels
but were not statistically significant (p¼ .08). Similarly, at the sixth week, an increase in the
above-ground biomass was observed in both the cultivars at all N level except in N1 for
RAC0875 and N4 for Kukri (Table 1).

The root biomass of RAC0875 under e[CO2] increased at N1 and N2 whereas it decreased at
N3 and N4 at the fourth week. In contrast at the sixth week, root biomass decreased at N1 and
N2, whereas it increased at N3 and N4. Similarly, for Kukri, the root biomass was found to be
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increased at elevated [CO2], except at N1 at the fourth week. Likewise, an increase in the root
biomass was observed for each N treatment except at N1 and N3 at the sixth week (Table 1).
Elevated [CO2] did not affect the height of either cultivar different regardless of N level as meas-
ured at the fourth or the sixth week (Table 1), while high N supply remarkably enhanced the
height of both cultivar compared to low N supply (Table 1). The leaf area of both cultivars grow-
ing at high N supply was also greater than at low N supply. Furthermore, an increase in leaf area
of Kurki at N1, N2, and for RAC0875 at N4 was observed under e[CO2] at the fourth and the
sixth week (Table 1).

Photosynthesis

Both the cultivars at N2, N3, and N4 level show higher PN value under e[CO2] than a[CO2] at
the sixth week (Figure 2). But PN decreased at N1 level under e[CO2] compared to a[CO2].

Figure 1. Effect of elevated [CO2] on plant growth in wheat at different N supply. (A, B) Four weeks; (C, D) Six weeks.
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Similarly, gs and Tr of both the cultivars at all N level were found decreasing significantly under
e[CO2] (Figures 3 and 4). Likewise, at N2, N3, and N4 both the cultivars showed an increase in
WUEi whereas no changes were observed at N1 level (Figure 5).

Nitrogen and carbon concentration

As compared to low N supply, high N supply significantly increased above-ground and root bio-
mass N concentration of both the cultivars at same [CO2] at the fourth and the sixth week (Table
2). The RAC0875 grown at all N levels showed significantly lower above-ground N concentration
under e[CO2] at both the fourth and the sixth week (Table 2). Likewise, the above-ground N con-
centration was decreased for Kukri at each N level except at N3 at the fourth week and N2 at the
sixth week. However, at the N4 level, an increase in the root N concentration of RAC0875 was
observed, while it was reduced to Kurki at the fourth week. In contrast, at the sixth week, the
root N concentration of RAC0875 was decreased, whereas that of Kurki was increased.

Irrespective of [CO2] treatment, raising the N supplies significantly changed above-ground and
root biomass C concentration of both the cultivars at the fourth and the sixth week (Table 2).
Furthermore, the above ground C concentration at all N levels were decreased under e[CO2] for both
the cultivars at the fourth week whereas was increased in the sixth week while the C concentration of
root in both the cultivars were increased at the fourth week at N4 under e[CO2] (Table 2).

Discussion

Plant growth response to elevated [CO2] was largely determined by the genotype and [CO2] inter-
action (Table 1). Many studies have shown an increase in dry matter content in wheat under
e[CO2] (Pal et al. 2005; Aranjuelo et al. 2013; Benlloch-Gonzalez et al. 2014).Our measurement
showed a decrease in accumulated dry matter and green area under e[CO2] for RAC0875 at low
N supply at the sixth week of the experiment (Table 2). Similar results for the effect on dry mat-
ter accumulation in durum wheat were observed at low N supply of plants sampled at anthesis
and early grain filling under e[CO2] (Vicente et al. 2015a). Furthermore, some studies found no
or negative effects of e[CO2] on plant dry matter in wheat at early growth stages (Allard et al.
2005; Aranjuelo et al. 2011; Carlisle et al. 2012). In our study, an inhibition of photosynthesis at
low N could be the cause of the decreased plant dry matter in RAC0875. In contrast to the low
N supply, increase in dry matter accumulation and green area of RAC0875 was observed at high
N supply under e[CO2] than under a[CO2]. But on Kukri, there was an increase in plant dry
matter under e[CO2] at low N supply at the sixth week. Increase in the green area may be con-
tributed to this increase in dry weight of Kukri. The difference in each cultivar’s response to
e[CO2] may be due to their difference in physiological plasticity.
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Figure 2. Effect of elevated [CO2] on PN in wheat at different N supply (p-value: VarietyN (p¼ 0.18), C ��(p < .01), C�N��(p <
.01), C� VN (p¼ 0.25), N� V N (p¼ 0.97), C�N� V N (p¼ 0.69)).
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At low N supply, both the cultivars showed lower photosynthesis under e[CO2] than a[CO2].
Different studies also reported a decrease in the photosynthetic rate at low N supply under
e[CO2] in different plants including sorghum (Seneweera, Ghannoum, and Conroy 2001; Zhao,
Mao, and Xu 2010) and durum wheat (Vicente et al. 2015b). It is possible that low N supply to
growing leaf blades limits the cell expansion, division and the final leaf size (Seneweera 2011;
Thilakarathne et al. 2015). The leaf area in RAC0875 was reduced at low N supply and e[CO2],
while that of Kukri did not show any reduction. Therefore, decreased photosynthesis in Kukri
may be ascribed to reduced photosynthetic related protein at low N supply. Overall, our findings
demonstrate that e[CO2] and high N facilitate the improvement of photosynthesis and, thus,
the biomass.
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Furthermore, our study demonstrated that the WUEi of both the cultivars were significantly
increased at high N level under e[CO2] (Figure 5), which is consistent with other observations
(Novriyanti et al. 2012). At high N supply under e[CO2], the overall growth rate and WUE
increased for wheat. In contrast, the gs and Tr of both the cultivars at all N level were found to
decrease under e[CO2]. Similar to the finding of Katul et al. (2010), reduction of gs and Tr in
response to rising CO2 has major effects on increasing water use efficiency during photosynthesis.

Previous studies showed a decrease in total plant N concentration of leaves in wheat under
e[CO2] (Bloom et al. 2010; Aranjuelo et al. 2011; Pleijel and Uddling 2012; Lekshmy et al. 2013;
Butterly et al. 2015). Consenting with the above studies, our fourth and the sixth-week observa-
tionsalso reveals a significant decrease in above-ground N concentration in RAC0875 at all N lev-
els under e[CO2]. Also for Kukri, a decrease in the above-ground N concentration was observed
except under N3 at the fourth week and N2 at the sixth week. According to Bloom et al. (2010),
e[CO2] inhibiting the assimilation of nitrate also exhibit the decrease in N concentration.
Likewise, plants under e[CO2] grow larger and dilute the protein within leaves, further N uptake
by the plant tends to decrease the N concentration (Taub and Wang 2008; Kumari, Agrawal, and
Tiwari 2013; Bloom et al. 2014). The impact of elevated CO2 on reduction in the above-ground
N concentration of RAC0875 and Kukri need further interpretation.

Butterly et al. (2015) showed no change in total C concentration under e[CO2]. But our study
shows a decrease in the above ground C concentration for both the cultivars under e[CO2] irre-
spective of N addition at the fourth week and an increase at the sixth week. Reduction in the
above ground C concentration at the fourth week might be attributed to increasing plant biomass,
the so-called “dilution effect.” Whereas greater C flow via photosynthesis is expected to enhance
the above ground C concentration at the sixth week.

Conclusion

Our study showed changes in the different parameters of the two cultivars selected according to
the N concentration used under e[CO2]. At high N supply under e[CO2], gs, and Tr were

Table 2. Effect of different [CO2] on plant C and N concentration in wheat at different N supply.

Four weeks Six weeks

above-ground root above-ground root

Variety CO2 N Nitrogen (%) Carbon (%) Nitrogen (%) Carbon (%) Nitrogen (%) Carbon (%) Nitrogen (%) Carbon (%)

N1 1.17 40.92 1.15 41.69 1.32 40.45 1.2 41.69
400 N2 1.4 41.07 1.38 41.39 1.4 40.81 1.36 41.84

N3 1.81 41.6 1.49 41.3 1.77 41.66 1.5 40.94
R N4 2.58 42.23 1.91 39.52 2.26 42.27 1.6 40.62

N1 1.1 40.73 1.14 40.5 1.01 40.92 1.19 41.76
700 N2 1.22 40.97 1.25 40.44 1.28 41.41 1.36 42.12

N3 1.41 41.08 1.26 41.26 1.51 41.94 1.44 41.55
N4 2.46 41.95 1.99 40.6 2.08 42.83 1.56 40.62
N1 1.2 41.09 1.22 41.1 1.18 40.62 1.12 41.92

400 N2 1.39 41.03 1.27 41.69 1.32 41.08 1.29 42.15
N3 1.72 41.58 1.5 40.92 1.52 41.31 1.37 41.98

K N4 2.78 42.43 1.92 39.3 2.1 42.4 1.36 40.64
N1 1.12 40.7 1.08 40.95 1 41.06 1.32 42.37

700 N2 1.3 40.82 1.25 40.23 1.42 41.56 1.35 41.81
N3 1.75 41.25 1.73 40.2 1.51 42.26 1.37 41.52
N4 2.75 41.56 1.75 40.29 1.66 42.55 1.43 41.31
CO2 .05 .00 0.22 0.14 .00 .00 0.41 0.25
N .00 .00 .00 .00 .00 .00 .00 .00

p-value Variety .07 0.89 0.63 0.22 .01 0.32 .02 .03
C�N 0.87 0.25 0.86 .00 .05 0.57 0.58 0.78
C�V 0.21 0.26 0.51 0.88 0.33 0.83 .09 0.56
N�V 0.53 0.75 .02 0.56 .05 0.41 0.12 0.57

　 C�N�V 0.57 0.37 .02 0.45 0.11 .05 0.81 0.10
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decreased, while PN andWUEi were increased. For RAC0875, the above-ground plant N concen-
trations were decreased under e[CO2]. Hence, we conclude that the stimulation of plant growth
under e[CO2] will be eliminated under nitrogen limitation. Results indicate that more N fertilizer
may be required to maintain the growth of wheat under future e[CO2] environments.
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