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Selection for cultivars with superior responsiveness to elevated atmospheric CO2 concentrations (eCO2) is a powerful option for
boosting crop productivity under future eCO2. However, neither criteria for eCO2 responsiveness nor prescreening methods
have been established. The purpose of this study was to identify traits responsible for eCO2 responsiveness of soybean (Glycine
max). We grew 12 Japanese and U.S. soybean cultivars that differed in their maturity group and determinacy under ambient
CO2 and eCO2 for 2 years in temperature gradient chambers. CO2 elevation significantly increased seed yield per plant, and the
magnitude varied widely among the cultivars (from 0% to 62%). The yield increase was best explained by increased
aboveground biomass and pod number per plant. These results suggest that the plasticity of pod production under
eCO2 results from biomass enhancement, and would therefore be a key factor in the yield response to eCO2, a resource-rich
environment. To test this hypothesis, we grew the same cultivars at low planting density, a resource-rich environment that
improved the light and nutrient supplies by minimizing competition. Low planting density significantly increased seed yield per
plant, and the magnitude ranged from 5% to 105% among the cultivars owing to increased biomass and pod number per plant.
The yield increase due to low-density planting was significantly positively correlated with the eCO2 response in both years.
These results confirm our hypothesis and suggest that high plasticity of biomass and pod production at a low planting density
reveals suitable parameters for breeding to maximize soybean yield under eCO2.

The atmospheric concentration of carbon dioxide
([CO2]) increased from the preindustrial level of
271 mmol mol–1 to 391 mmol mol–1 in 2011, owing pri-
marily to emissions from combustion of fossil fuels.
[CO2] is predicted to rise from the current level to ap-
proximately 600 mmol mol–1 by 2050 (Ciais et al., 2013).
Elevated atmospheric CO2 concentration (eCO2) is well
known to increase leaf photosynthesis by increasing the
availability of CO2 as a substrate for the carboxylation
reaction with Rubisco; this can increase crop produc-
tivity, a phenomenon known as the CO2 fertilization
effect, especially for C3 plants such as rice (Oryza sativa),
wheat (Triticum aestivum), and soybean (Glycine max;
e.g. Kimball et al., 2002), since [CO2] is a growth-limiting

resource for C3 plants. There is a large genotypic vari-
ation in the yield response to eCO2, both among culti-
vars and between species, with responses ranging from
–15% to +20% per 100 mmol mol–1 CO2 increase from
the current level for rice (Ziska et al., 1996; Moya et al.,
1998; Baker, 2004; Shimono et al., 2009; Hasegawa et al.,
2013), –6% to +35% for wheat (Manderscheid and
Weigel, 1997; Ziska et al., 2004; Ziska, 2008; Tausz-Posch
et al., 2015), –5% to +55% for soybean (Ziska and Bunce,
2000; Ziska et al., 2001; Bishop et al., 2015; Bunce, 2015),
and –6% to +21% for field bean (Phaseolus vulgaris; Bunce,
2008). These large differences in eCO2 responsiveness
within crop species suggest that active selection and
breeding for genotypes that respond strongly to grad-
ual but steadily increasing [CO2] may ensure sustained
productivity and improve food security in a future
eCO2 world (Ainsworth et al., 2008; Ziska et al., 2012;
Tausz et al., 2013).

Several hypotheses have been proposed about which
traits should be targeted by breeders because they are
related to intraspecific variation in the responsiveness
of seed yield to eCO2. For example, a cultivar’smaturity
group is an important growth trait for determining crop
productivity. Late-maturing rice cultivars as a result of
the longer period inwhich they can grow could increase
grain yield relatively by eCO2 andmay therefore benefit
more from eCO2 than early-maturing cultivars (Hasegawa
et al., 2013). Also, phenological changes by eCO2 could be
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another good indicator of genotypic variation in eCO2
responsiveness. Recently, Bunce (2015) showed that
extension of the duration of vegetative growth until
flowering at the apical node of the main stem caused
by eCO2 was correlated with an increase in seed yield
among some soybean genotypes.

The source-sink relationship is another important
aspect of genotypic variation in the responsiveness of a
plant to eCO2. CO2 enrichment can increase photosyn-
thesis, especially during the early growth stage of
leaves, and the magnitude of the increase of photo-
synthesis decreases with increasing growth stage be-
cause leaf senescence accelerates under eCO2, which
has been referred to as acclimation (for review, see
Moore et al., 1999). Genotypes with slower acclimation
to eCO2 had a greater response of seed yield (Zhu et al.,
2014, for rice; Hao et al., 2012, for soybean). Determi-
nacy is strongly related to the source-sink relationship,
especially for legume species. Indeterminate soybean
cultivars that have more sinks are likely to be superior
in responsiveness to eCO2, compared with determinate
cultivars (Ainsworth et al., 2004). Aspinwall et al. (2015)
emphasized the importance of phenotypic plasticity
(the ability of a genotype to alter its phenotype in re-
sponse to environmental changes) under eCO2 as a key
trait for eCO2 responsiveness. Many researchers have
suggested that a higher sink plasticity under eCO2
would lead to greater plasticity of tillering, branching,
and biomass production, and could therefore be more
important than photosynthesis per unit leaf area for
adaptation to eCO2 by rice (Shimono et al., 2009; Zhu
et al., 2014), soybean (Ziska and Bunce, 2000; Ziska
et al., 2001), wheat (Manderscheid and Weigel, 1997;
Ziska et al., 2004; Ziska, 2008), and field bean (Bunce,
2008); an exception would occur when other resources
are limited, such as during a drought (Tausz-Posch
et al., 2015). It is difficult to categorize biomass per se
as a function of sink or source factors, but a plant’s final
biomass results from efficient formation of sinks in
vegetative and reproductive organs, and from efficient
filling of these sinks with the products of photosyn-
thesis. This would be a promising hypothesis, and if the
hypothesis is confirmed, the phenotypic plasticity
would become a useful criterion for identifying eCO2-
responsive cultivars.

The first objective of the current study was to exam-
ine the genotypic variation of yield enhancement
caused by eCO2 in diverse soybean cultivars, as soy-
bean is a major source of plant protein and oil and a
major contributor to the world’s food supply. In addi-
tion to characterizing the variation, we attempted to
identify the factors responsible for it. The soybean
genotypes that we chose covered a wide range of ma-
turity groups and determinacy, including near-isogenic
lines. We concluded that soybean cultivars varied
widely in their responsiveness to eCO2, and that vari-
ation in the yield enhancement by eCO2 was deter-
mined primarily by the plasticity of biomass and pod
production. This suggests that both are suitable pa-
rameters for screening cultivars with a strong response

to eCO2. However, it is not easy to characterize plas-
ticity of biomass and pod production under eCO2 of
each cultivar since CO2 enhancement facilities such as
controlled enclosed chambers are extremely expensive
and not easily accessible.

Our second objective was to develop a methodology
to characterize intraspecific variation in plasticity.
Shimono (2011) proposed a simple and novel idea: to
use planting density for prescreening to identify eCO2-
responsive cultivars. Solar radiation is the driving force
for photosynthesis and plant growth, and crops are
grown as a population (not as individual plants) to
maximize productivity per unit area rather than per
plant. Individual plant growth is usually restricted by
interplant competition for solar radiation, soil nutrients,
andwater, so a lower planting density could potentially
increase the source strength for individual plants by
increasing the availability of resources. Thus, lower plant
density can imitate the greater resource availability that
would occur under eCO2. This approach is potentially
useful but is insufficient, because Shimono et al. (2014)
applied it only to rice, measured only panicle number
(not yield) as the phenotype, and combined independent
experimental data from different locations and years.
Here, we tested the hypothesis using a diverse range of
soybean cultivars at a single site and for 2 years, and
found a good relationship between the responsiveness to
eCO2 and the responsiveness to low planting density
(LD) in terms of the seed yield per plant.

RESULTS

Genotypic Variation of Yield Responses to eCO2

CO2 elevation significantly stimulated seed yield per
plant by an average of 25% across the 12 cultivars in
both years (P, 0.001; Fig. 1). Themagnitude of the seed
yield enhancement due to eCO2 differed significantly
among the cultivars, with a significant CO2 3 cultivar
interaction (P , 0.05). The rank of these seed yield en-
hancements in 2013 was consistent with that in 2014
(Spearman’s rank correlation coefficient, rs = 0.874,
P, 0.001). When averaged between the two seasons,
the relative yield increase of cv Mandarin (62%) and
cv Harosoy (58%) was greatest, followed by cv
Miyagishirome (40%) and cv Enrei (38%), but cvOhsuzu
had no increase in seed yield.

In terms of growth determinacy, when we compared
the results for near-isogenic lines of cv Williams and cv
Harosoy (Fig. 1), in both cases, the indeterminate line
had superior seed yield, with increases of 32% for cv
Williams versus 5% for cv Williams-dt1, and of 58% for
cv Harosoy versus 32% for Harosoy-dt1, based on the
average for the 2 years. This difference resulted from
the different responsiveness of aboveground biomass
and pod number per plant (Supplemental Table S1).
However, whenwe pooled all 12 cultivars, the two-way
ANOVA showed no significant interaction between
CO2 and growth determinacy (P = 0.781), indicating
that growth determinacy is not the dominant factor
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responsible for genotypic variations across a wide
range of genotypes.
In terms of phenology, the number of days from date

of emergence (VE) to beginning of flowering (R1) was
not significantly affected by eCO2, but the number of
days from R1 to the date of the beginning of maturity
(R7) increased significantly for most cultivars under
eCO2 (P, 0.01; Supplemental Table S3). No significant
CO2 3 cultivar interaction was detected in either phe-
nological phase. Further, there were no significant
correlations between the absolute values of these
numbers at aCO2 and relative increase of seed yield by
CO2, and between the differences in relative changes by
eCO2 of these numbers and relative increase of seed
yield (Table I), denying the phenology hypothesis
(Hasegawa et al., 2013; Bunce, 2015).
Leaf photosynthetic rate was increased by eCO2 with

an average of 14% for nine soybean cultivars, except cv
Ohsuzu, cv Athow, and cv Yukihomare, at the flower-
ing stage in 2014 (Supplemental Fig. S1). The degree of
photosynthetic stimulation due to eCO2 became smaller
at the seed-filling stage (Supplemental Fig. S1), indi-
cating that photosynthetic acclimation occurred inmost
cultivars. When averaged across the cultivars, eCO2
increased leaf nonstructural carbohydrate (NSC; sum
of starch, Suc, Glc, and Fru) content by 46% and 19%
at the flowering and seed-filling stages, respectively
(Supplemental Fig. S1). However, we did not observed

significant correlations between seed yield response to
eCO2 and the absolute values at aCO2 and relative
changes to eCO2 of photosynthetic rate and NSC con-
tent measured at the both stages in 2014 (Table I).

The aboveground biomass (sum of the weights of
stems, pod shells, and seeds) at maturity was signifi-
cantly increased by eCO2 (P , 0.001), and there was
a significant CO2 3 cultivar interaction (P , 0.01;
Supplemental Table S1). The relative response of bio-
mass was strongly and significantly correlated with the
yield response to eCO2 in both years (P, 0.001; Table I;
Supplemental Fig. S2). It should be noted that the ab-
solute biomass and seed yield at aCO2 were not sig-
nificantly correlated with the seed yield enhancement
due to eCO2 in either year (Table I), indicating that the
cultivars with high biomass and yield at aCO2 may not
always have high biomass and yield under eCO2. On
the other hand, the harvest index, which we expressed
as the ratio of seed yield to aboveground biomass, of all
cultivars decreased slightly but significantly under
eCO2 (P , 0.01), without a significant CO2 3 cultivar
interaction (Supplemental Table S3). The correlation
between harvest index at aCO2 and yield enhancement
due to eCO2 was not significant, but the relative change
of harvest index was marginally significantly (in year
2013) and significantly positively (in year 2014) corre-
lated with the relative yield response; the genotypes that
maintained a high harvest index showed a higher re-
sponsiveness of seed yield to eCO2 (Table I; Supplemental
Fig. S2). However, the correlation coefficient was smaller
than that for the biomass response. Biomass response to
eCO2 therefore appears to be the dominant factor that
determines yield responsiveness.

Of the yield components, eCO2 had significant posi-
tive effects on node number on the main stem (a change
of –2% to +15%) and pod number per plant (–14% to
+54%), but not on branch number per plant, seed
number per pod, or single seed weight (Supplemental
Table S1). Only pod number per plant showed a sig-
nificant CO2 3 cultivar interaction, and it was only
marginally significant (P , 0.1). Consequently, there
was a strong positive correlation between increased
seed yield and increased pod number per plant in both
years (Table I; Supplemental Fig. S2; r = 0.809 in 2013,
P, 0.01, and r = 0.934 in 2014, P, 0.001). On the other
hand, the efficiency of pod production, which we
expressed as the ratio of pod number to aboveground
biomass, decreased significantly under eCO2, and
there was no significant CO2 3 cultivar interaction
(Supplemental Table S1) and no significant correla-
tion with the genotypic variation in yield enhance-
ment (Table I). These results indicate that genotypic
variation of the eCO2 responsiveness within our 12
cultivars could be explained primarily by the varia-
tion of biomass plasticity, which led to higher pod
production. Although no parameters at aCO2 were
significantly correlated with eCO2 yield responsive-
ness, the plasticity in biomass and pod production in
response to eCO2 can play a pivotal role in seed yield
responsiveness. We tested this hypothesis under the

Figure 1. Seed yield per plant of several soybean cultivars grown under
two [CO2] levels in 2013 (A) and 2014 (B). aCO2, Ambient [CO2];
eCO2, elevated [CO2]. Data are means6 SE (n = 4 or 5 plants). From left
to right, cultivars are ranked in order of increasing eCO2 responsiveness
of seed yield (the ratio of seed yield at eCO2 to that at aCO2), averaged
over the 2 years; the rightmost cultivar was themost responsive. ***, P,
0.001; *, P , 0.05.
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light- and nutrient-rich environments provided by a
LD in the field experiment in the next section.

Methodology for Characterizing eCO2 Responsiveness by
Using LD to Simulate a Resource-Rich Environment

LD significantly increased seed yield per plant by
averages of 66% in 2013 and 47% in 2014 (P , 0.001),
with significant planting density3 cultivar interactions
(P , 0.05 in 2013, P , 0.001 in 2014; Fig. 2). cv Miya-
gishirome (105% and 77%), cv Mandarin (75% and
76%), and cv Enrei (69% and 67%) showed the greatest
enhancement of seed yield by LD in 2013 and 2014,
respectively. On the other hand, cv Yukihomare
showed the smallest relative changes (5%) in 2014. Both
aboveground biomass and pod number per plant in-
creased significantly at reduced planting density (P ,
0.001), and there were significant density 3 cultivar
interactions in both years (P, 0.1 for biomass, P, 0.05
for pod number in 2013; P, 0.001 for biomass, P, 0.01
for pod number in 2014; Supplemental Table S2). LD
also significantly increased the branch number per
plant and node number on the main stem in both years
(P , 0.001 and P , 0.01, respectively; Supplemental
Table S2). On the other hand, planting density had no
observed effect on harvest index, the efficiency of pod
production, seed number per pod, single seed weight,
or the number of days from VE to R1 and from R1 to R7
in either year (Supplemental Table S2). Aboveground
biomass and pod number per plant were therefore the
main factors responsible for the genotypic variation in
the yield response to LD (Table II; Supplemental Fig.
S3). These results agree with the results for the eCO2
response (Table I).

In terms of seed yield per plant, aboveground bio-
mass, and pod number per plant, there were significant
positive linear relationships between the relative CO2

responsiveness (the ratio of the value at eCO2 to that at
aCO2) and the relative responses to LD (the ratio of the
value at LD to that at ND) in both years (Fig. 3), except
that the relationship for seed yield was marginally
significant in 2013 (P , 0.1). In both years, the rank of
the cultivars in terms of their seed yield enhancements
under eCO2 was consistent with that due to LD (rs =
0.817, P , 0.01, in 2013; rs = 0.618, P , 0.05, in 2014).

DISCUSSION

What Traits Should Be Targeted to Maximize the CO2
Responsiveness of Seed Yield?

The current study demonstrated that the seed yield
enhancement under eCO2 differed substantially among
the 12 cultivars, ranging from 0% to 62% (Fig. 1). This
suggests that there is considerable potential for genetic
improvement. We found that the response of pod
number per plant to eCO2 was a useful indicator of the
genotypic variation in the yield enhancement under
eCO2 (Table I; Supplemental Fig. S2). Since no signifi-
cant CO2 3 cultivar interaction in the efficiency in pod
production among the cultivars was observed in this
study (Supplemental Table S1), the cultivars with the
strongest responsiveness of biomass to eCO2 produced
more pods and a greater seed yield, in agreement with
Bishop et al. (2015), who compared 18 cultivars over
two seasons in a free-air carbon dioxide enrichment
study. It is interesting that, although we observed a
difference in the photosynthetic stimulation due to
eCO2 among the nine cultivars, the degree of photo-
synthetic stimulation was not related to that of seed
yield (Table I), which is in agreement with the previous
findings (Ziska et al., 2001; Shimono et al., 2009; Bishop
et al., 2015). Thus, there was no evidence for the con-
tribution of leaf photosynthesis and NSC accumulation

Table I. Correlations (Pearson’s r) and their statistical significance for the relationships between the relative increase in seed yield at elevated CO2

(i.e. value at eCO2/value at aCO2) and the absolute and relative values of other parameters measured at aCO2 or eCO2 for the 12 soybean cultivars

ns, Not significant; ***, P , 0.001; **, P , 0.01; *, P , 0.05; 1, P , 0.1; †, Data for photosynthetic rate and NSC content, n 5 9.

Year/Parameters
2013 2014

Absolute Value at aCO2 Relative Change by eCO2 Absolute Value at aCO2 Relative Change by eCO2

Aboveground biomass 20.011 ns 0.903 *** 20.291 ns 0.980 ***
Branch number per plant 0.380 ns 20.173 ns 20.044 ns 0.388 ns
Node number of main stem 0.280 ns 0.852 *** 0.220 ns 0.774 **
Seed yield per plant 20.107 ns — — 20.318 ns — —
Harvest index 20.197 ns 0.498 + 0.264 ns 0.637 *
Pod number per plant 0.032 ns 0.809 ** 20.419 ns 0.934 ***
Pod number per aboveground biomass 0.256 ns 20.014 ns 0.277 ns 20.346 ns
Seed number per pod 0.186 ns 0.199 ns 20.022 ns 0.419 ns
Single seed weight 20.308 ns 0.143 ns 20.010 ns 0.106 ns
Days from VE to R1 20.148 ns 0.021 ns 20.052 ns 20.307 ns
Days from R1 to R7 20.092 ns 0.161 ns 20.236 ns 20.252 ns
Photosynthetic rate (flowering)† — — — — 0.266 ns 0.007 ns
Photosynthetic rate (seed filling)† — — — — 20.113 ns 0.072 ns
NSC content (flowering)† — — — — 0.239 ns 20.500 ns
NSC content (seed filling)† — — — — 0.270 ns 20.495 ns
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(Supplemental Fig. S1) in the differences in yield response
across nine cultivars. We concluded that a genotype with
higher plasticity in sink formationdue to eCO2would be a
promising trait for higher yield response to eCO2.

Highlighting the Importance of Plasticity of Biomass and
Pod Formation under eCO2 Using LD

LD significantly increased seed yield per plant (by
averages of 66% in 2013 and 47% in 2014; Fig. 2). The

yield enhancement at LDwas largely attributable to the
increased pod number per plant (Supplemental Table
S2), and the genotypic variation was largely dependent
on the pod number per plant (Supplemental Fig. S3),
which resulted in a significant cultivar 3 planting
density interaction in both years (Supplemental Table
S2). A unique finding was that there were strong posi-
tive correlations between the cultivar’s responsiveness
for seed yield and the pod number per plant under
eCO2 and at LD (Fig. 3), which supported our hypoth-
esis. Thus, our manipulation of planting density dem-
onstrates that the plasticity of pod formation can be
used as a target trait in selection to increase seed yield
under future eCO2.

The genotypic variation in yield enhancement at LD
was more closely related to the aboveground biomass
response than to the harvest index. Aboveground bio-
mass was strongly enhanced by a LD (by 5%–82%;
Supplemental Table S2). The biomass increase in re-
sponse to eCO2 has been attributed to increased leaf
photosynthesis and radiation use efficiency (Long et al.,
2004), whereas the increase due to reduced planting
density has been attributed mainly to increasing leaf
area and radiation capture (Carpenter and Board, 1997;
Frederick et al., 2001, Suhre et al., 2014). In general,
soybean plants grown at LD partition a greater pro-
portion of their total vegetative dry matter in branches
than plants grown in denser populations. Increased
branch number under reduced plant density could lead
to higher whole-plant photosynthesis due to the greater
leaf area and accelerated light interception, resulting in
an increased pod number per plant relative to that in
denser populations (Egli, 1988). In our study, LD sig-
nificantly increased the branch number per plant in both
years (Supplemental Table S2), presumably resulting in
greater leaf areas per plant at LD (Supplemental Table
S2). The magnitude of the increase in branch number
caused by reduced planting density was weakly but
significantly (P = 0.098) correlated with increased seed
yield among the cultivars in 2014, whereas there was
no significant correlation between them in 2013
(Supplemental Fig. S2). This result indicates that the

Figure 2. Seed yield per plant of the 12 soybean cultivars grown at two
levels of planting density in 2013 (A) and 2014 (B). ND, Normal plant
density (= 9.52 plants per m2); LD = 4.76 plants per m2. Data are
means 6 SE (n = 3). ***, P , 0.001; *, P , 0.05.

Table II. Correlations and their statistical significance for the relationships between the relative increase in seed yield (the value at LD/the value at
ND) and the absolute values and relative changes of other parameters for the 12 soybean cultivars

Data for 2013 only, n = 9. ns, Not significant; ***, P , 0.001; **, P , 0.01; *, P , 0.05; 1, P , 0.1.

Year/Parameters
2013 2014

Absolute Value at ND Relative Change by LD Absolute Value at ND Relative Change by LD

Aboveground biomass 20.163 ns 0.858 ** 0.466 ns 0.957 ***
Branch number per plant 0.253 ns 0.523 ns 0.433 ns 0.498 +
Node number of main stem 0.176 ns 0.440 ns 0.679 * 20.381 ns
Seed yield per plant 20.672 * — — 0.346 ns — —
Harvest index 20.781 * 20.183 ns 20.483 ns 0.357 ns
Pod number per plant 20.362 ns 0.913 *** 0.427 ns 0.920 ***
Pod number per aboveground biomass 20.391 ns 20.058 ns 20.266 ns 0.238 ns
Seed number per pod 20.748 * 0.122 ns 0.067 ns 20.318 ns
Single seed weight 0.424 ns 0.125 ns 20.066 ns 0.201 ns
Days from VE to R1 0.558 ns 0.022 ns 0.254 ns 0.358 ns
Days from R1 to R7 0.395 ns 0.289 ns 0.496 ns 0.243 ns
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increases of biomass and pod number, not the branch
number per se,were directly associatedwith the increase
of seed yield per plant at LD, which is similar to the re-
sults under eCO2. In summary, the genotypic variation
in the response to eCO2 could be simulated by LD, and
higher plasticity of biomass and pod production was the
key trait responsible for the eCO2 responsiveness.

A Strategy for Screening Cultivars with a Strong Response
to eCO2

To identify cultivars with superior responsiveness to
eCO2, it is necessary to test a large number of accessions
and their progeny over several generations to confirm
that the desirable genes or loci have been transferred into
the progeny. However, since CO2 enhancement facilities
such as controlled enclosed chambers and free-air carbon
dioxide enrichment systems are extremely expensive
and not easily accessible, it is difficult to screen large
numbers of candidate accessions. Thus, an alternative
and inexpensive screening method is essential to support
evaluations of the yield response to eCO2. Shimono (2011)
initially proposed the use of LD as a prescreeningmethod
to detect high responsiveness to eCO2 using rice. The
present study confirms that the methodology of Shimono
(2011) can be used in prescreening to select eCO2-
responsive soybean cultivars. Some researchers have
expressed concerns about the heritability of the CO2 re-
sponse in soybean (Bishop et al., 2015) and in other crops.
Our experiment raised the possibility that CO2 respon-
siveness is heritable, since the most responsive cultivar
(cv Mandarin) is a parent of the second most responsive
cultivar (cv Harosoy). The method using a LD may
therefore be a promising tool for genetic analysis in other
types of study, such as quantitative trait locus mapping,
that needs a large space to test many lines (often.100) to
elucidate the heritability of CO2 responsiveness.

Despite our promising results of biomass and yield
enhancement by both treatments, the responses of
soybean to eCO2 and to LD differed somewhat. For
instance, the number of days from R1 to R7 increased
significantly under eCO2 (Supplemental Table S1),
whereas we observed no significant effect of LD on
phenology (Supplemental Table S2). Another notable
difference relates to the response of harvest index. eCO2
caused a significant reduction of harvest index and of
the efficiency of pod production (Supplemental Table
S1), but planting density did not influence either
(Supplemental Table S2), indicating the underlying
physiological mechanism for yield enhancement dif-
fered between eCO2 and LD. However, it is note-
worthy that a genotype with higher responsiveness in
biomass and yield to eCO2 generally has higher re-
sponsiveness to LD, which indicates that there would
be a sophisticated mechanism for plant plasticity re-
sponse to resource-rich environments.

Abiotic stress can affect the potential responses of
seed yield to both eCO2 and LD. Our study showed that
the degree of the increase in seed yield per plant at re-
duced planting density was greater in 2013 than in
2014, whereas there was no difference in the response of
seed yield to eCO2 (under controlled environmental
conditions) between the two years. Drought reduces
soybean yield primarily by reducing branch growth
and seed yield per branch (Frederick et al., 2001). In
both years, the total precipitation during the growing
season was more than 750 mm, so it seems that there
was no drought stress that would have affected our
results. Excessive soil water also limits the response to
planting density (Linkemer et al., 1998), butwe observed
no signs of flooding or flooding damage in the 2014 field
study. The difference in the response to LD presumably
resulted fromdifferences in precipitation between the two
years (Supplemental Table S2). However, the magnitude
of the yield response in both years agreed with that

Figure 3. Linear regressions for the relationships between the ratio of the values at eCO2 to that at aCO2, and the ratio of the value
at LD to that at ND for seed yield (A), aboveground biomass (B), and pod number (C) in 2013 (black circles) and 2014 (white
circles). **, P , 0.01; *, P , 0.05; +, P , 0.1.
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(approximately 30%–70%) under similar density condi-
tions of a previous study (De Bruin and Pedersen, 2009),
and was likely related to the good environmental condi-
tions. In soybean, lodging resistance is an important trait
that affects the response to planting density (Boquet, 1990;
Cober et al., 2005). The lodging score for cv Miyagishir-
ome was more severe than that of the other cultivars in
2013 (data not shown). We attributed this to the presence
of many immature seeds and thereby a lower seed
number per pod and a lower harvest index and pre-
sumably failed to estimate the responsiveness to low
planting in this cultivar (Supplemental Table S2). In terms
of seed yield, the strength of the relationships between the
relative CO2 responsiveness and the relative responses to
LD increased in 2013 (P, 0.01, n = 8) when we excluded
the data from cv Miyagishirome. Thus, prescreening at a
LD should be conducted under optimal environmental
conditions to remove the effects of other factors thatmight
influence the potential performance of the cultivars.

CONCLUSION

By performing our study in 2 years with a diverse
range of soybean cultivars, we found that plasticity of
biomass and pod production is a suitable phenotype for
predicting the responsiveness to future eCO2, and that
this responsiveness could be determined from the re-
sponse to LD. In other words, manipulating planting
density provides a useful alternative method for screen-
ing to identify eCO2-responsive cultivars.

MATERIALS AND METHODS

Experimental Site and Cultivars

The experiments were conducted in both naturally sunlit temperature gra-
dient chambers (TGCs) and experimental fields of the National Agriculture and
Food Research Organization (NARO) Tohoku Agricultural Research Center
(TARC) in Morioka, Japan (39° 449 N, 141° 79 E), from June to October in 2013
and 2014. We chose 12 soybean (Glycine max) cultivars from maturity groups
I to IV and VII (Supplemental Table S3). Five were from Japan and seven from
theUnited States. Sevenwere determinate (cv Yukihomare, cvOhsuzu, cv Ryuhou,
cv Enrei, cv Miyagishirome, cv Harosoy-dt1, and cv Williams-dt1’) and five were
indeterminate (cv Mandarin, cv Dunfield, cv Athow, cv Harosoy, and cv
Williams,). Indeterminate and determinate types are controlled by alleles
at the Dt1 locus (Bernard, 1971). cv Williams-dt1 and cv Harosoy-dt1 are
backcross-derived, determinate isolines of two indeterminate (Dt1) culti-
vars, cv Williams and cv Harosoy, respectively. cv Mandarin, cv Williams,
and cv Dunfield were previously characterized as having respectively high,
moderate, and low responsiveness to eCO2 (Ziska et al., 2001).

TGC Experiments

Wegrew the 12 soybean cultivars tomaturity (from June toOctober) in TGCs
at NARO/TARC. Each TGC was a greenhouse (6 m wide, 30 m long, and 3 m
high) with an air inlet at one end and exhaust fans at the other. The air in the
TGC flowed continuously from the inlet to the exhaust fans. A temperature
gradient was continuously maintained along the longitudinal axis by cooling
the air with an air conditioner at the inlet end, by warming the air with solar
radiation or a supplemental heat input (an air heater and ducts) at the outlet
end, or by both methods. The two TGCs were designed to have the same mi-
croclimate except for [CO2] (Okada et al., 2000). One TGCwas kept at aCO2, and
the other was kept at 200 mmol mol–1 above ambient (eCO2) by injecting pure
CO2 at the air inlet between 03:30 and 07:30. The CO2 gas emission rate was
proportional to the exhaust rate. We used the same spots in each TGC, where

the air temperature was 2.8°C and 2.3°C higher than the outside temperature
in 2013 and 2014, respectively, as experimental plots (aCO2 and eCO2;
Supplemental Table S4). We used Pt100 resistance thermometers with an as-
pirated double-tube radiation shield to monitor the air temperature in each
spot. An infrared gas analyzer (LI-820; Li-Cor) was used tomonitor [CO2] inside
each TGC. Temperature and [CO2] were measured every 5 s, and their averages
were recorded every 30min by a data logger (CR1000; Campbell Scientific Inc.).
Daytime [CO2] values in the aCO2 and eCO2 treatments, averaged over the
growing season, were 401 6 17 and 593 6 36 mmol mol–1 (mean 6 SD), re-
spectively, in 2013, and 4016 18 and 5956 37mmolmol–1, respectively, in 2014.
The CO2 treatments were switched between TGCs in 2014 to account for the
possibility of chamber-specific effects. We found no significant differences in
the average air temperature between the TGCs during a given year.

Before sowing, the seeds were treated with a combined insecticide and
fungicide (CruiserMaxx; Syngenta Co.) and inoculated with Bradyrhizobium
japonicum (Mamezou; Tokachi-Nokyouren). Three seeds were sown in a 10-L
plastic pot (n = 5 and 4 pots per cultivar per TGC in 2013 and 2014, respectively)
containing 8 L of commercial soil on June 7, 2013 and June 4, 2014. The com-
mercial soil was Muhiryoubaido (Wataka Co.) in 2013 and a 1:1 (v/v) mixture
of Muhiryoubaido and Nippiryousaibaido Pp (Nipponhiryou Co.) in 2014.
Each pot was fertilized with 0.40 g of nitrogen in 2013 and 0.45 g in 2014, 5.25 g
of phosphorus (P2O5 equivalent) in 2013 and 5.00 g in 2014, and 1.5 g of
potassium (K2O equivalent) in 2013 and 1.4 g in 2014. After seedling emergence,
plants were thinned to one per pot. Pots were rotated every 7 d to minimize the
effects of any environmental differences within the TGC. Plants were irrigated
with tap water once or twice a day to maintain soil water near field capacity.

We surveyed the phenology of four or five plants per cultivar at each spot
once a day, and recorded the VE (defined as the datewhen 50%of the plants had
appeared aboveground), R1 (defined as the date when 50% of the plants had at
least one flower), and R7 (defined as the date when 50% of the plants had one
mature pod), according to the staging system of Fehr and Caviness (1977). At
maturity, the aboveground parts of four or five plants per spot were harvested
from September 12 to October 29, 2013, and from September 17 to October 20,
2014. We then separated the components (leaves, petioles, stems, pod shells,
and seeds). Simultaneously, we recorded the numbers of branches, fertile pods,
and seeds per plant. Since most of the leaves and petioles had fallen before
harvest, the aboveground biomass equaled the sum of the dryweights of stems,
pod shells, and seeds. The dry weights of stems, pod shells, and seeds were
measured after oven drying at 80°C for 5 d. Seed yield per plant was adjusted to
a 15% moisture content, and the mean single-seed weight was determined by
dividing the seed yield per plant (at a 15% moisture content) by the number
of seeds. The harvest index was determined by dividing the seed yield by
aboveground biomass.

Photosynthesis of the most recently expanded terminal leaflet of four dif-
ferent plants from each spot was measured at both flowering and seed filling
stages in 2014. Light-saturated photosynthetic ratewasmeasured between 09:00
and 13:00 using a portable photosynthesismeasurement system (LI-6400; Li-Cor
Inc.). Air temperature in the chamber was adjusted to 28°C. The relative hu-
midity of air entering the chamber was adjusted to approximately 60%. The
photosynthetic photon flux density inside the chamber was set at 1,500 mmol
m22 s21 by means of an internal light source. The [CO2] in the air entering the
leaf chamber was set to that of the TGC (400 and 600 mmol mol21 in aCO2 and
eCO2, respectively). After the measurements, the portions of four leaves from
four plants were excised, frozen in N2, and then dried at 80°C for 3 d in the oven
for determination of NSC content (starch and soluble sugar content). NSCs
were extracted and measured as described previously (Okamura et al., 2013).
Soluble sugar content was defined as the sum of Suc, Glc, and Fru contents.

We used a randomized complete block experimental design in a split plot
arrangement; the main plot was [CO2], the subplot was the cultivar, and there
were two replicates (years). The two TGCs within each CO2 treatment were
maintained as a block. In each year, each TGCwas randomly assigned to a CO2
treatment, and the positions of the cultivars were randomly assigned within a
TGC. The mean value of each parameter related to phenology and yield of the
four or five plants per CO2 treatment in a given yearwas averaged and used as a
single replicate.

Field Experiments

In 2013, nine cultivars (excluding cv Williams-dt1, cv Harosoy, and cv
Harosoy-dt1), and in 2014, all 12 cultivars were grown from sowing (June) to
maturity (September to October) in the experimental fields at NARO/TARC.
The soil in each field was an Andosol. We applied 80 g m–2 of fused phosphate
fertilizer and 80 g m–2 of magnesium lime 28 d before sowing in 2013 and
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36 d before in 2014. Additionally, the fields received 3 gm–2 of nitrogen, 12.5 gm–2

of phosphorus (P2O5 equivalent), and 5 gm–2 of potassium (K2O equivalent) in the
form of a compound chemical fertilizer 1 d before sowing in each year.

Seeds treatedwithCruiserMaxxwere sown by hand (at a density of three per
hill) on June 5, 2013 and June 3, 2014 at two planting densities: the ND was
9.52 hills m–2, at 0.15 m between hills 3 0.7 m between rows, and the LD was
4.76 hills m–2, at 0.3 m between hills 3 0.7 m between rows (Supplemental Fig.
S4). This compares with recommended local planting densities ranging from
7 to 15 plants m–2 in our study region. Plants were thinned to one per hill after
establishment. A preemergence herbicide (Ecotop, Maruwa Biochemical Co.)
was applied just after sowing for weed control. Application of insecticides and
manual weeding were done as necessary. In both years, we used a randomized
complete block experimental design in a split plot arrangement; the main plot
was plant density, and the subplot was cultivar, with three replicates. In 2013,
the subplot consisted of 4 rows3 1.5m long inND and 4 rows3 3m long in LD.
In 2014, the subplot consisted of 4 rows3 1.05m long inND and 4 rows3 2.1 m
long in LD.

We surveyed the phenology of five plants in the center two rows in each plot
at 2- or 3-d intervals and recorded thedates of stagesVE,R1, andR7.Atmaturity,
the aboveground parts of seven plants (2013) or six plants (2014) from the center
two rows per plot were harvested from September 9 to November 11, 2013 and
from September 25 to November 10, 2014. After completely air drying the
plants, we counted the branch number and removed the few remaining leaves
and petioles from the aboveground parts, and then weighed the remaining
parts. Aboveground biomass was the sum of the weights of the stems, pod
shells, and seeds. Fertile pods and the number of mature seeds were counted,
and the mature seeds were weighed. Seed yield per plant was adjusted to a 15%
moisture content. The mean single-seed weight and harvest index were deter-
mined as described above for the TGC experiment.

Daily means of temperature, solar radiation, and precipitation during the
experiments were recorded at a weather station near the field in the research
center (Supplemental Table S4).

Climate Conditions

The 5-month (June to October) mean temperature outside the TGCs (in the
field) was 1.1°C higher than the 30-year mean in 2013, and 0.5°C higher in 2014
(Supplemental Table S4). The largest difference was observed in June in both
years (1.8°C and 2.4°C above the 30-year mean in 2013 and 2014, respectively).
In the TGC experiment, the 5-month mean temperatures in 2013 and 2014 were
2.8°C and 2.3°C higher, respectively, than the outside temperature. The
5-monthmean daily solar radiation in 2013 was only 0.1MJm–2 d–1 greater than
the 30-year mean, although June and July had levels higher and lower than the
30-year mean. The mean daily solar radiation levels in all months of 2014 were
1.5 to 3.5 MJ m–2 d–1 higher than the 30-year mean, except in August, when it
was 2.8 MJ m–2 d–1 below the 30-year mean. The 5-month mean precipitation in
2013 was close to the 30-year mean (158.8 versus 146.9 mm) despite reductions
of 34% in June and 39% in September compared with the 30-year means for
those months. In contrast, precipitation during all of the 2014 growing season,
except June, was much higher than the corresponding 30-year mean.

Statistical Analysis

To test for significant differences between [CO2] treatments and among the
cultivars, and for significant interactions, we used two-way ANOVA to analyze
the data for phenology, yield, and yield components from the two replications
(years). Means in each season were analyzed. To test for significant differences
between the two planting density levels and among the cultivars, and for sig-
nificant interactions, we used two-way ANOVA to analyze the data for phe-
nology, seed yield, and yield components from three replicates in each year. We
calculated the correlations among the agronomic traits and their response to
eCO2 and LD using Pearson’s product-moment correlation (r), and used
Spearman’s rank correlation (rs) to compare the cultivar ranks between the
eCO2 and planting density experiments. For the relationships between certain
pairs of parameters, we performed linear regression. All statistical analyses
were performed with version 22.0 of the SPSS statistics software.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Photosynthetic rate and leaf NSC content of sev-
eral soybean cultivars grown under two [CO2] levels in 2014.

Supplemental Figure S2. Linear regressions between the relative increase
in seed yield with elevated [CO2] and the relative changes in some pa-
rameters in 2013 and 2014.

Supplemental Figure S3. Linear regressions between the relative increase
in seed yield caused by low planting density for some parameters in 2013
and 2014.

Supplemental Figure S4. Pictures of the plant canopy of two plant densities.

Supplemental Table S1. Yield and phenological parameters of 12 soybean
cultivars grown under two [CO2] levels in 2013 and 2014.

Supplemental Table S2. Yield and phenological parameters for the 12
soybean cultivars grown under two levels of planting density in 2013
and 2014.

Supplemental Table S3. Lists of 12 soybean cultivars used in this study.

Supplemental Table S4. Meteorological data in 2013 and 2014.
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