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Abstract

The seed nutrition of crops is affected by global climate
changes due to elevated CO, and temperatures. Information
on the effects of elevated CO, and temperature on seed nu-
trition is very limited in spite of its importance in seed qual-
ity and food security. Therefore, the objective of this study
was to evaluate the effects of elevated atmospheric CO, and
temperature on seed composition (protein, oil, faity acids,
and sugars) and mineral nutrition in two soybean cultivars
under controlled environments. The treatments were ambient
CO, concentrations (360 Umol mol') and elevated CO, con-
centration (700 pmol mol-1) as well as normal temperature
(26/16°C) and elevated temperature (45/35°C). Plants were
grown under greenhouse conditions until the R5 stage, and
then, transferred to growth chambers until full maturity (R8).
Elevated temperature or a combination of elevated tempera-
ture and elevated CO, resulted in a decrease in seed protein
and linolenic acid concentrations and an increase in oil and
oleic acid in cultivars Williams 82 (MGIII) and Hutcheson (MG
V). Seed sucrose, glucose, and fructose decreased, whereas
raffinose and stachyose remained relatively stable. Minerals
also decreased under elevated CO, and temperature. Among
those that decreased were N, P, K, Zn, Fe, and B. Natural
abundance of >N and '*C isotopes was altered only under
high temperature, regardless of CO, concentration, indicat-
ing that changes in nitrogen and carbon metabolism occurred
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at elevated temperature. The increase in oil and oleic acid
and decrease in linolenic acid are desirable, as high oleic
acid and low linolenic acid contribute to the stability and
longer shelf-life of oil. The combination of low protein and
high oil was due to the inverse relationship between them.
This study showed that seed composition and seed mineral
nutrients can be affected by elevated temperature alone or
elevated CO, and temperature. This information is beneficial
for selecting varieties with high seed nutritional qualities and
efficient mineral nutrient use and uptake, traits that are relat-
ed to seed production, seed quality, and food security. Also,
it provides further knowledge on the effect of climate change
on seed quality.

Key words: Soybean; seed composition; seed nutrition; seed
protein; seed oil; seed sugars.

Introduction

Elevated carbon dioxide and temperatures due to global
climate change affect crop yield and seed quality (Thomas et
al.,, 2003; Prasad et al.,, 2005; Taub et al.,, 2008; Uprety et
al., 2010), including chemical composition (Uprety et al., 2010).
Global climate change, due to human activities, such as CO,
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emission, or naturally caused threatens human life as it affects
food security and human survival (Prasad et al.,, 2005; Uprety
et al., 2010; Thomas et al., 2003; Taub et al.,, 2008). It also
affects vegetation, including C, crops, such as soybean, barley,
wheat, and rice, as well as C, crops such as corn and sugar
beet (Prasad et al.,, 2005; DaMatta et al.,, 2010; Long et al.,
2004; Easterling et al., 2007; Leakey et al., 2009) in spite of
the difference in responses of C, and C, plants to elevated CO,
and temperature. This is due to the process of carbon fixation
pathway in C, versus C, plants. In C, plants, the CO, acceptor
is ribulose bisphosphate (RuBP), whereas the CO, acceptor in
C, plants is phosphoenol pyruvate (PEP) (Pearcy and Ehleringer,
1984; Prasad et al. 2005; Uprety et al.,, 2010). It has been
reported that Thomas et al. (2003) evaluated the impact of
climate changes due to elevated CO, and temperature on
seed composition. They used sinusoidal temperatures of 28/18,
32/22, 36/26, 40/30, and 44/34°C (day/night, maximum/
minimum), and two levels of CO,, 350 and 700 Pmol mol™. They
found that temperature, but not CO, concentration, had signifi-
cant effects on seed composition. They found that total oil con-
centration was the highest at 32/22°C, but decreased with the
increasing temperature. Oleic acid concentration increased with
the increasing temperature, but linolenic acid decreased. They
also found that nonstructural carbohydrates decreased with the
increasing temperature, but the proportion of soluble sugars to
starch decreased. The concentrations of seed N and P increased
with the increasing temperature until 40/30°C and then de-
creased. They concluded that high temperature alters soybean
seed composition, whereas CO, had minimal effects. However,
further research is needed to understand the chemical basis of
climate change (Thomas et al., 2003).

In addition to crop growth and yield, crop quality is also af-
fected by global climatic changes, including nutritional aspects
(Hay and Porter, 2006). Micronutrients, such as zinc and iodine,
and macromoles, such as proteins, in plant tissues are expected
to change in response to future high CO, levels (Taub et al.,
2008). The crops respond directly to elevated CO, through pho-
tosynthesis and stomatal conductance (Long et al., 2004), and
this is due to the fact that current atmospheric CO,, concentration
is sub-optimal for photosynthesis of C, plant species, including
soybean, dry bean, peanut, and cowpea (Prasad et al., 2005).
The responses of crops to elevated CO, are highly dependent
on temperature (Polley, 2002). Thus, understanding how crop
species respond to global environmental changes is crucial for
maximizing the potential benefits of elevated CO, and adjust
agricultural practices with the increases in temperature and CO,
(Challinor and Wheeler, 2008). Since previous studied indicated
that elevated temperatures combined with high CO, are ex-
pected due to the greenhouse effect (Intergovernmental Panel
on Climate Change, 1995), researchers predicted decreased
soybean yields in the southeastern USA due to a 5°C increase
in temperature (Curry et al., 1995). Additionally, grain quality
will be impacted due to higher temperatures (Allen and Boote,
2000) and interactions of increased CO, and temperature (Pick-
ering et al., 1994), resulting in physiological, growth, and seed
yield changes (Baker and Allen, 1993; Allen and Boote, 2000).

The atmospheric CO, and temperature affect plant growth
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and development and grain quality (Uprety et al.,, 2010). Car-
bon dioxide increased from 270 to 380 [Pmol mol”, since the
industrial revolution (Uprety et al., 2010), and it is expected to
be between 470 and 570 pmol mol”' by the year 2050 (IPCC
2007). It was expected to be increasing at the rate of 1.5 to
1.8 pumol mol”" yr'. Temperature is suggested to increase by 1.4
to 4.5°C in earth’s temperature by the year 2100 according
to model projections. Impact assessment on physiological and
biochemical processes indicated that CO, and temperature are
predicted to have significant changes in biochemical composi-
tion of grains and their nutritional quality (Stafford 2007; Up-
rety and Reddy, 2008; Uprety et al., 2009). Previous studies
on elevated CO, and temperatures showed a decrease in the
concentration of mineral nutrition, such Ca, S, Mg, Fe, and Zn,
in plants, which has a potential negative impact on human nu-
trition sources. This information is useful for breeders as they
select genotypes that maintain desirable grain nutritional quali-
ties under future CO, scenarios. Elevated atmospheric CO, and
temperatures as a consequence of global climate changes will
present a challenge and provide opportunities to plant scientists,
especially plant breeders to increase productivity and improve
grain nutritional value.

Since soybean is one of the most valuable crops world-
wide due to its content of oil (20%), protein (40%), carbohy-
drates (30%), crude fiber (5%), and ash (5%) (Hymowitz et al.,
1972), it is essential to be evaluated under elevated CO, and
increased temperature conditions. Soybean seed also contains
minerals such as Fe, Cu, Mn, Ca, Mg, Zn, Co, P, and K (Augustin
and Klein, 1985; Messina, 1997; Bellaloui et al., 2014) vitamins
B1, B2, and B, and isoflavones (Augustin and Klein, 1985; Mes-
sina, 1997). Only limited studies have been conducted to docu-
ment changes in seed composition due to elevated CO, and high
temperatures, resulting from global climate changes (Thomas et
al., 2003). The objective of the current study was to evaluate
the effects of elevated atmospheric carbon dioxide concentra-
tion and elevated temperature on seed composition (protein,
oil, fatty acids, and sugars) and mineral nutrition (macro- and
micro-nutrients) in soybean genotypes under controlled environ-
ment. Special attention was also given to >N and *C dynamics
as nitrogen and carbon are sources of protein, oil, and sugars.

Materials and Methods
Growth Conditions

Two growth chamber experiments were conducted. Soybean
seeds were planted in vermiculite and grown under greenhouse
conditions. After germination, uniform size seedlings at about the
V1 stage were transplanted into pots filled with field soil. The
soil was 8% sand, 31.6% silt, and 60.4% clay and had an ad-
equate concentration of macro- and micro-nutrients. Plants were
grown in greenhouse until they reached R5 (beginning of seed-
fill stage) (Fehr and Caviness, 1977), and then, transferred to
the growth chambers until full maturity. CO, was supplied from
a cylinder controlled by a regulator, monitoring CO, concentra-
tion. CO, flowed through a tube to the growth chamber. The
plants were grown under growth chamber conditions supplied
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with a light source of photon flux density of about 1,000 PUmol
m2 s, supplied with a combination of 10,400 W high pressure
sodium and metal halide lights. Plants were watered as needed.
Soil water potential was monitored daily using soil water poten-
tial sensors read by Soil Moisture Meter (WaterMark Company,
Inc., Wisconsin, USA). Soil was kept near the water field capac-
ity as read by Soil Moisture Meter (about -15 to -20 kPa). The
treatments for carbon dioxide were ambient CO, concentrations
(about 360 pmol mol”') and elevated CO, concentration (700
Mmol mol™'). For temperatures, the treatments were normal tem-
perature (26/16°C) and elevated (45/35°C). There were four
treatment combinations (T1 = 26/16°C and 360 pPmol mol'; T2
=26/16°C and 700 pPmol mol', T3 = 45/35°C and 360 umol
mol'; T4 = 45/35°C and 700 pmol mol''. Two soybean cultivars
were used: Williams 82 (MGIII) and Hutcheson (MG V).

Soil and Seed Analyses for Minerals, N, S, and C

Mineral analysis of soil K, P, B, Fe, N, S, and C was conducted
by the Soil, Plant, and Water Laboratory, University of Georgia,
Athens, GA. For K concentration, a 5-g soil: 20-ml Mehlich-1
solution was used and analyzed by inductively coupled plasma
spectrometry (Thermo Jarrell-Ash Model 61E ICP and Thermo
Jarrell-Ash Autosampler 300). For N, S, and C percentages a
0.25-g sample of soil was used and the samples were combust-
ed in an oxygen atmosphere at 1350°C to convert elemental N,
S, and Cinto N, SO,, and CO,, respectively. Then, the resulting
gases were then passed through infrared cells and the N, S, and
C and then were determined by an elemental analyzer using
thermal conductivity cells (LECOCNS-2000 elemental analyzer,
LECO Corporation, St. Joseph, Ml, USA) (Bellaloui et al., 2014;
Bellaloui et al., 2009).

Seed samples were ground using a Laboratory Mill 3600
(Perten, Springfield, IL, USA). The samples were analyzed for
minerals, N, S, and C by digesting 0.6 g of dried, ground plant
materials in HNO3 in a microwave digestion system. The con-
centration of K was determined by inductively coupled plasma
spectrometry (Bellaloui et al., 2014; Bellaloui et al., 2009). For
N, C, and S measurements, a 0.25 g ground-dried sample was
combusted in an atmospheric oxygen of 1350°C, and the com-
busted samples were the converted to gases as detailed above.
The N, S, and C were determined by an elemental analyzer
using thermal conductivity cells (LECOCNS-2000 elemental ana-
lyzer, LECO Corporation, St. Joseph, MI, USA) (Bellaloui et al.,
2014; Bellaloui et al., 2009).

Analyses of Seed Protein, Oil, Fatty Acids, and Sugars

Seeds collected at harvest maturity were analyzed for pro-
tein, oil, and fatty acids. The seed samples of 25 g of seed were
ground by the Laboratory Mill 3600 and analyzed by near in-
frared reflectance (Wilcox and Shibles, 2001; Bellaloui et al.,
2014; Bellaloui et al., 2009) using a diode array feed analyzer
AD 7200 (Perten, Springfield, IL USA). The calibration equation
was developed using Preteen’s Thermo Galactic Grams PLS IQ
software, and the calibration curve was established using AOAC
methods [AOAC, 1990a; AOAC, 1990b). Protein and oil concen-

trations were determined based on a seed dry matter (Wilcox
and Shibles, 2001, Bellaloui et al., 2014) and the concentrations
of palmitic, stearic, oleic, linoleic, and linolenic fatty acids were
determined on a total oil basis (Bellaloui et al., 2014).
Determination of seed sugars (sucrose, raffinose, and stachy-
ose) were conducted by near infrared reflectance (Wilcox and
Shibles, 2001; Bellaloui et al., 2014) using the AD 7200 array
feed analyzer. The analyses of sugars were based on a seed
dry matter basis (Wilcox and Shibles, 2001; Bellaloui et al.,
2014; Bellaloui et al., 2009).

Determination of Seed Glucose and Fructose

The concentration of glucose in the seed was determined by
an enzymatic reaction using a Glucose (HK) Assay Kit, Product
Code GAHK-20 (Sigma-Aldrich Co, St Louis, MO, USA) as de-
tailed elsewhere (Bellaloui et al., 2014). The concentration was
determined by reading samples at absorbance of 340 nm using
the Beckman Coulter DU 800 spectrophotometer, and the con-
centration was expressed as mg g dry weight. The concentra-
tion of fructose in seeds was determined based on an enzymatic
reaction using a Fructose Assay Kit, Product Code FA-20 (Sigma-
Aldrich Co., St. Louis, MO, USA) as detailed elsewhere (Bellaloui
et al., 2014). The concentration of fructose was determined by
the Beckman Coulter DU 800 spectrophotometer by reading the
samples at absorbance of 340 nm, and the concentration of
fructose in seeds was expressed as mg g' dry weight.

Boron Determination

The concentration of boron in seeds was determined using the
Azomethine-H method (Bellaloui et al., 2014; Lohse, 1982; Dor-
das et al., 2007) as reported elsewhere (Bellaloui et al., 2014).
Briefly, a ground sample of 1.0 g was ashed at 500°C and
extracted with 20 ml of 2 M HCl at 90°C for 10 minutes. Then,
4 ml of a buffer solution (containing 25% ammonium acetate,
1.5% EDTA, and 12.5% acetic acid) was added to a filtered
2-ml sample. Then, 4 ml of fresh azomethine-H solution (0.45%
azomethine-H and 1% of ascorbic acid) (John et al., 1975) was
added. The concentration of boron in seeds was determined by
reading the samples at 420 nm using a Beckman Coulter DU
800 spectrophotometer (Beckman
Coulter, Inc., Brea, CA, USA).

Iron Determination

The concentration of Fe in seeds was determined according
to methods described elsewhere (Bandemer et al.,, 1944; Lo-
eppert and Inskeep, 1996). Samples were acid wet digested,
extracted, and reacted with reduced ferrous Fe with 1,10-phen-
anthrolineand as described elsewhere (Bellaloui et al., 2014).
Briefly, a sample of 2 g of dried ground seeds were acid di-
gested, and the soluble constituents were dissolved in 2 M HCI.
A phenanthroline solution of 0.25% (w/v) in 25% (v/v) ethanol
and quinol solution (1% w/v) was used. Standard curves were
prepared with fresh standard solutions of Fe ion concentrations
in 0.4M HCI, ranging from 0.0 to 4 Ug ml™' of Fe. The concen-
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tration of Fe in the samples was determined by reading the
samples at absorbance of 510 nm using the Beckman Coulter
DU 800 spectrophotometer.

Phosphorus Determination

The concentration of P in seeds was determined according to
Cavel (1955). The method was based on the yellow phosphor-
vanado-molybdate complex as detailed elsewhere (Bellaloui et
al., 2014). Leaf and seed samples of 2 g were dried, ground
and ashed. A volume of 10 ml of 6MHCI was the added. Phos-
phorus was extracted using 2 ml of 36% v/v HCl under heat and
filtration and 5 ml of 5 M HCl. An amount of 5 ml of reagent
(ammonium molybdate—ammonium metavanadate) were added
to 5 ml of the filtrate. The reagent Ammonium molybdate—am-
monium metavanadate was prepared in 500 ml of distilled wa-
ter by dissolving 25 g of ammonium molybdate and 1.25 g of
ammonium metavanadate. Standard curve solutions of P were
prepared by preparing standard solutions of P concentrations
ranging from 0-50 g ml™' using dihydrogen orthophosphates.
The concentrations of P were determined by reading the absor-
bance at 400 nm using the Beckman Coulter DU 800 spectro-
photometer.

Experimental Design and Statistical Analysis

The experiments were a split plot arrangement of treatments
in a randomized complete block design (RCBD) with four rep-
licates. Main plot was temperature/CO, treatment and subplot
was cultivar. Each experiment is a replicate for the main plot.
One growth chamber was used for each temperature /CO,, treat-
ment. For each experiment, there were four treatments (T1 =
26/16°C (normal) and 360 pmol mol'; T2 = 26/16°C and 700
Mmol mol!, T3 = 45/35°C and 360 Pmol mol'; T4 = 45/35°C

and 700 pmol mol'. The four levels of tempercﬂure/CO2 are
each replicated twice. Two soybean cultivars were used. Two
experiments were conducted (two experiments were repeated
in time). The analysis of variance of data was conducted using
PROC MIXED in SAS (SAS, 2002-2010). Experiment (E), temper-
ature (T), CO, concentration (CO,), and their interactions were
considered fixed effects, and replication within E, and replica-
tion X T X CO, X CV within E were considered random effects.
Level of significance was P < 0.05.

Results and Discussion

Analysis of variance indicated that temperature (T), CO,,
and cultivar (CV) were the major factors affecting seed com-
position and mineral nutrition. Seed protein, oleic and linolenic
acids, and sugars, especially glucose and fructose. were the ma-
jor seed composition constituents affected by these major main
factors (T, CO,, CV) (Table 1). Seed N, P, K, Mg, S, Fe, B, and
Zn were the major macro- and micro-nutrients affected by T,
CO,, and CV (Table 2). Since experiment (EXP) (two experiments
were repeated in time) did not interact with other factors (T,
CO,, CV), the results were combined across the two experiments
as the variables had the same pattern and ranking in the two
experiments. Results were presented by cultivar as cultivars were
of different maturity (genotype is confounded with maturity).

Mean Values for Seed Composition Constituents (Protein, Oil, Fatty
Acids, and Sugars)

Seed protein and linolenic acid decreased under elevated
temperature, and elevated temperature with elevated CO.,. For
example in cultivar Williams 82, the percentage decrease was
8% for protein, 62% for linolenic acids (Table 3). Oil and oleic
acid increased with high temperature, elevated CO,, and ele-

Table 1. Analysis of variance for soybean (Williams 82 and Hutcheson cultivars) seed protein, oil, fatty acids (%) and
sugars (glucose, fructose, sucrose, raffinose, and stachyose, mg g') as affected by the mains effect factors of experiment
(EXP: two experiments were conducted), temperature (T), carbon dioxide (CO,), cultivar (CV), and their interactions. Treat-
ments were four: T1 = plants were grown at 26,/16°C and 360 umol mol'; T2 = plants were grown at 26,/16°C and 700
Pmol mol”!, T3 = plants were grown at 45/35°C and 360 Pmol mol'; T4 = plants were grown at 45/35°C and 700 pymol
mol'. Plants were grown in the greenhouse, but they were transferred to growth chambers at the beginning of seed-fill

stage until maturation (R8).

Treatments Protein Oil Oleic Linolenic Glucose Fructose Sucrose Raffinose Stachyose
EXP * * ns ns * ns ns *x ns
T kk * skeksk skksk * ks * £33 *
C02 * * * * kk skksk * sk *
CV kk % % * * Kk * * ns
EXP x T ns ns ns ns ns ns ns ns ns
EXP x CO, ns ns ns ns ns ns ns ns ns
EXP x CV ns ns ns ns ns ns ns ns ns
T % CO2 kk % 2 * * * Hk * *
T X CV kk ns * * kk * £33 * *
CO, x CV * ns * * * * ns * ns
EXP x Tx CO, x CV ns ns ns ns ns ns ns ns ns

*= significance at P < 0.05; **= significance at P < 0.01; ***= significance at P < 0.001.
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Table 2. Analysis of variance for soybean (Williams 82 and Hutcheson cultivars) seed macro- and
micro-nutrients (N, P, K, Mg: %; Fe, B, Cu, Zn, Mn: mg kg') as affected by the mains effect factors
of experiment (EXP: two experiments were conducted), temperature (T), carbon dioxide (CO,),

cultivar (CV), and their interactions. Treatments were four: T1= plants were grown at 26/16°C
and 360 pmol mol”'; T2 = plants were grown at 26/16°C and 700 pmol mol', T3= plants were
grown at 45/35°C and 360 Pmol mol'; T4 = plants were grown at 45/35°C and 700 pmol
mol™'. Plants were grown in the greenhouse, but they were transferred to growth chambers at the

beginning of seed-fill stage until maturation (R8).

Treatments N P K Mg Fe B Cu Zn Mn
EXP * * ns ns * ns ns ns *

T sk * sksk sksk * sksk * * *

COQ sk sksk sksksk ns * * ns k ns
Cv * Kk ke % * Kk * % ns
EXPx T ns ns ns ns ns ns ns ns ns
EXP x CO, ns ns ns ns ns ns ns ns ns
EXP x CV ns ns ns ns ns ns ns ns ns
T X CO2 ek * ke ns * k3 ns % ns
Tx CV *k #k Hokk * * *k * *k *

CO, x CV * ns * ns ns * ns ns Ns
EXP x T x CO, x CV ns ns ns ns ns ns ns ns ns

*= significance at P < 0.05; **= significance at P < 0.01; ***= significance ot P < 0.001.

Table 3. Effect of elevated temperature and elevated carbon dioxide on soybean (Williams 82 cultivar) seed protein, oil,
fatty acids (%) and sugars (glucose, fructose, sucrose, raffinose, and stachyose, mg g™'). Treatments were four: T1= plants
were grown at 26/16°C and 360 Pmol mol'; T2 = plants were grown at 26/16°C and 700 pmol mol™, T3 = plants were
grown at 45/35°C and 360 pmol mol”'; T4=plants were grown at 45/35°C and 700 Pmol mol™'. Plants were grown in the
greenhouse, but they were transferred to growth chambers at the beginning of seed-fill stage until maturation (R8).

Treatments  Protein oil Oleic Linolenic Glucose Fructose Sucrose Raffinose Stachyose
T 39.3a 203d 235¢ 8.7 a 1.5b 091 a 54 a 122 a 43.3 a
T2 374b 21.7c 264b 79b 22a 0.93 a 58 a 99b 41.5b
T3 364c 224b 286 a 54b 0.7 ¢ 0.53 b 28 ¢ 77 d 34.1 ¢
T4 368c 23.6a 285a 5.4b 0.6 ¢ 0.43 ¢ 38 b 8.9 c 33.7 ¢

Means within a column of each water treatment followed by the same letter are not significantly different at the 5% level as

determined by Fishers’ LSD test. Values are means of four replicates.

vated temperature with elevated CO.. The increase in oleic acid
was 18% and oil 14%. Seed glucose, fructose, and raffinose
decreased under elevated T (Table 3), and elevated tempera-
ture with elevated CO,. No decrease was noticed in stachyose
in both cultivars. It appeared that Hutcheson accumulated more
seed composition constituents than Williams 82, which may be
due to a longer period of maturity in Hutcheson.

Mean Values for Seed Macro- and Micro-Nutrients

Seed N, P, K, Fe, B, and Zn decreased with elevated tem-
perature and elevated temperature with elevated CO, (Table
4). Seed Mn, and Cu did not show consistency in the two cultivars.
Generally, both cultivars were affected by elevated CO, and el-
evated temperatures for protein, oil, oleic, linolenic, sugars, and
minerals, although the magnitude of response of both cultivars
differed due to genotype and maturity differences (Table 5 and
Table 6). The higher levels of some nutrients in Hutcheson could
be due to genotype and maturity differences as Hutcheson took

more time (MG V) to mature than Williams 82 (MG lll), resulting
in higher accumulation of nutrient levels.

Previous research showed that oil concentration increased
with increasing temperature up to 32/22°C, then decreased
(Gibson and Mullen, 1996; Dornbos and Mullen, 1992). Other
researchers analyzed 20 soybean cultivars, representing 10
maturity groups in 60 locations throughout the USA, and found
that oil increased with temperature up to a mean temperature
of 28°C. A quadratic equation was the best fit for oil vs. temper-
ature (Piper and Boote, 1999). They concluded that 32/22°C is
the optimum temperature to give the highest oil concentration in
soybean seed. They also reported that since temperatures dur-
ing the soybean-growing season in the southern USA are at or
higher than, 32/22°C, oil concentration at temperatures above
32/22°C could decrease, impacting the soybean oil industry in
the southern USA, especially with the increase of 4°C due to
global climate change conditions. Current research showed that
oil increased at the higher temperature regardless of the con-
centration of CO,, indicating that temperature is more important
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Table 4. Effect of elevated temperature (T) and elevated carbon dioxide (CO,) on soybean (Wil-
liams 82 cultivar) seed macro- and micro-nutrients (N, P, K, Mg: %; Fe, B, Cu, Zn, Mn: mg kg').
Treatments were four: T1= plants were grown at 26/16°C and 360 umol mol'; T2 = plants were
grown at 26/16°C and 700 pmol mol”', T3 = plants were grown at 45/35°C and 360 pmol mol™;
T4 = plants were grown at 45/35°C and 700 umol mol™'. Plants were grown in the greenhouse, but
they were transferred to growth chambers at the beginning of seed-fill stage until maturation (R8).

Treatments N P K Mg Fe B Cu Zn Mn
T 56a 062a 18a 031a 87a 56a 98a 48a 39a
T2 50b 043b 14b 031a 67b 43c 96a 43b 38a
T3 40c 0.34c 1.2c¢ 032a 57d 42c 9.8 a 35¢ 3%9a
T4 42c 047 b 1.1c 031a 67c 45b 101 a 36c 40a

Means within a column of each water treatment followed by the same letter are not significantly
different at the 5% level as determined by Fishers’ LSD test. Values are means of four replicates.

Table 5. Effect of elevated temperature (T) and elevated carbon dioxide (CO,) on soybean (Hutcheson cultivar) seed
protein, oil, fatty acids (%) and sugars (glucose, fructose, sucrose, raffinose, and stachyose, mg g™'). Treatments were four:
T1= plants were grown at 26/16°C and 360 Pmol mol'; T2= plants were grown at 26/16°C and 700 Pmol mol ', T3
= plants were grown at 45/35°C and 360 Pmol mol”'; T4 = plants were grown at 45/35°C and 700 Pmol mol™'. Plants
were grown in the greenhouse, but they were transferred to growth chambers at the beginning of seed-fill stage until
maturation (R8).

Treatments  Protein Oil Oleic Linolenic Glucose Fructose Sucrose Raffinose Stachyose
T1 420a 195c 23.6c¢c 8.7 a 2.1 a 1.12 a 67 a 125 a 45 a
T2 40.1b 205b 287 a 7.6 b 20a 0.87 b 69 a 10.5 ¢ 46 a
T3 37.5d 225a 265b 6.9 c 0.8 b 0.62 d 46 ¢ 11.3 b 43 b
T4 388c 226a 287 a 7.4 b 1.1b 0.78 ¢ 53 b 10.5 ¢ 42 b

Means within a column of each water treatment followed by the same letter are not significantly different at the 5% level
as determined by Fishers’ LSD test. Values are means of four replicates.

Table 6. Effect of elevated temperature (T) and elevated carbon dioxide (CO,) on soybean (Hutcheson)
seed macro- and micro-nutrients (N, P, K, Mg, %; Fe, B, Cu, Zn, Mn, mg kg™'). Treatments were four: T1 =
plants were grown at 26,/16°C and 360 pmol mol”'; T2 = plants were grown at 26,/16°C and 700 pmol
mol”!, T3 = plants were grown at 45/35°C and 360 pmol mol'; T4 = plants were grown at 45/35°C
and 700 Pmol mol™. Plants were grown in the greenhouse, but they were transferred to growth chambers
at the beginning of seed-fill stage until maturation (R8).

Treatments N P K Mg Fe B Cu Zn Mn
T1 68a 0.67 a 23 a 0.36a 98 a 61a 10.1 a 49a 45a
T2 53b 054b 1.8b 037 a 87b 56 b 9.5a 47 a 43 a
T3 43c 032c 1.1¢ 0.24b 67c 54 ¢ 8.6 b 38b 36b
T4 40c 0.34c¢ 1.2 ¢ 0.22b 63c¢ 44 d 8.7 b 39b 34b

Means within a column of each water treatment followed by the same letter are not significantly
different ot the 5% level as determined by Fishers’ LSD test. Values are means of four replicates.

than CO, and its effects is more significant than CO,, and CO,
had a minimal effects (Thomas et al., 2003). On the other hand,
our results differ from those of Thomas in that CO,, concentration
alone significantly affected protein and oil.

The increase of oleic acid and the decrease of linolenic acid
with the increase of temperature was previously reported. Thom-
as et al. (2003) found that oleic acid concentration increased
and linolenic acid decreased with increasing temperatures from
28/18 to 44/34°C, and also oleic acid concentration increased
and linoleic acid decreased with the increase of temperatures
(Rennie and Tanner, 1989; Gibson and Mullen, 1996; Rebetzke
et al., 1996). Our findings are supported by these researchers
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as oleic acid decreased and linolenic decreased (Rennie and
Tanner, 1989; Gibson and Mullen, 1996; Rebetzke et al., 1996;
Thomas et al., 2003). The increase of oleic acid has a nutritional
benefit as it is more stable and less susceptible to oxidation than
linolenic acid, which is desirable nutritional aspect for storage
longevity of soybean oil (O’Byrne, 1995).

Although the decrease of N and protein at higher temperature
in our experiments was previously reported, others researchers
also found that N and/or crude protein concentration increased
with temperature to 40/30°C. However, above 40/30°C pro-
tein concentration decreased (Thomas et al., 2003). A similar
trend was shown by others (Piper and Boote, 1999), who report-
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ed that protein concentration was lowest at 22°C (mean), and
then increased as temperature increased to 28°C (mean). Thom-
as et al. (2003) showed that protein increased. From 28/18°C
(23°C mean) up to 40/30°C (35°C mean), but that protein con-
centration within a range of mean temperatures from 15.5 to
30.5°C was relatively stable, but increased significantly at the
highest temperature. They suggested that the increase of protein
concentration with the decrease of oil may be a mathematical
side effect due to the decreased oil and the total non-structural
carbohydrate concentration by temperature increases (Thomas
et al.,, 2003). In addition, soybean protein concentration is in-
versely correlated with oil (Krober and Cartter, 1962; Burton,
1987; Dornbos and Mullen, 1992; Piper and Boote, 1999).

The decrease of monosaccharides (glucose and fructose) and
disaccharides (sucrose) observed in our findings as the tempera-
ture increased may be due to their conversion to further assimi-
lates such as lipid, protein, or structural components (Thomas et
al, 2003). The other suggestion is that the movement of these
assimilates to seed was limited (Thomas et al., 2003; Thorne,
1982) due to the inhibition of phloem unloading from the seed
coat vascular bundles into the apoplast surrounding the cotyle-
don cells under anaerobic conditions (Thorne, 1982). This was
also supported by Thomas et al. (2003) who hypothesized that
O2 availability to seed may be limited and respiratory demand
is higher as temperature increases.

The results of the effects of elevated CO, on seed compo-
sition are still conflicting. For example, Thomas et al. (20013)
found minimal effects on seed composition, while Heagle et al.
(1998) found a significant effect of elevated CO, on soybean
seed oil in cultivars Essex, Holladay, and NK6955. In that study
oleic acid concentration was positively affected by CO,, but no
effect of CO, on protein concentration was observed. Jablon-
ski et al. (2002) in their meta-analysis of 79 reports on plant
reproduction under elevated CO, showed that legume seed N
concentration was not affected. Allen et al. (1998) reported
that CO, concentration had no significant effects on seed to-
tal non-structural carbohydrates when soybean (cv. Bragg) was
grown at six levels of CO, from 160 to 990 pmol mol”'. Our
results showed that seed protein decreased and oil and oleic
acid increased with elevated CO, at normal temperature, which
is supported by other researchers (Heagle et al. (1998). Heagle
et al. (1998) showed a positive, significant effect of CO, enrich-
ment on soybean seed oil and oleic acid concentration in soy-
bean cultivars Essex, Holladay, and NK6955, but elevated CO,
had no effect on protein concentration. It appears that higher
temperature severely affected seed composition compared with
elevated CO,. It is clear that the effects of elevated tempera-
ture and elevated CO,, on seed composition is still complex, and
further research is needed to understand the biochemical basis
of this phenomenon (Uprety et al., 2010). It was also reported
that the effects of CO, magnitude on grain quality will depend
on the level of future CO, atmospheric concentration, its interac-
tions with the biotic (genotype, species, diseases, and pathogens)
and abiotic stresses such as elevated temperature, drought, and
soil conditions), and agronomic practices such as irrigation and
growth conditions. Our knowledge of these interactions is cur-
rently limited and further research needs to be devoted to this

aspect (Uprety et al.,, 2010).

It was reported that the effect of increased temperatures
(2-4°C) was higher than the effect of elevated CO, on grain
quality (Tester et al., 1995; Williams et al., 1995). Most of the
nutrients in grains result from the mobility of nutrients from veg-
etative pools (source) to grains (sink) during grain filling. The
decrease of macro- and micro-nutrients, shown by our findings,
was also noticed in other species such as wheat. For example,
CO, elevation resulted in a decrease in Na, Ca, Mg, S, Fe,
Zn, and Mn (Manderscheid et al., 1995; Uprety et al.,, 2010).
Hogy and Fangmeier (2008) reported that elevated CO, re-
sulted in a significant decrease of macro-nutrients, ranging from
0.7-19.5%, except for K and P. In addition, the decrease was in
Ca (9.7%), Mg (4.8%), Na (5.5%), Ca (14.5%), Mg (7.2%), S
(12.3%); Fe (3.7%), and Zn (18.3) (Dong-Xiu et al., 2004; Up-
rety et al,, 2010). The decrease of macro- and micro-nutrients
was explained to be due to the dilution effect induced by the
increase of carbohydrates in grains. The decrease of some or all
essential nutrients as a result of CO, elevation will be a chal-
lenge for the scientific community, especially breeders, to select
for higher seed mineral nutrition varieties with high nutrient- ef-
ficiency uptake under harsh environment of high temperatures,
drought, and elevated CO, concentrations resulting from global
climate changes. Since the total quantity of mineral nutrients ac-
cumulated in grains per hectare is higher under high CO, due
to increase in grain yield (Prasad et al.,, 2005; Uprety et al.,
2010), the elevated CO, effects is minimal on grain production.
However, we do not understand the interactions of elevated CO,
with high temperature, drought, or flood. Therefore, research is
needed fo quantify the negative impact of elevated CO, and
its interactions with biotic and abiotic stresses on grain quality
to improve high quality grains and improve appropriate crop
management systems (Prasad et al., 2005; Uprety et al., 2010).

Dynamics of § '°N ("*N/™*N Ratio) and & "*C ('3C/'2C Ratio) Natu-
ral Abundance Isotopes

High temperature and high temperature with elevated CO, re-
sulted in alteration of >N/'N and *C/'*C ratios in the two
cultivars (Figure 1 and Figure 2). The alteration in *N/"N is
indicated by the increase of '°N derived from plant gas ex-
change through stomatal conductance and CO, fixation (Livings-
ton et al., 1999; Matsushima and Chang, 2007). The alteration
of '3C/"2C ratio may have resulted from the increase of stomatal
closure and "3C fixation enrichment, leading to less discrimina-
tion against§ '3C and may be a shift in carbon fixation metabo-
lism and '3C enrichment (O’Laery, 1995). It is known that current
atmospheric CO, concentration is sub-optimal for photosynthesis
of C, plant, including soybean, dry bean, peanut, and cowpea.
The fixation of CO, in C, plant goes through the primary CO,
acceptor, which is ribulose bisphosphate (RuBP). During this pro-
cess the enzyme ribulose bisphosphate carboxylase-oxygenase
(Rubisco) catalyzes this reaction. Since Rubisco catalyzes both
carboxylation and oxygenase reactions, CO, and O, compete
for the same site on Rubisco. This competition leads the oxy-
genase activity of Rubisco (photorespiration) to about 25% (20
to 60%) loss of carbon in C, species (Bowes, 1996; Prasad et
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Figure 1. Cultivar Williams 82 (Maturity Group Ill). & '*N
("*N/™N ratio) (A) and &'3C ("*C/'2C ratio) (B) natural abun-
dance isotope in soybean seed as affected by elevated CO,
and elevated temperature. Treatments were four: T1 = plants
were grown at 26/16°C and 360 pmol mol'; T2 = plants were
grown at 26/16°C and 700 Pmol mol”!, T3 = plants were grown
at 45/35°C and 360 pmol mol'; T4 = plants were grown at
45/35°C and 700 pmol mol'. Plants were grown in the green-
house, but they were transferred to growth chambers at the be-
ginning of seed-fill stage until maturation (R8).

al., 2005). This was supported by previous research that pho-
tosynthetic rates of soybean plants were higher at higher levels
of irradiance (ranging from 100 to 1200 Pmol photons m?2s™)
compared to those at 330 Pmol mol' (Campbell et al., 1990).
Increased photosynthetic rates of soybean leaves and/or cano-
pies with elevated CO, have been reported in several other
studies (Ferris et al.,, 1998; Ferris et al.,, 1999; Ziska et al.,
2001). It appears that the alteration in °N/'“N and '*C/'*C ra-
tios could be due changes in N and C metabolism brought about
high by temperature and high CO, concentration. Further re-
search is needed in this area to further understand the changes
in "®N/"N and 3C/'*C ratios.

Conclusion

Our research showed that high temperature resulted in a de-
crease of protein and linolenic acid, but an increase of oil and
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Figure 2. Cultivar Hutcheson (Maturity Group V). 6 '°N ("*N/"“N
ratio) (A) and §'*C (*C/'?C ratio) (B) natural abundance iso-
tope in soybean seed as affected by elevated CO, and el-
evated temperature. Treatments were four: T1= plants were
grown at 26/16°C and 360 pmol mol'; T2 = plants were
grown at 26/16°C and 700 Pmol mol”!, T3 = plants were grown
at 45/35°C and 360 pmol mol'; T4 = plants were grown at
45/35°C and 700 pmol mol. Plants were grown in the green-
house, but they were transferred to growth chambers at the be-
ginning of seed-fill stage until maturation (R8).

oleic acid. The increase of oil, oleic acid, and low linolenic acid
is desirable as both high oleic acid and low linolenic acid con-
tribute to oil stability and long shelf-life of the oil. Although the
effect of CO, alone had significant effect on seed composition,
the effect of temperature is more pronounced than the effect of
CO,, which had relatively minimal effects (Tester et al. 1995;
Williams et al. 1995; Thomas et al., 2003). Also, high tempera-
ture resulted in lower mono- (glucose and fructose) and di-sac-
charides (sucrose). Raffinose and stachyose are more stable than
mono-and di-saccharides, which may be due to their possible
role in heat stress response. High CO, elevation resulted in a de-
crease in some macro- and micro-nutrients. The change of §'°N
&8"C natural abundance isotopes indicated possible alteration in
nitrogen and carbon metabolism. The current research is benefi-
cial to scientist as it provides further knowledge on the effects of
increased temperature and elevated CO, on seed quality, es-
pecially seed nutrition. Also, the research is beneficial to breed-



ers, who will need to select varieties for higher seed nutritional
qualities and efficient mineral nutrients use and uptake, as these
traits are related to seed production, quality, and food security.

Acknowledgements

The authors are thankful to Sandra Mosley for lab analysis.
This work was supported by the U.S. Department of Agriculture,
Agricultural Research Service Project 6402-21220-012-00D.
Mention of trade names or commercial products in this publica-
tion is solely for the purpose of providing specific information
and does not imply recommendation or endorsement by the U.S.
Department of Agriculture.

References

Allen LH and KJ Boote (2000) Crop ecosystem responses to climatic
change: Soybean. In: Climate: change and global crop productivity.
KR Reddy and HF Hodges (eds). CABI Publ., New York, pp. 133-
160.

Allen LH, EC Bisbal, and KJ Boote (1998) Nonstructural carbohydrates
of soybean plants grown in subambient and superambient levels of
CO,. Photosynth. Res. 56: 143-155.

Association of Official Analytical Chemists (AOAC) (1990a) Method
988.05. In: Official methods of analysis, 15th edition, K Helrich (ed.)
Arlington, VA, p. 70.

Association of Official Analytical Chemists (AOAC) (1990b) Method
920.39. In: Official methods of analysis, 15th edition, K Helrich (ed.)
Arlington, VA, p. 79.

Augustin J, and BP Klein (1985) Nutrient composition of raw, cooked,
canned, and sprouted legumes. In: Legumes: Chemistry, technology
and human nutrition. R.H. Matthews (ed.). Marcel Dekker, New York,
pp. 187-217.

Baker JT and LH Allen (1993 Contrasting species responses to CO, and
temperature: Rice, soybean and citrus. Vegetatio. 104: 239-260.
Bandemer SL and PJ Schaible (1944) Determination of iron. A study of
the o-phenanthroline method. Ind. Eng. Chem. Anal. Ed. 16: 317—-

319.

Bellaloui N, A Mengistu, ER Walker, and LD Young (2014) Soybean
seed composition as affected by seeding rates and row spacing.
Crop Sci. 54: 1782-1795.

Bellaloui N, JR Smith, JD Ray, and AM Gillen (2009) Effect of matu-
rity on seed composition in the early soybean production system as
measured on near-isogenic soybean lines. Crop Sci. 49: 608-620.

Bowes G (1996) Photosynthetic responses to changing atmospheric car-
bon dioxide. In: NR Baker (ed.). Photosynthesis and the Environment.
Advances in Photosynthesis. Kluwer, Dordrecht, pp. 387-407.

Burton JW (1987) Quantitative genetics: Results relevant to soybean
breeding. In: Soybeans: Improvement, production, and uses. Agron.
Monogr. 16. 2nd ed. JR Wilcox (ed.). ASA, CSSA, and SSSA, Madi-
son, WI, pp. 211-247.

Campbell WJ, LH Allen, and G Bowes (1990) Response of soybean
canopy photosynthesis to CO, concentration, light, and temperature.
J. Exp. Bot. 41:427-433.

Cavell AJ (1955) The colorimetric determination of phosphorus in plant
materials. J. Sci. Food Agric. 6:479-480.

Challinor AJ and TR Wheeler (2008) Crop yield reduction in the trop-
ics under climate change: Processes and uncertainties. Agric. For.
Meteorol. 148: 343-356.

Curry RB, JW Jones, KJ Boote, RM Peart, LH Allen, and NB Pickering

(1995) Response of soybean to predicted climate change in the
USA. In: Climate change and agriculture: Analysis of potential inter-
national impacts. Spec. Publ. 59. ASA, Madison, WI, pp. 163-182.

DaMatta FM, A Grandis, BC Arenque, and MS Buckeridge (2010) Im-
pacts of climate changes on crop physiology and food quality. Food
Res. Int. 43: 1814-1823.

Dong-Xiu W, W Gen-Xuan, B Yong-Fei, and L Jian-Xiong (2004) Ef-
fects of elevated CO, concentration on growth, water use, yield and
grain quality of wheat under two soil water levels. Agric. Ecosyst.
Environ. 104: 493-507.

Dordas C, G Apostolides, and O Goundra (2007) Boron application
affects seed yield and seed quality of sugarbeets. J. Agric. Sci.
145: 377-384.

Dornbos DL and RE Mullen (1992) Soybean seed protein and oil con-
tents and fatty acid composition adjustments by drought and tem-
perature. J. Am. Oil Chem. Soc. 69: 228-231.

Easterling WE, PK Aggarwal, P Batima, LM Brander, L Erda, SM How-
den, A Kirilenko, J Morton, JF Soussana, J Schmidhuber, and FN
Tubiello (2007) IPCC. Food, fiber and forest products. In: Climate
change: Impacts, adaptation and vulnerability. Contribution of
working group Il to the fourth assessment report of the intergovern-
mental panel on climate change. Parry ML, OF Canziani, JP Palu-
tikof , PJ van der Linden, and CE Hanson (Eds). Cambridge, Cam-
bridge University Press, pp. 273-313. https://www.ipcc.ch/pdf/
assessment-report/ar4/wg2/ar4_wg2_full_report.pdf.

Fehr WR and CE Caviness (1977) Stages of soybean development.
lowa Agric. Exp. Stn. Spec. Rep. 80. lowa State Univ., Ames.

Ferris R, TR Wheeler, P Hadley, and RH Ellis (1998) Recovery of pho-
tosynthesis after environmental stress in soybean grown under el-
evated CO,,. Crop Sci. 38:948-955.

Ferris R, TR Wheeler, RH Ellis, and P Hadley (1999) Seed yield after
environmental stress in soybean grown under elevated CO,. Crop
Sci. 39: 710-718.

Gibson LR and RE Mullen (1996) Soybean seed composition under high
day and night growth temperatures. J. Am. Oil Chem. Soc. 73: 733-
737.

Hay R and J Porter (2006) The physiology of crop yield (2nd ed.).
Oxford: Blackwell.

Heagle AS, JE Miller, and WA Pursley (1998) Influence of ozone stress
on soybean response to carbon dioxide enrichment: lll. Yield and
seed quality. Crop Sci. 38: 128-134.

Hogy P, and A Fangmeier (2008) Effects of elevated atmospheric CO
on grain quality of wheat. J. Cereal Sci. 48: 580-591.

Hymowitz T, Fl Collins, J Panczer, and WM Walker (1972) Relationship
between the content of oil, protein, and sugar in soybean seed.
Agron. J. 64: 613-616.

Intergovernmental panel on climate change. Radiative forcing of climate
change (1995) In: Climate change: The science of climate change. In:
O Boucher, J Haigh, D Hauglustaine, J Haywood, G Myhre, T Naka-
jima, GY Shi, S Solomon (eds). Cambridge Univ. Press, Cambridge,
pp. 349-416.

IPCC (2007) Climate change: synthesis report. IPCC Working Group
Il Technical Support Unit, Met Office, Fitzroy Road, Exeter EX13PB,
United Kingdom, pp. 1-52.

Jablonski LM, X Wang, and PS Curtis (2002). Plant reproduction under
elevated CO, conditions: A meta-analysis of reports on 79 crop and
wild species. New Phytol. 156: 9-26.

John MK, HH Chuah, and JH Neufeld (1975) Application of improved
azomethine-Hmethod to the determination of boron in soils and
plants. Anal. Lett. 8: 559-568.

Krober OA and JL Cartter (1962) Quantitative interrelations of protein
and nonprotein constituents of soybeans. Crop Sci. 2: 171-172.

2

64



Leakey ADB, EA Ainsworth, CJ Bernacchi, A Rogers, SP Long, and DR
Ort (2009) Elevated CO, effects on plant carbon, nitrogen, and
water relations: Six important lessons from FACE. J. Exp. Bot. 60:
2859-2876.

Livingston NJ, RD Guy, ZJ Sun, and GJ Ethier (1999) The effects of
nitrogen stress on the stable carbon isotope composition, productiv-
ity and water use efficiency of white spruce (Picea glauca (Moench)
Voss) seedlings. Plant Cell Enviro. 22: 281-289.

Loeppert RL and WP Inskeep (1996) Colorimetric determination of
ferrous iron and ferric iron by the 1,10-phenanthroline method. In:
Methods of soil analysis: Part 3,Chemical methods, JM Bigham (ed).
SSSA Madison, WI, pp. 659-661.

Lohse G (1982) Microanalytical azomethine-H method for boron deter-
mination in plant tissue. Commun. Soil Sci. Plant Anal. 13: 127-134.

Long SP, Ainsworth EA, Rogers A, and Ort, DR (2004) Rising atmospheric
carbon dioxide: Plants FACE the future. Annu. Rev. Plant Biol. 55:
591-628.

Manderscheid R, J Bender, HJ Jager, and HJ Weigel (1995). Effects of
season long CO, enrichment on cereals. Il. Nutrient concentrations
and grain quality. Agric. Ecosyst. Environ. 54: 175-185.

Matsushima, M and SX Chang (2007) Nitrogen and water avail-
abilities and competitiveness of bluejoint: Spruce growth and fo-
liar carbon-13 and nitrogen-15 abundance. Soil Sci. Soc. Amer. J.
71:1547-1554.

Messina M (1997) Soyfoods: Their role in disease prevention and treat-
ment. In: Soybeans: Chemistry, technology and utilization. K. Liu
(ed.). Chapman and Hall, New York.

O'Byrne DMJ (1995) The effects of a low fat diet high in monounsatu-
rated fatty acids on serum lipids, apolipoproteins, and lipoproteins
in postmenopausal women with hypercholesteremia. Ph.D. diss. Univ.
of Florida, Gainesville, FL.

O’Leary MH (1995) Environmental effects on carbon isotope fraction-
ation in terrestrial plants. In: Stable Isotopes in the Biosphere, EWa-
da, T Yoneyama, M Minagawa, T Ando, and BD Fry (Eds). Kyoto
University Press, Kyoto, Japan, pp. 517-530.

Pearcy RW and J Ehleringer (1984) Comparative ecophysiology of C,
and C, plants. Plant Cell and Environ. 7: 1-13.

Pickering NB, LH Allen Jr, SL Albrecht, P Jones, JW Jones, and JT Baker
(1994) Environmental plant chambers: Control and measurement us-
ing CR-10T dataloggers. In: Computers in agriculture. DG Watson,
FS Zazueta, and TV Harrison (eds) Am. Soc. Agric. Engineers, St.
Joseph, MI, pp. 29-35.

Piper EL and KJ Boote (1999) Temperature and cultivar effects on soy-
bean seed oil and protein concentrations. J. Am. Oil Chem. Soc. 76:
1233-1241.

Polley HW (2002) Implications of atmospheric and climate change for

65

crop yield. Crop Sci. 42: 131-140.

Prasad P, V Vara, LH Allen Jr, and KJ Boote (2005) Crop responses to
elevated carbon dioxide and interaction with temperature: grain
legumes. J. Crop Improv. 13: 113-155.

Rebetzke GJ, VR Pantalone, JW Burton, BF Carver, and RF Wilson
(1996) Phenotypic variation for saturated fatty acid content in soy-
bean. Euphytica. 91: 289-295.

Rennie BD and JW Tanner (1989) Fatty acid composition of oil from
soybean seeds grown at extreme temperatures. J. Am. Oil Chem.
Soc. 66: 1622-1624.

SAS (2002-2010) Statistical Analysis System. Cary NC USA.

Stafford N (2007) The other greenhouse effect. Nature 448: 526—-528.

Taub D, B Miller, and H Allen (2008) Effects of elevated CO, on the
protein concentration of food crops: A meta-analysis. Global Ch.
Biol. 14: 565-575.

Tester RF, WR Morrison, RH Ellis, JR Piggott, GR Batts, TR Wheeler, JlI
Morrison, P Hadley, and DA Ledward (1995) Effects of elevated
growth temperature and carbon dioxide levels on some physico-
chemical properties of wheat starch. J. Cereal Sci. 22: 63-71.

Thomas JMG, KJ Boote, LH Allen Jr, M Gallo-Meagher, and JM Davis
(2003) Elevated temperature and carbon dioxide effects on soy-
bean seed composition and transcript abundance. Crop Sci. 43:
1548-1557.

Thorne JH (1982) Temperature and oxygen effects on 14C-photosyn-
thate unloading and accumulation in developing soybean seeds.
Plant Physiol. 69: 48-53.

Uprety DC, N Dwivedi, ARaj, S Jaiswal, G Paswan, V Jain, and HK
Maini (2009 Study on the response of diploid, tetraploid and
hexaploid species of wheat to the elevated CO,. Physiol. Mol. Biol.
Plants. 15: 161-168.

Uprety DC and VR Reddy (2008) In: Rising atmospheric CO, and crops.
ICAR Publication. DIPA, pp. 1-144.

Uprety DC, S Sen, and N Dwivedi (2010) Rising atmospheric carbon
dioxide on grain quality in crop plants. Physiol. Mol. Biol. Plants.
16: 215-227.

Wilcox JR and RM Shibles (2001) Interrelationships among seed quality
attributes in soybean. Crop Sci. 41: 11-14.

Williams M, PR Shewry, DW Lawlor, and JL Harwood (1995) The ef-
fects of elevated temperature and atmospheric carbon dioxide con-
centration on the quality of grain lipids in wheat (Triticum aestivum
L.) grown at two levels of nitrogen application. Plant. Cell Environ.
18: 999-1009.

Ziska LH, JA Bunce, and FA Caulfield (2001) Rising atmospheric carbon
dioxide and seed yield of soybean genotypes. Crop Sci. 41: 385-
391.



