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Environmental Variation and Correlation of Seed
Components in Nontransgenic Soybeans:
Protein, Oil, Unsaturated Fatty Acids,
Tocopherols, and Isoflavones
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ABSTRACT

The environment has a significant influence on
the expression of traits contributing to soybean
nutritional and/or industrial value. The aim of
this study was to explore and describe the vari-
ability of nontransgenic soybean seed chemical
components by investigating the environmen-
tal correlations among protein (Pr), oil (O), oleic
(Ql), linoleic (La), and linolenic (Ln) acids, oleic to
linolenic acid ratio (Ol:Ln) alpha- (AT), beta- (BT),
gamma- (GT), delta- (DT), and total tocopher-
ols (TT) and total isoflavones (Tl) by means of
principal component analysis. We analyzed
seeds from multienvironment trials involving 23
field trials grown in Argentina (24 to 38° S lati-
tude). A wide range of variability was observed
for Ol, Ln, Ol:Ln, AT, BT, and TI. The strongest
environment-induced relationships found were
the negative correlation between DT and AT
and the positive correlation between DT and Ln.
Increased Ol:Ln was negatively correlated with
Ln. High values of DT, Ln, and Pr were asso-
ciated with cool environments, Tl content was
greater in temperate to cool environments, and
AT, O, and Ol:Ln were associated with warm
environments. Warm environments would be
suitable for obtaining products with higher O
concentration of low oxidation capacity and
greater vitamin E content. In turn, temperate
to cool environments would be suitable for the
production of soybean with higher TI, La, Ln,
and TT content; in addition, these environments
would favor seeds of higher Pr concentration.
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SOYBEAN [Glycine max (L.) Merr.] is a key species for human
nutrition and the food industry (Seguin et al., 2009) due to the
high protein content of high quality and low cost, considerable
oil content rich in essential polyunsaturated fatty acids and high
vitamin and mineral content. Essential fatty acids, linoleic (La)
and linolenic (Ln), must be supplied to organisms through food of
plant origin (Lehninger et al., 1993) and are necessary for growth
and reproduction. Essential fatty acid deficiency has direct effects
on health and nutrition both in humans and animals (Valenzuela
etal., 1999, 2000). Soybean seed is also beneficial to health due to
its tocopherol and isoflavone content.
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Tocopherols are natural lipophilic antioxidants that
have an important biological role as vitamin E and can
improve immune system functionality (Shintani and
DellaPenna, 1998). These compounds may interrupt the
chain reaction of lipid peroxidation by scavenging peroxyl
radicals; they may also inhibit triacylglycerol peroxidation
at initiation by accepting free radicals (Kamal-Eldin and
Appelqvist, 1996). Soybean oil typically contains four types
of isomers; these are in decreasing order of antioxidant
activity in seed: delta-tocopherol (DT), gamma-tocoph-
erol (GT), beta-tocopherol (BT), and alpha-tocopherol
(AT) (Sherwin, 1976), the latter exhibiting the greatest
vitamin E activity in human body (Warner, 2003).

It has been suggested that isoflavones may play a positive
potential role in preventing colon, prostate, and breast cancer,
cardiovascular diseases, and bone resorption; they also have
the ability to attenuate many menopausal symptoms (Messina,
1995; Anderson and Garner, 1997; Barnes et al., 2000) because
they have antiestrogenic and antioxidant activities and inhibit
tyrosin kinase proteins (McCue and Shetty, 2004).

The expression of traits that contribute to soybean
nutritional and/or industrial value has a strong genetic
control. Argentina is one of the principal soybean seed
exporters and the main processor of byproducts. Ninety-
nine percent of the soybean production area is cultivated
with transgenic germplasm, the chemical composition of
which is sensitive to environmental variations but shows
little variation among genotypes (Carrera et al.,, 2009).
Therefore, nontransgenic germplasm with differential
chemical characteristics for some of the seed components
has been developed (Soldini, 1998). Several works ana-
lyzing environmental variation effects on seed chemical
composition have shown important changes in protein,
oil, and unsaturated fatty acid concentrations of soybean
seed associated with temperature during seed filling (Wolf
et al., 1982; Dornbos and Mullen, 1992; Wilson, 2004).
Some works argue that both isoflavone (Tsukamoto et al.,
1995; Lozovaya et al., 2005) and tocopherol content (Alm-
onor et al., 1998; Dolde et al., 1999; Britz et al., 2008) vary
with temperature during seed filling. Besides tempera-
ture, other climatic variables seem to modify seed chemi-
cal composition. Water deficit during seed filling can
affect oil and protein concentrations (Rose, 1988; Boy-
dak et al., 2002; Kumar et al., 2006; Rotundo and West-
gate, 2008; Carrera et al., 2009), fatty acids (Dornbos and
Mullen, 1992; Lee et al., 2008, Bellaloui and Mengistu,
2008; Gao et al., 2009), tocopherols (Britz and Kremer,
2002; Carrao-Panizzi and Erhan, 2007), and isoflavonoids
(Caldwell et al., 2005; Lozovaya et al., 2005; Rasolohery
et al.,, 2008). Intercepted solar radiation has been found
to affect some components of seed chemical quality such
as oil concentration during seed filling (Aguirrezabal et
al., 2003) and the relative proportion of each fatty acid in
soybean oil (Izquierdo et al., 2009).

identified
between environmental variables and variables of the
chemical composition of soybean seed, the covariation
or joint variation among the different components across
environments has received less attention. Environmentally
determined correlations among the main seed chemical
components might provide useful information to imple-
ment management practices aimed at obtaining a specific
nutraceutical quality. The aim of this study was to explore
and describe the variability in nontransgenic soybean seed
chemical components by investigating the environmental
correlations among protein, oil, unsaturated fatty acids,

Although many studies relationships

tocopherols, and total isoflavones.

MATERIALS AND METHODS

Plant Material and Experimental Design
of Field Trials

A multienvironment trial network was established at eight
experimental stations of the Instituto Nacional de Tecnologia
Agropecuaria (INTA) distributed across the Argentine soybean
region, covering a latitudinal range from 24° S to 38° S. Two
sowing dates per site were determined during the 20062007
and 2007-2008 crop seasons. In each site, the first and sec-
ond sowing dates were defined as early and late sowing date,
respectively. With the aim of capturing high environmental
variability, sowing dates were set as far away from each other
as possible within each sowing period. The mean separation
period between sowing dates was 33 d, with a minimum of
27 d (Parana and Reconquista in the 2006-2007 crop season)
and a maximum of 63 d (Manfredi in the 2007-2008 crop sea-
son). The trials were laid out as a randomized complete-block
design, with two replications in each environment (defined as
crop season, site, and sowing date combinations). Each envi-
ronment included six nontransgenic genotypes with differen-
tial quality characteristics (maturity group and growth habit are
given in parenthesis): (i) high oil types: AC 0730-3 (IV long),
AC 0916—1 (IV long), and AC 0124-1 (V short); and (i1) high
protein types: ALIM 3.14 (V indeterminate), ALIM 4.13 (V
indeterminate), and ALIM 3.20 (V indeterminate). Germplasm
registration information was generated by the Breeding Pro-
gram developed by INTA Agricultural Experimental Station
in Marcos Juarez (Coérdoba, Argentina), but these genotypes
are still not officially released. Of the 32 planned environments,
nine were discarded due to different adverse abiotic conditions
(foods, hail, and extreme drought). The environments used are
listed in Table 1. Chemical and physical analyses of soil samples
from each site did not indicate any physical or nutritional con-
straint for crop development. Crops were grown under rainfed
conditions and following cultural practices recommended by
INTA’s National Soybean Network for testing cultivars. These
practices include disease, insect, and weed control (with specific
products for nontransgenic soybean crop) to prevent any biotic
factor from reducing yields. Plant density in all trials was about
25 plants m™2 with rows 0.52 m apart.

Solar radiation and temperature data were recorded daily for
each crop season and site at INTA meteorological stations located
up to 10 km away from each trial. Rainfall records were obtained
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Table 1. Crop seasons, sites, sowing dates, average daily mean air temperature (Tm), mean solar radiation (Sr), and precipita-
tion minus potential evapotranspiration (pp-PET) involved in the multienvironment trials conducted across the soybean Argen-

tine crop area.

Latitude (S),

Sowing date

Climatic variable

Crop season  Sitef longitude (W) October November December January Tm#*(°C) Sr¥ (MJm? pp-PETS (mm)
—— Day of month———
2006-2007 BW 38° 19, 60° 14’ 6 18.8 18.9 2.8
15 17.3 16.5 -39.9
BO 37° 49, 63° 02’ 29 18.6 15.8 39.3
CE 24° 54’ 65° 29’ 14 20.5 151 35.6
22 20.4 13.3 17.5
CA 27° 38, 55° 30’ 27 25.2 21.5 179.9
27 24.9 20.0 107.2
FA 27° 04, 65° 25’ 19 22.5 1.2 8.2
MA 31°49’, 63° 46’ 20 221 18.9 6.8
21 20.5 15.0 132.2
PA 31°44’, 60° 32’ 1 22.0 16.3 433.6
28 21.3 13.3 497.7
RQ 29° 40, 59° 12’ 6 24.9 20.2 190.0
3 24.6 16.6 159.2
2007-2008 BO 37° 49, 63° 02’ 7 17.8 15.9 -39.5
CE 24° 54’ 65° 29’ 13 19.2 14.5 224.3
17 18.4 13.8 9041
CA 27° 38, 55° 30’ 15 24.3 19.7 371
FA 27° 04, 65° 25’ 26 24.3 16.7 141.0
8 22.8 13.4 260.4
MA 31°49’, 63° 46’ 30 22.0 18.9 24.0
2 19.6 14.8 46.8
PA 31° 44’ 60° 32’ 15 2141 17.0 -97.0

fIn Argentina: BW, Barrow; BO, Bordenave; CE, Cerrillos; CA, Cerro Azul; FA, Famailla; MA, Manfredi; PA, Parana; RQ, Reconquista.
#The period considered to generate Tm and Sr was between the date when the earliest cultivar at each sowing date reached R5 (beginning seed) phenological stage and the

date when the latest cultivar reached R7 (physiological maturity).

SThe period considered to generate pp-PET was between the date when the earliest cultivar at each sowing date reached R1 (beginning flowering) phenological stage and

the date when the latest cultivar reached R7.

from rain gauges placed close to each plot (less than 500 m away).
The potential evapotranspiration was calculated by means of the
Penman (1948) equation. Dates of occurrence of R1 (beginning
flowering), R5 (beginning seed), and R7 (physiological matu-
rity) were recorded using the scale of Fehr and Caviness (1977).
Using the daily climatic data, the following environmental fac-
tors were generated for each environment: (i) average daily mean
air temperature (Tm), (i) mean solar radiation (Sr), and (iii) pre-
cipitation minus potential evapotranspiration (pp-PET) (Table
1). The period considered to generate Tm and Sr was between
the date when the earliest cultivar at each sowing date reached
the R5 stage and the date when the latest cultivar reached the R7
stage. Meanwhile the period considered to generate pp-PET was
between the date when the earliest cultivar at each sowing date
reached the R1 stage and the date when the latest cultivar reached
the R7 stage. The variable pp-PET was included because water
balance from the whole reproductive period considers moisture
storage in the soil profile which could influence water availability
during grain filling (Carrera et al., 2009). The variable pp-PET
was used as a simple indicator of water stress.

Chemical Analyses

Protein concentration (expressed as percentage of dry matter)
was determined by the Kjeldahl method, using: (i) a digestion
unit Tecator Auto 1001 3844/Rev 1 (Foss Tecator, Hoganis,

Sweden), (ii) a scrubber unit Tecator 1001 4329/Rev 1 (Foss
Tecator, Hoganis, Sweden), and (iii) a distillation unit K-350
(Biichi, Flawil, Switzerland) and using the conversion factor 6.25
(AOCS, 1998; Ac 4-91). Oil concentration (expressed as percent-
age of dry matter) was extracted using Twisselmann equipment,
as specified by the Official Methods of American Oil Chem-
ists’ Society (AOCS, 1998; Ac3-44), with n-hexane solvent.
Methyl esters of unsaturated fatty acids: oleic acid (Ol), La, and
Ln (expressed as percentage of dry matter) were prepared fol-
lowing AOCS Ce 1-62 (AOCS, 1998). Unsaturated fatty acids
were analyzed with a Gas Chromatograph (Hewlett-Packard
6890, Wilmington, DE) equipped with a flame ionization
detector and using a capillary column HP-INNOWAX (Cross-
linked Polyethylene Glycol), with a film 0.32 mm X 30 m and
0.5 pm 1in thickness. Standard fatty acid mixtures (FAME Mix
Rapeseed, AOCS) purchased from Sigma-Aldrich (St. Louis,
MO) were used as calibration standards. The variable defined
as oleic to linolenic acid ratio (Ol:Ln) was constructed because
this relationship is considered a general indicator of oil qual-
ity. Tocopherol determination (expressed as mg kg™!' oil) was
performed from previously extracted oil according to methods
and practices recommended by AOCS Ce 8-89 (AOCS, 1998)
standards with a Liquid Chromatograph (Agilent 1100 high per-
formance resolution; Wilmington, DE) equipped with a diode
array detector (DAD). Separation was achieved with a Zorbax
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RX-Sil column (4.6 mm i.d. X 250 mm long and 5 pm particle
diam.), maintained at 25.5°C during the run. The mobile phase
was n-Hexane 99.5% in 2-Propanol, both of high performance
liquid chromatography (HPLC) purity. UV absorbance was
monitored at 292 nm. Injection volume was 20 uL and flow rate
was 1 mL min~'. Calibration curves were obtained using com-
mercial AT and DT standards purchased from Sigma-Aldrich
(St. Louis, MO, USA). Response factors of BT and GT were
calculated from AT and DT, respectively, and were corrected
for their molar extinction coefficient and molecular mass. Total
tocopherol (TT) was calculated by summing of individual iso-
mers’ content. Isoflavones (expressed as mg g~ ! of dry defatted
flour) were analyzed using the method developed by Murphy
et al. (1999) and modified by Hubert et al. (2005) from defatted
flour, using a Liquid Chromatograph (Agilent 1100 high per-
formance resolution; Wilmington, DE) equipped with a DAD.
Separation was achieved with a ZORBAX Eclipse XDB-C18
column (4.6 mm 1.d. X 250 mm long and 5 pm particle diam.)
maintained at 40°C during the run. The mobile phase was glacial
acetic acid 1% (v/v) in water and glacial acetic acid 1% (v/v) in
acetonitrile; all solvents were of HPLC purity. Ultraviolet absor-
bance was monitored at 254 nm. Injection volume was 5 pL and
flow rate was 1 mL min~'. Calibration curves were determined
using the following commercial standards: glycitin, acetyl daid-
zin, malonyl genistin, daidzein, acetyl genistin, and genistein,
which were purchased from LC Laboratories (Woburn, MA).
Response factors of the isoflavones daidzin, malonyl daidzin, and
genistin were calculated from their corresponding aglycones,
whereas response factors of the isoflavones glycitein, acetyl glyci-
tin, and malonyl glycitin were calculated from glycitin and were
corrected in a molecular mass ratio. Total isoflavones were cal-
culated as the sum of the 12 forms (genistein, daidzein, glycitein,
genistin, daidzin, glycitin, acetyl genistin, acetyl daidzin, acetyl
glycitin, malonyl genistin, malonyl daidzin, malonyl glycitin).
All determinations were made at the Grain Quality Laboratory,
located at INTA Agricultural Experimental Station in Manfredsi,
Coérdoba, Argentina.

Statistical Analysis

At each environment, mean values (across genotypes) of protein
(Pr), 0il (O), OI, La, Ln, Ol:Ln, AT, BT, GT, DT, TT, and total
isoflavones (TT) were analyzed using a biplot (Gabriel, 1971) con-
structed by plotting the symmetrically scaled principal compo-
nent 1 (PC1) scores against the principal component 2 (PC2)
scores obtained via principal component analysis (PCA) of an
environment X trait matrix containing standardized trait data
(Fig. 1). Therefore, the input matrix to the PCA contained envi-
ronmental plus environmental X trait effects (Yan and Rajcan,
2002). Biplots can be multidimensional, but two-dimensional
biplots, using only the first and the second principal compo-
nents, are most common, both for biological reasons as well as
for easy comprehension (Yan et al., 2000). The biplot is an ideal
tool for multienvironment trials data analysis and represents an
optimum space for analyzing the underlying variability and cor-
relation between environmentally induced chemical variables. In
the biplot, a vector is drawn from the origin to each trait marker
to better visualize the relationships between chemical traits. The
cosine of the angle between two trait vectors approximates the
environmental correlation between the traits. An acute angle

indicates a positive correlation and an obtuse angle indicates
a negative correlation. In the biplot the environments were
divided into three groups as a temperature function: cool (17.5 to
20.5°C), temperate (20.6 to 22.4°C), and warm (22.5 to 25.0°C);
the biplot was generated using Info-Gen software (Balzarini and
Di Rienzo, 2009). Data point classification in the biplot was sug-
gested by previous linear regression of seed chemical variables on
Tm, Sr, and pp-PET as well as combinations of these variables
(Tm with pp-PET; Sr with pp-PET). Mallows” Cp statistic was
used to identify the most important explanatory variable (at the
0.05 probability level).

RESULTS AND DISCUSSION

Most of the chemical components exhibited a high coef-
ficient of variation, which indicates the environmental
impact on seed composition (Table 2). Other studies involv-
ing multienvironment trials have reported a marked vari-
ability in seed chemical composition of transgenic cultivars,
mainly in Ol, Ln, Ol:Ln (Maestri et al., 1998; Kumar et al.,
2006), AT, BT, GT, DT, TT (Dolde et al., 1999; Carrao-
Panizzi and Erhan, 2007), and TI (Hoeck et al., 2000; Mor-
rison et al., 2008; Murphy et al., 2009). In the present work,
the ranges in nontransgenic genotypes obtained for the
aforementioned components were wider, except for GT,
DT, and thus TT. Protein and oil concentrations exhibited
lower variability (Table 2), and these ranges were analogous
to those reported in previous works in a similar area involv-
ing a high number of transgenic cultivars (Dardanelli et al.,
2006; Carrera et al., 2009). Linoleic acid also exhibited low
variability, with ranges similar to those reported by Maestri
et al. (1998) and Kumar et al. (2006).

Linear regressions showed that the average daily mean
air temperature from R5 to R7 was the best predictor for
O (p < 0.0001), OI (p < 0.0001), Ln (p < 0.0001), OL:Ln
(p < 0.0001), AT (p < 0.0001), DT (p < 0.0001), and TI
(p < 0.0002) (Fig. 2). Although Sr was a significant predic-
tor for all these variables except TI, the Mallows” Cp indi-
cated that the Tm eftect was 10 times stronger than Sr. The
environmental factor pp-PET was a significant explanatory
variable but only for the unsaturated fatty acids and the
Ol:Ln and also showed lower Mallows’ Cp than Tm. Thus,
we clustered the 23 environments by their Tm from R5 to
R7 into three groups with higher heterogeneity between
than within groups, cool (17.5 to 20.5°C), temperate (20.6
to 22.4°C), and warm (22.5 to 25.0°C), presented in Table
3. Also in this table are given the environmental values, that
is, the average of different soybean seed component values
(Pr, O, O], La, Ln, OL:Ln, AT, BT, GT, DT, TT, and TI)
across all nontransgenic genotypes at each environment.
Information contained in this table contributes to clarify
the interpretation of the environment X trait biplot shown
in Fig. 1. In the biplot the first axis (PC1) explains 50% and
the first two axes explain 70.1% of the total variation of
the trait-standardized data. The third axis (PC3) was also
examined and it explained 17.4% of total variation. One
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Figure 1. Environmentally determined correlations between nontransgenic soybean seed components (triangles) from twenty-three
environments (circles). Environment x trait type biplot. See Table 2 for seed component denomination. Warm, temperate, and cool
environments are represented by white, gray, and black circles, respectively.

of the highest environment-induced relationships between
components revealed in the plane determined by the two
first axes of the biplot is that DT is negatively correlated
with AT and positively with Ln. The negative correlation
found between DT and AT agrees with results reported by
Seguin et al. (2009) and could be reflecting the competi-
tion for 2-methyl-6-phytyl-1,4-benzoquinone, the com-
mon precursor from which DT and AT are synthesized
(Sattler et al., 2003). Dolde et al. (1999) found increases in
DT together with increases in Ln. It has been suggested that
DT has the greatest relative antioxidant efficacy of the four
isomers (Sherwin, 1976) and that a very important func-
tion of tocopherols is to protect polyunsaturated fatty acid
chains from lipid peroxidation (Girotti, 1998). Therefore,
increases in DT would be expected, resulting in the posi-
tive correlation between Ln and DT. Figure 1 also shows
that the trait vectors corresponding to DT and Ln were
oriented toward cool environments, whereas the AT trait
vector was oriented toward warm environments. This is
consistent with studies conducted under controlled condi-
tions (Britz and Kremer, 2002), which showed that under
warm temperatures during seed filling, AT increases were
achieved at the expense of compensatory DT decreases.
In field studies involving several soybean lines, Britz et al.

Table 2. Mean, coefficient of variation (CV) and ranges for
seed protein (Pr), oil (O), oleic (Ol), linoleic (La) and linole-
nic (Ln) acids, oleic to linolenic acid ratio (Ol:Ln), alpha- (AT),
beta- (BT), gamma- (GT), delta- (DT), and total tocopherol
(TT), and total isoflavone (TI) values in nontransgenic geno-
types across the Argentine soybean crop area.

Chemical variable Mean cv Min. Max.
Prf 40.8 4.5 36.0 44.7
of 22.0 79 17.4 25.3
oIt 22.7 10.4 181 29.0
Laf 52.7 44 47.3 571
Lnt 7.8 15.3 4.7 10.3
Ol:Lnt 3.0 26.3 1.8 6.1
AT# 128.6 38.1 45.7 246.0
BT+ 44.2 41.4 15.4 110.7
GT+ 989.4 14.0 4811 1441.6
DT+ 347.9 27.5 154.6 572.3
TTH 151041 11.0 975.0 2004.3
TIS 3.8 36.5 1.0 75

fPercentage of dry matter.
*mg kg™ oil.

Smg g~ of dry defatted flour.

(2008) found that AT'TT ratio was the highest (which indi-
rectly implied higher AT proportion) at warm temperatures
for all the lines at all the environments considered.
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total isoflavones (TI) content (mg g~' of dry defatted flour) and the average daily mean air temperature (Tm). See Table 1 for the period

considered to estimate Tm.

Dolde et al. (1999) found increases in TT content and
concentration of unsaturated fatty acids, which includes
Ln, with decreasing temperatures. Decreasing temperature
during seed filling increases Ln levels (Howell and Cartter,
1958; Gibson and Mullen, 1996). Under these conditions,
higher DT levels would be expected, resulting in the posi-
tive correlation between Ln and TT (Fig. 1); therefore, a
higher amount of polyunsaturated fatty acids would be pro-
tected from peroxidation. Although the biochemical basis
for the positive environmentally determined correlation
between Ln and DT is unknown to our knowledge, Wil-
son (2004) suggested that the ®-6 desaturase (that catalyze
the conversion of oleic to linoleic acid) activity not only
imposed a considerable influence on tocopherol content
but also on tocopherol composition. In general, this author
found that low linolenic soybeans oils exhibited elevated
levels of alpha-tocopherol or vitamin E, especially when
grown under warmer commercial production environ-
ments. Our study suggested a strong negative correlation
between Ln and AT that is environmentally determined.

It would be interesting to study the mechanisms through
which the enzymes involved in the consecutive desatura-
tion of the fatty acids (Ol, La, and Ln) regulate the tocoph-
erol content and its composition.

A higher OL:Ln was negatively correlated with Ln, in
agreement with previous works (Kumar et al., 2006; Carrao-
Panizzi and Erhan, 2007; Gao et al., 2009). The Ol:Ln trait
vector was oriented toward warm environments, whereas
the La and Ln trait vectors pointed toward temperate and
cool environments, respectively. Howell and Collins (1957),
Carver et al. (1986), and Dornbos and Mullen (1992) found
that under high air temperatures during soybean seed fill-
ing, La and Ln concentrations were proportionally reduced
and Ol increased. Likewise, in multienvironment trials
involving numerous genotypes, Oliva et al. (2006) observed
increases in Ol and decreases in Ln with increasing tempera-
tures. The increase in Ol:Ln in warm environments (which
implies increases in Ol and decreases in Ln with increasing
temperatures) might be due to the temperature effect on
the key enzymes (oleate and linoleate desaturases), which
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Table 3. Environment classification (E Class) by the average daily mean air temperature (Tm) and environmental values (across
nontransgenic genotypes) of protein (Pr), oil (O), oleic (Ol), linoleic (La), linolenic (Ln), oleic to linolenic acid ratio (Ol:Ln), alpha-
(AT), beta- (BT), gamma- (GT), delta- (DT), and total tocopherols (TT), and total isoflavones (TI) in soybean grains at 23 environ-

ments from the Argentine crop region.

Environmentt E Class* Pr$ 0s oIs Las LnS  OLLn$ ATT BT GT! DTT TT! TI*
1_E_BO Cool 41.9 20.3 21.4 53.0 9.1 2.4 92.3 57.5 932.0 4425 1524.3 5.2
1_E_BW Cool 38.9 21.5 21.3 54.6 8.2 2.6 88.1 45.4 898.0 431.0 14625 6.5
1_E_CA Warm 40.7 24.7 25.2 541 6.3 4.0 199.8 37.8 10951 2174 1549.8 3.5
1_E_CE Cool 42.7 21.9 22.9 49.7 8.0 2.9 104.8 46.0 860.5 349.5 1360.8 3.9
1_E_MA Temperate 39.5 22.4 23.5 52.6 7.0 3.4 138.4 49.8 958.5 2784 14250 4.6
1_E_PA Temperate 39.1 23.0 21.9 54.6 7.9 2.8 110.0 32.3 953.8 317.3 14135 3.7
1_E_RQ Warm 401 23.9 25.5 52.5 6.2 4.2 209.7 54.7 1024.0 212.8 1501.2 2.5
1_L_BW Cool 39.7 20.5 21.0 54.4 941 2.3 63.7 37.6 991.2 4945 1586.9 6.1
1_L_CA Warm 40.7 24.7 25.5 53.2 6.7 3.9 196.7 2941 1043.3 206.4 14755 2.7
1_L_CE Cool 41.6 21.5 21.9 50.7 8.7 2.5 80.3 44.5 865.4  420.7 1410.9 4.9
1_L_FA Warm 41.3 22.3 22.8 51.8 6.6 3.5 145.8 40.2 936.6 299.9 14225 3.7
1_L_MA Temperate 40.5 21.8 22.7 53.3 7.7 2.9 951 32.5 8912 338.6 13573 5.2
1_L_PA Temperate 39.3 21.4 20.7 54.4 8.7 2.4 97.5 371 1041.3 381.2 15571 3.3
1_L_RQ Warm 414 22.9 24.7 52.0 6.7 3.8 188.9 54.4 1021.0 285.7 1549.9 2.7
2_E_CE Cool 42.8 20.9 211 50.9 8.5 2.5 110.6 49.9 97141 426.2 15577 4.0
2_E_FA Warm 40.7 22.8 25.3 51.7 6.7 3.9 185.4 714 1026.4 287.2 157041 2.8
2_E_MA Temperate 42.2 20.7 22.8 52.8 8.1 2.8 134.2 341 891.8 334.3 13944 3.2
2_L_BO Cool 40.9 19.2 20.0 52.8 9.4 2.2 85.3 66.2 1218.7 469.6 1839.7 3.6
2_L_CA Warm 40.5 23.3 24.6 51.6 6.2 41 206.0 47.0 988.3 1871 1428.5 1.8
2_L_CE Cool 41.8 21.2 20.3 51.0 9.0 28 89.1 45,5 1005.7 478.2 1618.5 41
2_L_FA Warm 40.5 22.6 23.7 52.9 7.4 3.2 145.8 33.2 980.3 3274  1486.7 3.5
2_L_MA Cool 414 20.4 20.4 54.6 8.4 2.4 104.9 35.2 106441 397.8 1602.0 3.4
2_L_PA Temperate 40.6 21.6 22.7 521 7.9 2.9 106.1 34.9 1107.3 3739 16222 2.9
Mean 40.8 22.0 22.7 52.7 7.8 3.0 129.5 44.2 989.8 346.0 1509.4 3.8
Max 42.8 24.7 25.5 54.6 9.4 4.2 209.7 714 1218.7 4945 1839.7 6.5
Min 38.9 19.2 20.0 49.7 6.2 2.2 63.7 291 860.5 18741 1357.3 1.8

TCrop season, sowing date, and site combinations. Crop season: 1 = 2006-2007, 2 = 2007-2008; sowing date: E = early, L = late; site (in Argentina): BW = Barrow; BO =
Bordenave; CE = Cerrillos; CA = Cerro Azul; FA = Famailla; MA = Manfredi; PA = Parang; RQ = Reconquista.

*Cool = 17.5 to 20.5°C, temperate = 20.6 to 22.4°C, and warm = 22.5 to 25.0°C.
SPercentage of dry matter.

mg kg oil.

*mg g~ of dry defatted flour.

subsequently desaturate Ol into La and Ln in developing
soybean seeds and which, as it is well known, reduce their
activity with increasing temperature (Cheesbrough, 1989).

It should be noted that the positive association of GT
and DT with TT has been frequently reported in soybean
(Scherder et al., 2006; Carrao-Panizzi and Erhan, 2007,
Seguin et al.,, 2009) and in other species such as canola
(Brassica napus L.) (Marwede et al., 2004). This relationship
is expected considering that these make up the majority of
TT (60—66 and 24-29%, respectively, Eskin et al., 1996).

Although previous works observed a negative asso-
ciation between total isoflavone and protein (Seguin et
al., 2004; Primomo et al., 2005b; Morrison et al., 2008),
this relationship was not confirmed in our study even
considering the third axis (PC3). The plane determined
by PC1 and PC2 of the biplot showed that the TI trait
vector was oriented toward temperate to cool environ-
ments; this was also observed when PC3 was analyzed.
Several studies have indicated temperature influence on
1isoflavone content; for example, it has been demonstrated

that isoflavone accumulation decreases in warm (Kita-
mura et al., 1991; Tsukamoto et al., 1995; Carrao-Panizzi
et al., 1999; Caldwell et al., 2005; Primomo et al., 2005a;
Murphy et al., 2009) and dry environments (Lozovaya et
al., 2005). The increased TI content in temperate to cool
environments could be due to the temperature effect on
the key enzymes of the first common phenylpropanoid
pathway steps, phenyl ammonialyase, chalcone synthase
and chalcone reductase, which are strongly overexpressed
with decreasing temperatures (Dixon and Paiva, 1995;
Janas et al., 2002; Posmyk et al., 2005). By contrast, high
temperatures decrease isoflavones synthesis (Mori et al.,
2005). More detailed research measuring Tm in each gen-
otype—environment combination might provide an accu-
rate magnitude of the effect of this variable on TT content.

Oil concentration increased in warm environments
(Fig. 1). Mean air temperature during crop reproductive
growth plays a significant role in determining O concen-
tration variability, as reported in several works (Piper and
Boote, 1999; Thomas et al., 2003; Carrera et al., 2009).

CROP SCIENCE, VOL. 51, JANUARY—FEBRUARY 2011

WWW.CROPS.ORG 7



Rotundo and Westgate (2008), integrating information
from diverse manipulative studies and conditions to evalu-
ate temperature effects on soybean seed composition, found
that an increase in temperature in a temperature range
lower to 26°C increased oil concentration. In the same
way, lyer et al. (2008) working with soybean embryos in
vitro exposed to increased temperature in a range lower to
26°C observed an increase in sucrose partitioning to oil.
According to Rotundo and Westgate (2008), high temper-
atures during seed filling (>26°C) reduce the accumulation
of oil due to the dependence of oil synthesis on current
photoassimilate production. Furthermore, high tempera-
tures accelerate development, thus reducing the duration
of seed filling (Triboi and Triboi-Blondel, 2002). Since
our work involved environments with Tm between 17.3
and 25.2°C, oil concentration was higher in those envi-
ronments classified as warm for our cropped region. Thus,
our results add that in such environments it would be pos-
sible to achieve not only higher oil concentration but also
higher Ol:Ln (which confer higher stability to the oil) and
higher AT content, since these seed quality components are
environmentally correlated. Future works focused on oil
content and not only on final oil concentration would pro-
vide an important insight to understand the physiological
factors regulating soybean oil or other components accu-
mulation that determine the final concentration of these
components. Protein trait vector was oriented toward
those cool environments which were also characterized
by lower radiation than the remaining cool environments
(14.4 versus 16.5 M] m~2) (Fig. 1) and therefore had reduced
photothermal quotient (Fischer, 1985). Under these condi-
tions, potential yield decreases (Magrin et al., 1993), and
because of the negative correlation between yield and Pr
concentration (Wilcox and Guodong, 1997), we inferred
that environments with lower potential yield would attain
higher Pr concentrations. Analysis of the effects of the envi-
ronmental factors (e.g., solar radiation, water deficits) on
grain composition during the seed filling period will be
useful to complement the present study that focuses on the
environmental correlations among different seed chemical
components. Moreover, further research based on manipu-
lative experiments will be necessary to study the underly-
ing physiological mechanisms behind the environmentally
determined correlations among the whole set of seed chem-
ical components described in this work. Nevertheless, our
findings are encouraging for breeders because they suggest
that environments that promote high soybean protein are
compatible with increased levels of chemical components
with nutraceutical properties and thus could be advanta-
geous for use of soy in food products. Meanwhile, environ-
ments enhancing high oil concentrations are linked with
those components demanded by oil and biodiesel industries.
Thus, the analysis of the environmental variability and the
interrelationships among chemical compounds in the seed

provided useful information for planning breeding of soy-
bean grain for specific uses to meet the many facets of the
markets demand. Genetic improvement of a given compo-
nent and environment selection in which the expression of
such component correlates with that of other components
would permit a grower to obtain desired profiles at a lower
cost than the cost of analyzing components individually.

CONCLUSIONS

Our results showed high variability in soybean seed
chemical components that correlates with variations in
temperatures of the crop environments during the seed
filling. Management practices that modify the thermal
environment during this period (e.g., selection of sow-
ing date and sites) might contribute to obtain grains of
desired chemical quality. Warm environments would be
suitable for obtaining products with higher O concentra-
tion of low oxidation capacity (higher Ol:Ln ratio), which
is demanded by oil and biodiesel industries, as well as
products of higher vitamin E content (mainly AT). On
the other hand, temperate to cool environments pro-
mote higher TI, essential fatty acids (La and Ln), and TT
and therefore would be suitable for soybean production
intended for nutraceutical product development. These
environments would also favor a higher Pr concentration,
which is important for the meal industry.
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