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a b s t r a c t

Understanding the responses of crops to elevated atmospheric carbon dioxide concentrations (E[CO2]) is
very important in terms of global food supplies. The present study investigates the effects of CO2

enrichment (to 800 mmol mol�1) on the physiology of soybean plants and the nutritional value of their
seeds under growth chamber conditions. The photosynthesis of soybean was significantly promoted by E
[CO2] at all growth stages, but leaf area and specific leaf weight were not affected. The levels of mineral
elements in the leaves decreased under E[CO2]. The soil properties after soybean cultivation under E[CO2]
were not affected, except for a decrease in available potassium. Moreover, the levels of soluble sugars in
the seeds were not affected by E[CO2], but the levels of natural antioxidants decreased. In addition, the
level of oleic acid decreased under E[CO2]. However, levels of fatty acid peroxidation and saturation were
maintained. In conclusion, E[CO2] appears to have positive effects on the growth of cultivated soybean
plants, but its influence on the nutritional values of soybean seeds is complex.

Copyright © 2019 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Atmospheric carbon dioxide concentrations ([CO2]) are pre-
dicted to rise to at least 730 and possibly up to 1000 mmol mol�1 by
the end of this century (IPCC, 2007). CO2 is the main source of
carbon for photosynthesis. Elevated [CO2] (E[CO2]) has a strong
influence on the growth, development, seed yield and biochemical
metabolism of plants (Ekman et al., 2007; Locke et al., 2013; Pal
et al., 2014; Ward et al., 2012; Zhang et al., 2012). Moreover, crops
are very important for human life, providing food and materials for
clothing, biofuel, medicine and many other things. The trend in
terms of crop responses to E[CO2] is expected to have a marked
influence on the global food supply and may threaten the nutrition
of human beings (Ainsworth et al., 2008; Myers et al., 2014). The
effects of E[CO2] vary among different types of plants. E[CO2]
directly enhances the photosynthesis of C3 plants but not of C4
plants (Leakey, 2009; Wang et al., 2012). In some C3 plant species,
e of Plant Diversity.
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the enhancing effects of E[CO2] on photosynthesis occur only after
short-term treatment and decrease or even disappear after long-
term treatment, a phenomenon called “CO2 acclimation” (Bloom
et al., 2002). In addition, Bloom et al. (2010) found that E[CO2] in-
hibits NO3

� assimilation and decreases organic N content of plants,
after which photosynthesis declines, which could be an important
factor in “CO2 acclimation”. Legumes are C3 plants and can use N2
from the air as a source of N to synthesize ammonia and organic N
compounds. It has been reported that legumes maintain high rates
of photosynthesis under E[CO2], even after long-term treatment
(Arenque et al., 2014; Bernacchi et al., 2006), and E[CO2] has been
shown to result in increased biomass, which is positively correlated
with the ability to form nodules (Cernusak et al., 2011).

Soybean (Glycine max) is an economically important legume
crop species worldwide and is rich in high-quality proteins, poly-
unsaturated fatty acids, and vitamins and minerals (Liu, 1997). It is
also beneficial to human health due to its natural antioxidants such
as tocopherols and isoflavones (Carrera et al., 2011). E[CO2] has
been shown to promote photosynthesis and decrease stomatal
conductance of soybean leaves (Ainsworth et al., 2002; Bishop
et al., 2015; Sanz-Saez et al., 2017), and the average yields of soy-
bean during 2002e2006 were shown to be higher than those in
1980 due to elevated CO2 (Sakurai et al., 2014). Photosynthesis in
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soybeans may be promoted by E[CO2] throughout the lifespan of
the plants due to their ability to fix nitrogen. Because the ability of
soybeans to fix nitrogen varies among different growth stages
(Zapata et al., 1987), the positive effect of E[CO2] on soybean
photosynthesis may be correlated with soybean growth stage.
However, little is known about the effects of E[CO2] on photosyn-
thesis at different growth stages of soybean (Sun et al., 2014).

The stimulatory effect of E[CO2] on soybean growth may dilute
the nutritional quality of soybean (H€ogy et al., 2009; Taub et al.,
2008; Uprety et al., 2010; Wieser et al., 2008). In contrast, the
isoflavone content in dwarf soybean plants increases significantly
in response to CO2 elevation (Caldwell et al., 2005), whereas seed
protein, total oil, and fatty acid composition are not affected by E
[CO2] in soybean (Thomas et al., 2003). The influence of E[CO2] on
seed mineral elements varies in different studies. For example,
Thomas et al. (2003) found that E[CO2] had no significant effect on
either N concentration or P concentration in soybean seeds, while
Rosenthal et al. (2014) found that it caused a decline in N. In these
studies, the CO2 concentrations were lower than 800 mmol mol�1

(predicted at the end of this century). Furthermore, there is only
limited information on the effects of E[CO2] on soil nutrients
following the growth of soybean.

In this study, we propose two hypotheses: (1) under E[CO2],
soybeans maintain relatively high levels of photosynthesis
throughout their development; and (2) E[CO2] reduces the con-
centrations of both mineral elements in the leaves and chemical
nutrients in the seeds due to the dilution effect. To test these hy-
potheses, wemeasured soybean photosynthetic physiology at three
growth stages for plants grown at ambient (400 mmol mol�1) and
elevated (800 mmol mol�1) CO2 concentrations, which simulate
predicted end-of-the-century CO2 levels. We then measured the
nutrient compositions of seeds, including mineral elements, natu-
ral antioxidants, and fatty acids after harvest. Finally, we quantified
soil nutrient levels after soybean cultivation.

2. Materials and methods

2.1. Plant material and chemicals

Soybean (G. max) seeds (Liaoxin) (Yu et al., 2015) were pur-
chased from the Jingdian Seed Company (Kunming, China).
Standards of isoflavone components, including daidzin, glycitin,
and genistin, were purchased from Chengdu Must Bio-Technology
Co., Ltd., China (MUST-14031414, 14070311 and 14060511,
respectively). Standards of tocopherols, including a-, d- and g-
tocopherol, were purchased from Sigma-Aldrich (47783, 47784
and 47785, respectively). 5,7-Dimethyltocol was purchased from
Matreya, LLC. (1074), and the C17:0 standard was purchased from
Sigma-Aldrich (T2151).

2.2. Plant growth and treatments

Seeds were sown in pots (30 cm in diameter, 35 cm in height)
with a humus soil consisting of 10% clay, and there was ultimately
one seedling per pot. The seedswere allowed to germinate and grow
under a 12-h light/12-h dark photoperiod at 23 �C (day) and 18 �C
(night). Growth chamber light intensity was 350 mmol m�2 s�1, and
humidity was 65%. Control plants were grown in growth chambers
with ambient [CO2] (~400 mmol mol�1) and treated plants were
grown in growth chambers under elevated [CO2] (~800
(±50) mmol mol�1). Fifteen plants were placed in each growth
chamber, and the treatments were rotated every week. Plants were
not fertilized in our experiment. The growth stages of soybeanswere
determined according to the guidelines of the University of Min-
nesota Extension service (https://extension.umn.edu/growing-
soybean/soybean-growth-stages). Tests of seed composition were
conducted on mature seeds (stage R8).

2.3. Measurement of physiological parameters

Gas exchange measurements were conducted in situ on new
fully developed trifoliate leaves (the third trifoliate leaf from the
top) of six randomly selected plants from each treatment using a
LI-COR 6400 portable gas analysis system (LI-COR, USA) equipped
with a 6 cm2 LED chamber (LI-6400-02 B). Measurements were
performed after 20 min of stabilization at a light-saturating
photosynthetic photon flux density (PPFD) of
1600 mmol m�2 s�1, at ambient humidity (~60%) and at a flow rate
of 500 mmol s�1 through the gas exchange chamber. CO2 con-
centration was controlled using an LI-6400 CO2 injector system
(LI-6400-01) and was set to match the growth conditions of the
plants (400 or 800 mmol mol�1). Water-use efficiency (WUE)
(mmol CO2 mol�1 H2O) was calculated as the net photosynthesis
rate divided by the transpiration rate (Pn/Tr). We measured
photosynthetic parameters at three soybean leaf growth stages:
the first fully developed trifoliate leaves (V1), full flowering (R2),
and full pods (R4).

Specific leaf area (SLA) was calculated as leaf dry weight divided
by leaf area. After removing the petioles, the area and dry weight of
the entire leaf were determined. The leaf area was determined
using ImageJ. Dry weight was obtained by first desiccating leaves at
105 �C for 30 min and then drying them at 80 �C to a constant mass
before weighing.

2.4. Sugar and proline measurements

Leaves were harvested at the V1, R2, and R4 growth stages.
Sugar and proline levels were measured using a standard curve,
according to the methods of Li et al. (2004). Sugar content was
determined by measuring A625 of the sugareanthrone reaction.
Proline content was determined by measuring A520 of the proline
ninhydrin reaction.

2.5. Fatty acid determination

The seed fatty acid proportion was determined by gas chroma-
tography (GC) using the methyl ester method (Miquel and Browse,
1992). Briefly, after being methylated with 5% methanolic H2SO4,
the fatty acids were extracted twice with hexane and dried under
nitrogen. A total of 100 ml of C17:0 fatty acid standard (2 mg/ml in
chloroform)was added to each sample as an internal standard prior
to extraction. After drying under nitrogen, the samples were dis-
solved in hexane and separated by GC on an Agilent DB-225 MS
column (30 m � 0.25 mm � 0.25 mm) and quantified using a flame
ionization detector. The area normalization method was used to
calculate the proportions of five fatty acid components: palmitic
acid, stearic acid, oleic acid, linoleic acid, and linolenic acid. The
levels of these fatty acids were determined using an internal
standard. The double bond index (DBI), a measure of the degree of
fatty acid desaturation, was calculated according to the formula
DBI ¼ (

P
[N � mol% fatty acid])/100, where N is the number of

double bonds in each fatty acid molecule.

2.6. Lipid peroxidation

Lipid peroxidation levels were estimated by determining
malondialdehyde (MDA) levels (Duan et al., 2005). Approximately
0.5 g of seed powder was homogenized in 4 ml of chilled reagent
containing 10% (w/v) trichloroacetic acid (TCA) and centrifuged at
12,000 g for 10 min. Two milliliters of the supernatant were then
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reacted with 2 ml pf 0.6% (w/v) thiobarbituric acid (TBA) for 30 min
in boiling water. After the mixture cooled and was centrifuged, ab-
sorption of the supernatant at 450, 532 and 600 nmwas measured.
MDA levels were subsequently calculated using the following for-
mula: C (nmol ml�1) ¼ 6.45 � (A532 � A600) � 0.56 � A450.

2.7. Isoflavone extraction and high-performance liquid
chromatography assays

The isoflavone concentration was analyzed by high-
performance liquid chromatography (HPLC) (Ma et al., 2015).
Briefly, 0.1 g of seed powder was extracted with 5 ml of extraction
solution at room temperature overnight. After centrifugation, the
supernatant was subjected to HPLC on an Agilent 1260 system
equipped with a Waters XSelect CSH C18 column (4.6 � 75 mm in
length, 2.5 mm � 75 mm, 2.5 mm). By comparing the retention time
and the maximum UV absorbance for the three standards with our
samples, we accurately determined the levels of isoflavone com-
ponents based on the UV absorption value at 260 nm.

2.8. Tocopherol extraction and high-performance liquid
chromatography assay

Tocopherol concentration was analyzed in accordance with the
methods of Yang et al. (2011), with minor modifications. Totals of
0.1 g of seed powder and 1 ml of internal standard (50 mg/ml 5,7-
dimethyltocol) were added to 3 ml of methanol:chloroform (2:1
v/v) containing 0.01% (m/v) butylated hydroxytoluene. After 20min
of incubation, tocopherols were extracted using chloroform, dried
under nitrogen and re-suspended in dichloromethane:methanol
(1:5 v/v) for HPLC analysis, using anAgilent 1260HPLC. Quantitative
analysis was performed on an Agilent Zorbax SB-C18 column
(4.6 � 150 mm in length, 5 mm particle size). By comparing the
retention time and the maximum UV absorbance for the three
standards with those of our samples, we accurately determined the
levels of tocopherols based on the UV absorption value at 292 nm.

2.9. Determination of element levels

After photosynthesis was measured, the same leaves at the full
flowering (R2) stage were measured for their levels of various el-
ements. Leaves were dried at 80 �C and then ground to a powder
after harvest. The leaf, seed, and soil powders were pulverized to
pass through a 60-mesh sieve (0.25 mm in diameter). The levels of
carbon (C) and nitrogen (N) were determined by Vario MAX CN
instrument (Elementar Analysensysteme GmbH, Germany). For
total element testing, the powders of the plant and soil samples
were digested with concentrated HNO3eHClO4, and the levels of
total phosphorus (P), potassium (K), calcium (Ca), magnesium (Me),
iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), aluminum (Al),
sodium (Na), sulfur (S) and boron (B) were determined with an
inductively coupled plasma atomic-emission spectrometer (IRIS
Advantage-ER; Thermo Jarrell Ash Corporation, Franklin, MA, USA).

2.10. Statistical analysis

Twenty-four plants were grown in each chamber. Seven sam-
plings (20 seeds per sampling) were taken from each chamber for
chemical analyses. The experiment was replicated three times.
First, a Q-test was performed on all data, and data from discordant
samples were removed. The data were then subjected to one-way
analysis of variance (ANOVA) using SPSS 13.0. Statistical signifi-
cance was tested by an independent-sample T test using SPSS 13.0.
Differences at P < 0.05 were considered significant.
3. Results and discussion

3.1. CO2 elevation stimulates photosynthesis and water-use
efficiency at all growth stages of soybean

Exposing soybean plants to elevated CO2 (E[CO2]) significantly
increased net photosynthesis at all three growth stages examined
(V1,“trifoliate leaves”; R2, “full flowering leaves”; and R4, “full pod
leaves”) (Table 1). Net photosynthesis increased the most in full
flowering leaves (76.8%), while in first fully developed trifoliate
leaves and full pod leaves, net photosynthesis increased by 28.6%
and 46.5%, respectively.

In some C3 plants, elevated CO2-induced increases in
photosynthesis diminish over time (Bloom et al., 2002). This CO2
acclimation may attribute to the inhibition of nitrate assimila-
tion under higher concentrations of CO2 (Bloom et al., 2010).
However, the nitrogen-fixing ability of legumes suggests that
they may not acclimate to high concentrations of CO2 after long-
term treatment (Arenque et al., 2014; Bernacchi et al., 2006). In
addition, nitrogen-fixing ability of soybean plants has been
correlated with their growth stages, and compare to full flow-
ering and full pods leaves, first fully developed trifoliate leaves
have lower nitrogen-fixing ability (Zapata et al., 1987). This
growth stage related nitrogen-fixing ability in soybean may
explain why the promotion of net photosynthesis by E[CO2] was
relatively low at first fully developed trifoliate leaves. We
speculate that the nitrogen-fixing ability of soybeans may
counteract the inhibitory effect of CO2 acclimation on nitrate
assimilation and is capable of stimulating photosynthesis
throughout the lifespan of soybean plants. Thus, examining the
effects of E[CO2] on the nodule activity of soybeans may be an
important part of future studies.

In previous studies, E[CO2] was found to decrease stomatal
conductance of soybeans by approximately 40% (Ainsworth et al.,
2002); similarly, E[CO2] decreased stomatal conductance of the
N2-fixing species Lotus corniculatus (Ainsworth et al., 2003). De-
creases in stomatal conductance together with increases in net
photosynthesis have also been found to lead to higher water use
efficiency (WUE) in soybeans (Prior et al., 2010). However, in our
study, stomatal conductance in plants grown under E[CO2] did not
decrease; in fact, at the full flowering stage, stomatal conductance
of these plants was 40.9% higher than that of control plants
(Table 1). The change in transpiration rate was also similar to that of
stomatal conductance. This E[CO2]-induced increase in stomatal
conductance at the full flowering stage may increase [CO2] at sites
of Rubisco carboxylation and further promote photosynthesis. The
relatively strong nitrogen-fixing ability and fast growth speed of
soybeans at the full flowering stage (Zapata et al., 1987) lead us to
speculate that the E[CO2]-induced increases in stomatal conduc-
tance at the full flowering stage may be caused by increased
photosynthesis-promoted plant growth.

E[CO2] promoted water use efficiency of soybeans at all growth
stages, which is the factor that contributed most to the increase in
photosynthesis (Table 1). At all three growth stages, the ratio of
intercellular CO2 to atmospheric CO2 (Ci/Ca) remained unchanged
under E[CO2] treatment, and the soybean plants retained a high
level of intracellular [CO2] (Table 1). Previous studies have shown
that plants can maintain their level of 1 � Ci/Ca via adjustments of
stomatal anatomy and chloroplast biochemistry (Franks et al.,
2013). We suspect that, after long-term treatment, plants may
acclimate to E[CO2] via adjustments to stomatal conductance and
chloroplasts. Taken together, these results suggest that soybean
plants may have increased drought tolerance under high-CO2
conditions.



Table 1
Effects of ambient CO2 concentration (400 mmol mol�1) and elevated CO2 concentration (800 mmol mol�1) on the photosynthetic parameters of soybean plants at different
growth stages. The values in the same column with different letters are significantly different (P < 0.05). Data are mean ± S.D. (n ¼ 5 or 6); experiments were repeated three
times. Pn, net photosynthesis; Gs, stomatal conductance; Tr, transpiration rate; WUE, water-use efficiency; Ci, intercellular CO2 concentration; Ca, atmospheric CO2 concen-
tration; V1, first fully developed trifoliate leaves; R2, leaves from full flowering soybeans; R4, leaves from full pod stage of soybean.

Growth stage CO2 treatment Pn (mmol CO2/m2/s) Gs (mol H2O/m2/s) Tr (mmol H2O/m2/s) WUE (mmol/mol) Ci/Ca

V1 Ambient 14.03 ± 1.08d 0.26 ± 0.02abc 4.34 ± 0.24a 3.23 ± 0.21c 0.73 ± 0.02c

Elevated 18.04 ± 1.46c 0.23 ± 0.11bc 3.44 ± 1.10b 5.58 ± 1.32ab 0.77 ± 0.07abc

R2 Ambient 14.95 ± 0.61d 0.22 ± 0.02c 3.95 ± 0.31ab 3.80 ± 0.32c 0.67 ± 0.03d

Elevated 26.43 ± 0.81a 0.31 ± 0.07ab 4.35 ± 0.75a 6.24 ± 1.10a 0.78 ± 0.04ab

R4 Ambient 14.59 ± 0.74d 0.28 ± 0.03abc 4.17 ± 0.35ab 3.52 ± 0.35c 0.74 ± 0.03bc

Elevated 21.37 ± 0.70b 0.30 ± 0.06ab 4.32 ± 0.57a 5.01 ± 0.68b 0.81 ± 0.03a

Table 3
Effects of ambient CO2 concentration (400 mmol mol�1) and elevated CO2 concen-
tration (800 mmol mol�1) treatments on the levels of carbon and nitrogen and their
ratio in the leaves and seeds of full flowering leaves. The asterisk indicates a sig-
nificant difference between ambient and elevated CO2 treatments (P < 0.05). Data
are the mean ± S.D. (n ¼ 6).

Tissue Ambient Elevated Relative change (%)

C (g/kg) leaves 454.83 ± 0.41 447.83 ± 2.04* �1.54
seeds 501.33 ± 1.86 499.00 ± 1.41* �0.46

N (g/kg) leaves 35.13 ± 1.89 26.46 ± 4.00* �24.68
seeds 68.23 ± 1.32 69.33 ± 0.85 1.61

C/N leaves 12.98 ± 0.73 17.26 ± 2.66* 32.97
seeds 7.35 ± 01.6 7.20 ± 0.10 �2.04
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3.2. Soybean grown under CO2 elevation tended to have increased
numbers of leaves and pods

Because sugar is the main product of photosynthesis, E[CO2]-
induced promotion of photosynthesis is expected to increase sugar
levels in leaves. However, in this study, E[CO2] had little effect on
the sugar content of first full developed trifoliate leaves or full
flowering leaves, while in full pod leaves, sugar content decreased
by approximately 12% (from 11.53 to 10.18 mg/g Fresh Weight)
(Table 2). In addition, at all growth stages, plants grown under E
[CO2] had relatively low levels of proline (Table 2). In contrast, E
[CO2] did not produce a discernible effect on the specific leaf area
(SLA) at any growth stage (Table 2). Although the leaf area of soy-
bean plants grown under ambient and elevated [CO2] conditions
did not show any difference, the numbers of leaves (21%) and pods
(15%) increased significantly in response to E[CO2] treatment
(Table 2). After maturity, the total mass of seeds per plants grown
under E[CO2] conditions were approximately 1 g heavier per plant
(7.45 ± 0.07 g in ambient CO2 and 8.44 ± 0.11 g in E[CO2]).

The increase in photosynthesis in response to CO2 enrichment
may accelerate the growth and, ultimately, cause a dilution effect in
plants (H€ogy et al., 2009; Lenka et al., 2017; Taub et al., 2008;
Uprety et al., 2010; Wieser et al., 2008). For example, under E
[CO2] treatment, the level of proline decreased at all growth stages.
E[CO2] showed a similar dilution effect on the sugar content only of
full pod leaves. However, other leaf components, such as amino
acids and fatty acids, may not be subjected to the dilution effect
associated with E[CO2] because the SLA did not change during any
of the growth stages. Compared with plants grown under ambient
CO2 concentrations, soybean plants grown under E[CO2] grew
faster and had more trifoliate leaves, which may be attributable to
the promotive effect of E[CO2] on soybean growth at all growth
stages. These results may indicate that the increase in pod number
in soybean plants under E[CO2] is primarily attributable more to the
rapid growth of plants rather than to the accumulation of func-
tional components in the leaves.
Table 2
Effects of ambient CO2 concentration (400 mmol mol�1) and elevated CO2 concentration (
pod numbers of soybean plants at different growth stages. The values in the same columnw
6, 9, or 10); experiments were repeated three times. SLA, specific leaf area; FW, fresh we
flowering soybeans; R4, leaves from full pod stage of soybean.

Growth stage CO2 treatment Sugars (mg/g FW

V1 Ambient 7.66 ± 0.55c

Elevated 7.95 ± 0.53c

R2 Ambient 9.99 ± 0.21b

Elevated 9.49 ± 0.42b

R4 Ambient 11.53 ± 0.67a

Elevated 10.18 ± 0.64b

Leaf area (cm2)

R4 Ambient 40.81 ± 3.76a

Elevated 39.98 ± 5.45a
3.3. Effects of CO2 elevation on C and N metabolism in soybean
leaves and seeds

E[CO2] induced minor decreases in C in soybean plantsd1.54%
and 0.46% in leaves and seeds, respectively (Table 3). Under E[CO2]
treatment, leaf N levels decreased by 24.68%, while the N change in
seeds was not statistically significant (Table 3). The carbon-to-
nitrogen ratio (C/N) in leaves increased by approximately 33% un-
der E[CO2] but remained unchanged in the soybean seeds (Table 3).

Because the leaf area and SLA were unchanged after E[CO2]
treatment (Table 2), the decrease in soybean leaf N that we
observed may not be related to the dilution of sugar and other
structural components. Instead, the decrease may have been
induced by relatively lowN absorption under E[CO2] conditions due
to the accelerated growth of soybean plants. Rogers et al. (2006)
found that E[CO2] decreased N content in soybeans at the begin-
ning of the season, but this inhibition diminished in the middle of
the season. However, soybeans can overcome this N limitation, and
N assimilation is promoted by E[CO2] (Rogers et al., 2006). The
decrease in N content in soybean leaves at the full flowering stage
may not affect the N assimilation process because of the relatively
800 mmol mol�1) treatments on sugars, proline, specific leaf area (SLA), and leaf and
ith different letters are significantly different (P < 0.05). Data aremean ± S.D. (n¼ 5,
ight; DW, dry weight. V1, first fully developed trifoliate leaves; R2, leaves from full

) Proline (mg/g FW) SLA (mg DW/cm2)

162.33 ± 8.72b 2.12 ± 0.22d

141.56 ± 9.12c 2.39 ± 0.51cd

176.60 ± 9.29b 3.02 ± 0.51ab

132.23 ± 7.92c 2.84 ± 0.43bc

234.67 ± 14.31a 3.27 ± 0.26ab

224.84 ± 17.46a 3.40 ± 0.28a

No. trifoliate leaves No. pods

11.82 ± 1.78b 13.10 ± 1.07b

14.30 ± 1.33a 15.00 ± 1.63a
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high nitrogen-fixing ability of soybeans at this stage. Because of
this, the decrease in total N content in soybeans at the full flowering
stage has little effect on the E[CO2]-promoted photosynthesis.
C and N are the most abundant elements in plants, and CO2
enrichment increases the C/N ratio of plant tissues (Ainsworth
et al., 2002) and affects the metabolism of both C and N (Loladze,
2002). In chickpea, E[CO2] increases grain C (higher C/N ratio)
(Saha et al., 2015), while in our experiment, the C/N ratio of the
seeds was not affected by E[CO2] (Table 3). Our results suggest that
the E[CO2]-induced changes in C and N metabolism in the leaves
may not affect C and N metabolism in seeds.

3.4. Effects of E[CO2] on the concentrations of mineral nutrients in
the leaves and seeds of soybean and in the soil

In leaves grown under elevated CO2, the content of 13 out of 14
mineral elements decreased; Na, which did not show a statistically
significant change in leaf content, was the exception (Fig. 1). The
levels of Mn and Zn decreased the mostdby as much as 30%. P and
K, macroelements that are very important for soybean growth,
decreased by 26.08% and 19.34%, respectively (Fig. 1). The increase
in [CO2] may have adverse effects on plant macro- and microele-
ments (Uprety et al., 2010) and thus may trigger micronutrient
malnutrition (Loladze, 2002). These results indicate that E[CO2]
induced a dilution effect for most mineral nutrients in soybean
leaves, and under future conditions of high [CO2], increased
amounts of P- and K-rich fertilizer will be required for soybean
fields.

In our experiment, E[CO2] caused overall increases (8.84%,
23.15% and 7.13%) in the levels of phosphorus (P), calcium (Ca) and
sulfur (S) in soybean seeds, respectively (Fig. 1). However, the levels
of Mn, Cu, and Zn remained unchanged (Fig. 1). Because E[CO2]
promoted the biomass of soybean (Table 2), therewere pronounced
dilution effects for K, Mg, Fe, B, Al and Na caused by E[CO2], for
which the overall reductions were 13.60%, 10.25%, 36.41%, 11.05%,
Fig. 1. Effects of ambient [CO2] (400 mmol mol�1, white bars) and elevated [CO2] (800 mmol
seeds. The asterisk means that the value at 800 mmol mol�1 differs significantly from that
15.53% and 45.02%, respectively (Fig. 1). Depending on the magni-
tude of the E[CO2]-induced dilution effect of mineral nutrients in
crops, humans that consume these crops may encounter health
problems related to microelement deficiencies (Uprety et al., 2010).

Because soybean plants generate nodules that provide nitrogen
to the plants, we speculated that E[CO2] could affect soil nutrients
following the growth of soybeans. However, E[CO2] conditions only
decreased the levels of B and available K, while other parameters
remained unchanged (Table 4). Organic matter and available ni-
trogen concentrations in the soil also remained unchanged after the
growth of soybeans (Table 4). Soil pH at ambient and elevated CO2
concentrations was 5.51 and 5.49, respectively. E[CO2] promotes
photosynthesis and, thus, soybean growth. This promotion of
photosynthesis requires soybeans to absorb increased amounts of
available K from the soil. The available K constitutes a relatively
small portion of the K in the soil (Table 4), so the greater con-
sumption of available K by soybean under E[CO2] may not affect the
total K content in the soil. These results may indicate that in future
climate scenarios, fertilizers containing increased amounts of K
should be applied, and plants may need more fertilizer due to their
accelerated growth.

3.5. Effects of CO2 elevation on natural antioxidants in soybean
seeds

Isoflavones and tocopherols are important antioxidant com-
pounds in soybean seeds. Using HPLC, we examined the levels of
three isoflavones (daidzin, glycitin and genistin) and three to-
copherols (a-, g- and d-tocopherol, the main tocopherols in soy-
bean seeds). Compared with soybeans grown under ambient CO2
concentrations, soybeans grown under E[CO2] showed lower levels
of all three isoflavones, and daidzin and glycitin decreased by 5.34%
and 15.6%, respectively (Table 5). After E[CO2] treatment, the levels
of a- and g-tocopherol were maintained, but that of d-tocopherol
greatly decreased (Table 5). Soybean plants grown under elevated
mol�1, gray bars) treatments on the levels of mineral nutrients in soybean leaves and
at 400 mmol mol�1 (P < 0.05).



Table 4
Effects of ambient CO2 concentration (400 mmolmol�1) and elevated CO2 concentration (800 mmol mol�1) treatments on soil nutrients after being used for soybean cultivation.
The asterisk indicates a significant difference between ambient and elevated CO2 treatments (P < 0.05). Data are mean ± S.D. (n ¼ 5 or 6). O.M., organic matter; Hy.N, available
nitrogen; A.P, available phosphorus; A.K, available potassium.

Mineral element Content (g/kg) Mineral element Content (mg/kg)

Ambient Elevated Ambient Elevated

Ca 7.02 ± 0.32 6.94 ± 0.28 Mn 685.00 ± 18.71 703.33 ± 12.11
K 9.31 ± 0.24 9.24 ± 0.23 Cu 85.33 ± 3.26 87.08 ± 4.22
Mg 4.43 ± 0.11 4.50 ± 0.08 Zn 97.52 ± 3.99 99.17 ± 2.28
Fe 53.59 ± 1.16 55.40 ± 3.60 B 54.23 ± 4.70 48.24 ± 2.37*
Al 56.26 ± 2.04 57.65 ± 2.50 Na 1.32 ± 0.04 1.31 ± 0.04
C 155.25 ± 7.64 153.84 ± 6.90 S 491.67 ± 19.41 480.00 ± 17.89
N 8.52 ± 0.29 8.39 ± 0.53 Hy.N 720.50 ± 15.29 706.17 ± 6.43
P 1.00 ± 0.01 0.99 ± 0.02 A.P 12.48 ± 1.88 13.67 ± 1.20
O.M. 344.12 ± 9.29 341.97 ± 18.00 A.K 338.00 ± 74.47 254.8 ± 13.85*

Table 5
Effects of ambient CO2 concentration (400 mmol mol�1) and elevated CO2 concentration (800 mmol mol�1) treatments on isoflavone and tocopherol contents in soybean seeds.
The asterisk indicates a significant difference between ambient and elevated CO2 treatments (P < 0.05). Data are mean ± S.D. (n¼ 5 or 7); the experiments were repeated three
times.

Compound Ambient CO2 Elevated CO2 Relative change (%)

Isoflavone (mg/g) Daidzin 191.22 ± 5.91 181.01 ± 4.90* �5.34%
Glycitin 27.49 ± 3.21 23.20 ± 3.42* �15.61%
Genistin 188.71 ± 11.93 185.41 ± 9.85 �1.75%

Tocopherol (mg/g) a-tocopherol 28.55 ± 3.05 30.12 ± 2.64 5.50%
g-tocopherol 216.41 ± 18.82 214.30 ± 17.18 �0.98%
d-tocopherol 170.76 ± 14.92 143.52 ± 12.01* �15.95%
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CO2 had an average d-tocopherol level of 170.76 mg/g (±14.92),
representing a 15.95% decrease comparedwith that of plants grown
under ambient CO2 conditions, which averaged 143.52 mg/g
(±12.01) (Table 5). This E[CO2]-induced decrease in soybean seed
antioxidant content may be due to decreased antioxidant capacity
in leaves (Gillespie et al., 2011). The decrease in natural antioxi-
dants in soybean seeds caused by E[CO2] may have a strong influ-
ence on human diet and on the sector of the food industry that
produces isoflavone and tocopherol antioxidants from soybean
seeds.

3.6. CO2-induced changes in fatty acid levels in soybean seeds

Previous studies have suggested that CO2 enrichmentmay result
in a decrease in saturated fatty acids due to a lower O2/CO2 ratio
(Uprety et al., 2010). However, we did not find that CO2 elevation
induced fatty acid peroxidation in the seeds, and the level of
malondialdehyde (MDA) and degree of DBI did not show any dif-
ference between soybeans treated with ambient and elevated CO2
(Table 6). The concentration of most fatty acids was maintained
after CO2 elevation, except for that of oleic acid, which decreased
significantly from 55.85 to 45.70 mg/g (Table 6). The proportion of
Table 6
Effects of ambient CO2 concentration (400 mmol mol�1) and elevated CO2 concentratio
indicates a significant difference between ambient and elevated CO2 treatments (P < 0.0

CO2 treatment Fatty acid content (mg/g)

Palmitic acid
16:0

Stearic acid
18:0

Oleic acid
18:1

Ambient 27.35 ± 2.28 5.72 ± 0.53 55.85 ± 4.3
Elevated 27.04 ± 3.87 6.02 ± 0.83 45.07 ± 6.8

CO2 treatment Fatty acid composition (mol%)

16:0 18:0 18:1

Ambient 11.63 ± 0.19 2.43 ± 0.08 23.83 ±
Elevated 11.97 ± 0.16* 2.67 ± 0.04* 20.34 ±
palmitic acid, stearic acid, and linoleic acid increased, while only
the level of oleic acid decreased, and that of linolenic acid remained
unchanged (Table 6). The increase in linoleic acid was approxi-
mately 2.5%, and the decrease in oleic acid was approximately 3.5%
(Table 6).

Soybean oil is a good source of linoleic and linolenic fatty acids,
which directly benefit human health. It has been reported that
linoleic acid is very important for lowering blood cholesterol
(Shenolikar, 1980; Uprety et al., 2010). The increase in linoleic acid
caused by E[CO2] is thus a beneficial change in the quality of oil for
human consumption. E[CO2] has a major influence on the compo-
sition of fatty acids in other plant species. For example, linoleic acid
levels have been shown to increase in CO2-enriched seeds of
Brassica plants and sunflower (Pal et al., 2014; Uprety et al., 2010).
Oleate desaturase, which desaturates oleic acid to linoleic acid, is
sensitive to environmental changes, and reductions in oleic acid are
usually associated with an increase in linoleic acid and vice versa
(Izquierdo et al., 2009; Zapata et al., 1987). Photosynthetic oxygen
supply and concentration of O2 in different seed tissues can affect
fatty acid metabolism (Borisjuk and Rolletschek, 2009; Rolletschek
et al., 2005; Vigeolas et al., 2003), and an increase in O2 supply can
increase the activity of oleate desaturase and promote the content
n (800 mmol mol�1) treatments on fatty acid levels in soybean seeds. The asterisk
5). Data are mean ± S.D. (n ¼ 5 or 6); experiments were repeated three times.

MDA (nmol/g)

Linoleic acid
18:2

Linolenic acid
18:3

MDA

2 114.91 ± 12.45 31.28 ± 2.48 10.45 ± 0.51
0* 113.96 ± 16.90 29.75 ± 5.15 10.54 ± 0.39

DBI

18:2 18:3

2.13 48.79 ± 1.93 13.32 ± 0.66 1.61 ± 0.03
1.43* 51.36 ± 1.21* 13.66 ± 0.17 1.63 ± 0.02
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of linoleic acid (Rolletschek et al., 2007). In our experiment, E[CO2]
accelerated the photosynthesis of soybeans at all growth stages,
which may increase the O2 supply, thereby increasing oleate
desaturase activity and, ultimately, linoleic acid content. The
change in the proportion of soybean seed oil caused by E[CO2]
would be beneficial to human health.

4. Conclusions

In this study, we found that elevated CO2 concentrations
increased photosynthesis at all soybean growth stages. This in-
crease in photosynthesis may be related to the nitrogen-fixing ca-
pacity of soybean. E[CO2] caused decreases in the levels of most
mineral nutrients in the leaves, which may cause malnutrition in
plants. However, in our experiments, E[CO2] had no effect on soil
nutrients. E[CO2] induced decreases in natural antioxidants,
including tocopherols and isoflavones in soybean seeds. Further-
more, E[CO2] may have a dilution effect on K, Mg, Fe, B, Al and Na in
the seeds. Finally, E[CO2] caused a decrease in the proportion of
oleic acid, but the proportion of linoleic acid increased, which is
beneficial with respect to human consumption. Our experiment is a
preliminary study of the response of soybeans to E[CO2] under
growth chamber conditions. In field conditions, light, temperature,
and humidity change greatly, therefore future studies should focus
on the response of soybean to E[CO2] under field conditions.
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