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ABSTRACT: The soybean [Glycine max (L.) Merr.] industry is
interested in cultivar and climate effects on seed composition.
These factors may underlie the known geographic variation in
seed protein and oil concentrations. Regression analyses were
used to test hypotheses of the effect of temperature and cultivar
on oil and protein concentrations of soybean seed using a large
data set from the U.S.A. Soybean Uniform Tests. The data set
included 20 cultivars representing 10 maturity groups across 60
locations (latitude 29.4 to 47.5° N) for a total of 1863 cultivar
by location by year observations. Temperature was determined
for each observation as the average daily mean temperature
from predicted first pod (first pod at least 5 mm long), using the
SOYGRO phenology model, to observed maturity. The mean
temperature ranged from 14.6 to 28.7°C among the observa-
tions. Linear, quadratic, and linear plateau regression models of
oil and protein concentrations vs. temperature were evaluated.
The quadratic model gave the best-adjusted R? values for oil
and protein with temperature, of 0.239 and 0.003, respectively.
The analyses showed that the oil concentration increased with
increasing temperature and approached a maximum at a mean
temperature of 28°C. Unaccounted variation in the protein con-
centration may be from other factors such as photoperiod, water
stress, or high temperatures during seed fill. Protein plus oil had
a linear relationship with temperature (adjusted partial R? =
0.183). These data document the contribution of climate and
cultivar to geographic variability of oil and protein concentra-
tions in the United States.
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For commercial considerations, knowledge of the underlying
causes of geographic variation in seed composition is of great
interest to the soybean processing industry. Oil and protein
are the major economic products from soybean seed. How-
ever, the concentration of oil and protein may range from 120
to 230 g kg~ and 255 to 589 g kg~!, respectively (1). Al-
though this variation may be assumed to be genetic or envi-
ronmentally induced, the nature of the plant response is not
well understood.
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The consistent well-documented negative correlation be-
tween oil and protein indicates that the oil concentration tends
to decrease as the protein concentration increases (2-5). This
response has been attributed to both environment and geno-
typic variation (2—4). Hurburgh et al. (6) reported that north-
ern and western locations in the Midwest had a greater pro-
tein loss for each concentration point gain in oil than south-
ern locations, yet the negative correlation between protein vs.
oil concentration persists at high temperature (7).

Variability in slopes of oil or protein concentrations vs.
temperature appears to depend on the temperature range in
the study. Keirstead (8) found a significant positive correla-
tion between mean temperature and oil concentration, with
oil concentration increasing 7.4 and 8.5 g kg™! °C™! during
two growing seasons. Serretti (9) reported that oil concentra-
tion increased 6.7 g kg™! °C~!. Kane e al. (10) found that oil
concentration increased 5.2 to 6.6 g kg™ oc! among six cul-
tivars. Protein concentration had no significant relationship
with temperature in these studies (9,10).

Sato and Ikeda (11) and Wolf er al. (12) evaluated final oil,
protein, soluble sugar, and starch concentrations under a wide
range of temperatures in controlled environmental chambers.
In their studies, the oil concentration increased with tempera-
ture and reached a plateau at mean temperatures above 22°C.
The starch and soluble sugar concentrations decreased with
increasing temperature and decreased dramatically at mean
temperatures greater than 20°C (11). Protein concentration
appeared to be relatively constant at lower temperatures but
increased at the highest temperature.

Growth chamber and greenhouse experiments have been
conducted to establish the response of oil and protein concen-
tration to temperature. Gibson and Mullen (7) and Dornbos
and Mullen (13) found that oil content increased with increas-
ing temperature with an optimum at 25 to 28°C, above which
the oil concentration declined. The protein concentration was
either constant or only slightly increased with decreasing
mean temperature below 28°C (7,11,12). At temperatures
greater than 28°C, protein concentration increased linearly
with temperature (7,13). In addition to temperature, shorten-
ing day length may enhance the protein concentration by in-
creasing the rate of nitrogen translocation to the seed and seed
growth rate (14). Protein plus oil appears to increase linearly
with increasing mean temperature (7,11,12).
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Geographic patterns of oil and protein levels of soybean
seed reported in the United States show that protein is higher
and oil lower in the Southeast and Delta states compared to
the Midwest (5,8). Breene et al. (15) also found that the pro-
tein concentration tended to be less at northern vs. southern
locations (34 to 44° N latitude). Northern and northwestern
states have been reported to have about 5 g kg™! higher oil
and 15 to 20 g kg™' lower protein concentrations than south-
ern states (6). The contribution of cultivar to the observed ge-
ographic patterns of seed composition has not been well de-
fined. However, during the past 40 yr, new cultivars in north-
ern states and Canada have increased oil concentration and
decreased protein concentration as yield has been improved
in these cooler environments (16,17).

Studies of seed composition have been conducted over a
limited range of environments. No study in the literature was
found that evaluated the response of oil and protein concen-
trations to temperature across all latitudes in the United
States. Evaluation of responses in a large field-data set cover-
ing a wide range of temperatures would be desirable for com-
parison with those observed in controlled environment stud-
ies. The objective of this paper is to test hypotheses of the ef-
fect of temperature and cultivar on oil and protein
composition of soybean seed using a large data set from the
Uniform Soybean Tests.

MATERIAL AND METHODS

Cultivar trial data were obtained from “The Uniform Soybean
Tests: Northern States and Southern States” publications from

TABLE 1
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the years 1970 to 1990 for over 60 locations ranging in lati-
tude from 47.48 to 29.36° N (Tables 1,2). The Uniform Soy-
bean Testing Program tests elite breeding lines from federal
and state research programs for potential as cultivar releases.
The trial data included check cultivars that are often grown
for many years in the trials. Twenty check cultivars were se-
lected from the Uniform Test data to represent 10 maturity
groups (00—VIII). The selected cultivars were McCall (00),
Clay (0), Evans (0), Hardin (I), Hodgson (I), Corsoy (II), Cen-
tury (II), Pella (IIT), Cumberland (IIT), Williams (III), Union
(IV), Douglas (IV), Essex (V), Forrest (V), Centennial (VI),
Braxton (VII), Bragg (VII), Ransom (VII), Hutton (VIII), and
Cobb (VIII). Maturity group is given in parentheses. Infor-
mation reported in The Uniform Tests publications includes
oil and protein concentrations (dry weight basis), maturity
date, and seed yield.

Daily maximal and minimal temperatures (°C) were ob-
tained from Earth Info, Inc. (NCDC Summary of the Day,
Earth Info, Inc., Boulder, CO) CD-ROM disks that contained
the United States National Weather Service data (18). The av-
erage daily mean temperature and the average daily photope-
riod for each observation were determined from first pod, as
predicted by the SOYGRO phenology model (19), to the ob-
served maturity date.

Oil concentration vs. the average mean air temperature
during seed fill was initially plotted for each cultivar to iden-
tify outliers that may bias the regression analysis. As an ex-
ample, oil concentrations were especially low in 1982
throughout the Midwestern states despite warm temperatures.
Thirteen location—year combinations were deleted when the

Descriptive Statistics of the Uniform Test Data for Percentage Oil, Percentage Protein, and Percentage Protein Plus Oil

Oil (%)

Cultivar Standard

(maturity group)

N Minimum Maximum Mean deviation Minimum Maximum Mean deviation Minimum Maximum Mean deviation

McCall (00) 72 169 22.8 20.0 1.45 35.9
Clay (0) 77 154 24.7 20.6 1.90 36.9
Evans (0) 78 18.1 24.7 20.9 1.72 36.2
Hodgson (1) 106 16.4 25.3 21.2 2.03 35.5
Hardin (1) 59 18.0 24.5 21.7 1.63 36.3
Corsoy (Il) 126 16.1 239 21.1 1.73 36.6
Century (II) 81 16.8 229 20.1 1.35 38.3
Williams (I11) 148 18.0 24.2 21.5 1.42 35.7
Pella (1) 83 17.9 24.6 21.4 1.47 35.0
Cumberland () 52 18.3 24.5 21.7 1.63 36.2
Union (V) 57 17.4 22.2 20.3 1.10 38.5
Douglas ((\%) 97 16.5 23.1 20.8 1.29 38.2
Essex (V) 158 17.9 25.0 20.7 1.35 37.5
Forrest (V) 158 18.1 25.2 21.0 1.51 34.1
Centennial (VI) 97 16.9 22.4 19.3 1.14 35.6
Ransom (VII) 78 20.6 259 23.3 1.21 34.8
Braxton (VII) 98 16.8 22.2 19.9 1.13 39.2
Bragg (VII) 87 18.0 23.8 20.9 1.20 36.9
Cobb (VIII) 58 18.2 24.0 21.1 1.21 36.9
Hutton (VIII) 93 17.6 23.5 20.0 1.14 39.6
Overall 1863 154 259 209 1.65 34.1

Protein (%) Protein plus oil (%)
Standard Standard
44.8 39.7 1.64 56.8 63.2 60.0 1.34
449 40.9 1.61 56.2 65.1 61.5 1.85
43.6 39.7 1.76 56.7 64.1 60.6 1.65
44.0 39.6 1.82 56.3 66.5 60.8 1.95
43.0 39.7 1.82 57.6 65.1 61.4 1.74
44 .4 40.3 1.71 55.9 65.9 61.4 1.85
45.4 42.2 1.68 57.3 67.1 62.2 1.92
44 .4 40.8 1.43 56.5 65.9 62.3 1.70
43.4 39.3 1.59 55.7 63.7 60.6 1.77
44.5 40.5 1.85 58.6 64.9 62.1 1.64
46.2 41.9 1.57 58.5 65.9 62.2 1.72
449 41.6 1.61 57.6 67.2 62.3 1.85
46.8 41.9 1.81 57.3 65.9 62.6 1.59
459 39.6 2.01 53.2 65.4 60.6 2.16
48.1 42.9 1.97 55.8 67.2 62.2 2.10
45.0 40.4 1.73 58.6 66.9 63.7 1.61
46.4 42.0 1.46 59.2 65.6 61.9 1.40
45.0 41.8 1.53 57.6 67.0 62.7 1.64
441 40.1 1.83 55.1 65.7 61.2 2.08
46.7 43.3 1.50 58.2 67.3 63.4 1.69
48.1 40.9 2.07 53.2 67.3 61.8 2.02
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Descriptive Statistics for Mean Air Temperature, and Night Length During Seed Fill for Each Cultivar Selected from the Uniform Test Data?

Mean temperature (°C)

Night length (h)

Cultivar Standard Standard
(maturity group) N Minimum Maximum Mean deviation Minimum Maximum Mean deviation
McCall (00) 72 16.8 24.7 20.8 1.80 8.81 10.34 9.55 0.33
Clay (0) 77 14.6 23.7 20.3 1.89 8.90 10.83 9.77 0.37
Evans (0) 78 16.0 25.2 20.5 2.00 9.36 10.69 9.98 0.31
Hodgson (1) 106 15.2 25.2 20.6 2.21 9.61 11.17 10.15 0.32
Hardin (1) 59 16.8 27.2 22.4 2.55 9.38 10.86 10.06 0.32
Corsoy (II) 126 16.4 27.1 22.0 1.87 9.78 11.14 10.28 0.27
Century (Il) 81 18.8 28.7 23.1 2.04 9.73 10.69 10.20 0.20
Williams (111) 148 19.1 28.7 23.3 2.02 10.00 11.38 10.52 0.23
Pella (11) 83 18.9 28.5 23.2 1.92 9.86 10.80 10.32 0.19
Cumberland (11I) 52 20.5 28.3 23.6 1.76 9.89 10.82 10.37 0.17
Union (IV) 57 20.4 27.7 23.6 1.92 10.02 11.03 10.56 0.19
Douglas (IV) 97 20.2 28.3 24.2 1.87 10.09 11.44 10.80 0.27
Essex (V) 158 19.3 28.6 24.0 1.98 10.70 11.82 11.23 0.25
Forrest (V) 158 18.7 28.0 23.6 2.10 10.73 11.95 11.32 0.26
Centennial (V1) 97 18.3 27.5 22.6 2.22 11.25 12.19 11.70 0.19
Ransom (VII) 78 20.4 27.9 24.5 1.95 11.24 12.19 11.66 0.20
Braxton (VII) 98 19.9 27.2 24.1 1.62 11.25 12.04 11.62 0.17
Bragg (VII) 87 20.1 28.1 24.7 1.84 11.07 12.15 11.51 0.20
Cobb (VIII) 58 20.1 26.7 239 1.70 11.35 12.29 11.82 0.20
Hutton (VIII) 93 20.3 27.2 24.4 1.61 11.20 12.25 11.73 0.19
Overall 1863 14.6 28.7 23.0 2.37 8.81 12.29 10.81 0.73

9Each temperature and night length observation is the average of daily values from predicted first pod, using the SOYGRO phenology model, to observed

maturity.

oil concentration was 4% greater or less than the other data at
mean seed fill temperatures above 24°C. These observations
were Elora, Ontario-1982; Crookston, MN-1976; Rosemont,
MN-1982; Portageville, MO-1980, 1982; Queenstown, MD-
1980; Lafayette, IN-1982; Stoneville, MS-1982; Clayton,
NC-1977; Blacksville, SC-1972, 1978; Hartsville, SC-1981;
Tifton, GA-1982; Jay, FL-1982. Two observation sites,
Keiser, AR-1984 and Knoxville, TN-1982, were removed for
the cultivar Douglas because the oil was 5% greater than the
other observations at the given temperature. The final data set
included 1863 cultivar—location—year observations.

The Uniform Test data contained observations over a wide
range of temperatures and photoperiod. However, each culti-
var in the data set was exposed to only a portion of the tem-
perature and photoperiod range because of the subset of loca-
tions where it was grown. Thus, linear regression analyses
were performed by cultivar for oil concentration vs. average
daily mean temperature during seed fill (temperature), pro-
tein concentration vs. temperature, and protein plus oil vs.
temperature. These seed constituents also were regressed
against cultivars and temperature. The analysis by cultivar
provided insight into analyses over all cultivars by showing
trends of oil and protein concentrations across latitude. The
regression analyses were performed as discussed by Steel and
Torrie (20) and Piper et al. (21). Statistical analyses were per-
formed according to procedures found in Statistical Analysis
System (SAS) version 6.03 (22).

To determine the function of oil, protein, and protein plus
oil over the complete temperature range of the Uniform Test

data, analyses were conducted using the entire data set, where
cultivars were treated as blocks. The “best” model was deter-
mined by the largest adjusted R, which was calculated as fol-
lows:

g2 —_ sums of squares regression [1]
sums of squares corrected total
adjusted R = 1—("—_1J(1 -R?) 2]
n-p

where p is the number of terms in the model and 7 is the num-
ber of observations (20). Cultivars were treated as blocks with
19 degrees of freedom. The analysis allows the evaluation of
cultivar oil and protein concentration relative to the mean of
the 20 cultivars, after accounting for the “co-variate effect”
of temperature on composition.

Polynomial-linear, polynomial-quadratic, and linear-
plateau functions were fitted to the Uniform Test data for oil
concentration vs. temperature (7,13). The mathematical rep-
resentation for the linear regression of oil concentration vs.
temperature is

19 20
y=og+Y > oCi+BoXj +E [3]
i=1 j=1
where Oy is the intercept, each o, has a value of O, 1, or —1 for
the corresponding Cj cultivar contribution to the intercept, 3,
is the linear slope component, Xjk is the temperature for the
Jjth cultivar’s kth observation , and €t is the random error as-
sociated with the kth observation of the jth cultivar.
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The mathematical representation of the quadratic model is

19 20

y=og+Y, 20,C;+BoXy +YoXj +e (4]
i=1 j=1

where O is the intercept, each o, has a value of O, 1, or —1 for

the corresponding Cj cultivar contribution to the intercept, 3,

is the linear slope component, ¥, is the quadratic slope com-

ponent, Xjk is the temperature for the jth cultivar’s kth obser-

vation, and €y is the random error associated with the jth cul-

tivar’s kth observation.

The model for the linear plateau function is

19 20

y:a0+z ZOL[CJ-+BOXI-,< +€jk forX,»St [5]
i=1 j=1
19 20

y=0g+, >0,C+Bor+ey for X; >t [6]

i=1 j=1
where 0 is the effect of the intercept, each o, has a value of
0, 1, or —1 for the corresponding C]. cultivar contribution to
the intercept, B, is the linear component, Xjk is the tempera-
ture for the jth cultivar and kth observation,  is the joint point
between the linear slope and the plateau, and € is the ran-
dom error associated with the jth cultivar’s kth observation.

Linear and quadratic models of protein concentration vs.
temperature were evaluated, and a linear model was evaluated
for protein plus oil. These models are similar to the linear and
quadratic models for percentage oil presented above. In addi-
tion, a two-phase linear model was evaluated to test the hy-
pothesis that protein plus oil may not be linear at high temper-
atures in field situations. This model differs from the linear
plateau model in that the second phase can have a positive or
negative slope. The model for the two-phase linear model is

19 20

yi=0g+ Y 2 0,C;+Bof+ Xj +e
i=1 j=1

for X; <t [7]

19 20
yi=0g+Y, > o,C; +B0t+|31(Xjk —t)+ejk for X, >t [8]
i=1 j=1
where o, is the intercept, each o; has a value of 0, 1, or —1
for the corresponding Cj cultivar contribution to the intercept,
By is the slope of the first phase, B, is the slope of the second
phase, Xjk is the temperature for the jth cultivar and kth ob-
servation, and € is the random error associated with the jth
cultivar’s kth observation.

RESULTS AND DISCUSSION

Preliminary analyses indicated that mean temperature, rather
than maximal or minimal temperature, resulted in the highest
correlations and best regression relationships of oil and pro-
tein concentrations vs. temperature. This agrees with the re-
sults of Gibson and Mullen (7) who found that seed oil and
protein concentrations were affected by both day and night
temperature. Mean temperature was used for all analyses.
Evaluation of the Uniform Test data sets. The minimum,
maximum, mean, and standard deviation for the parameters
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measured from the Uniform Test cultivars are shown in Ta-
bles 1 and 2. Although there was considerable range in oil,
protein, protein plus oil, and temperature for each cultivar,
the standard deviations within cultivars indicated central ten-
dencies with less frequency at the extremes. The variation
was as high as 10% for oil and 8% for protein for a single cul-
tivar (Table 1). Although the Uniform Test data include many
observations for 20 cultivars, the cooler environments in-
cluded only the earliest maturity cultivars while the warmest
environments included only the latest maturity cultivars
(Table 2). Standard deviations of temperature and observed
oil and protein percentages are especially small for the two
cultivars in maturity group I'V.

The range in night length of each cultivar corresponded to
its photoperiod sensitivity and latitude range of adaptation.
Pearson correlation coefficients indicated highly significant
negative correlations between temperature and night length
among cultivars, ranging from —0.17 to —0.78 (not shown).
Owing to these correlations, the effect of night length on seed
composition could not be evaluated separately with the Uni-
form Test data. When data have a central tendency, regression
analysis results can be more difficult to interpret, as the cen-
tral portion of the range is weighted more heavily than the ex-
tremes. With knowledge of the biological system and careful
judgment, appropriate terms to include in a model can be de-
termined and useful information can be gained of the nature
of the response.

Assumption of no cultivar X environment interaction. No
important cultivar X temperature interactions, as indicated by
a change of ranking, have been reported in the literature for
conventional cultivars (23-26). High protein lines are known
to vary in response to temperature and photoperiod (14). We
conducted a stability analysis to test the null hypothesis: All
cultivars maintain their ranking across environments with re-
spect to seed oil and protein composition. This procedure re-
quires that all treatments (in this case, cultivars) be present at
every environment (location—year combination) so the envi-
ronmental index (average of a variable for each location and
year combination) can be calculated for the analysis (27,28).
Five suitable data sets were formed from the Uniform Test
data: the first data set included four cultivars at seven loca-
tions for a total of 136 observations, the second data set in-
cluded four cultivars at three locations for a total of 40 obser-
vations, the third data set included three cultivars at three lo-
cations for a total of 51 observations, the fourth data set
included six cultivars at three locations for a total of 60 ob-
servations, and the fifth data set included four cultivars at four
locations for a total of 60 observations. The total number of
observations depended on the number of years of data, which
varied between locations. In all cases the cultivar X environ-
ment index was nonsignificant at the 0.05 percent probability
level, supporting the null hypothesis (data not shown). Thus,
composition of the selected 20 cultivars from the Uniform
Tests appeared to have responded similarly to temperature
and photoperiod, at least in the temperature and photoperiod
ranges experienced in this data set.
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TABLE 3
The Pearson Correlation Coefficients for Percentage Oil vs. Protein
Cultivar Oil vs. Oil vs.
(maturity group) protein P-value? Cultivar protein P-value
McCall (00) -0.6289 0.0001 Union (IV) -0.2116 0.1141
Clay (0) -0.4528 0.0001 Douglas (1V) -0.2048 0.0442
Evans (0) -0.5540 0.0001 Essex (V) -0.5270 0.0001
Hodgson (1) -0.4935 0.0001 Forrest (V) -0.2733 0.0005
Hardin (I) -0.4974 0.0001 Centennial (VI) -0.1649 0.1065
Corsoy (II) -0.4208 0.0001 Ransom (VII) -0.4499 0.0001
Century (II) -0.2121 0.0573 Braxton (VII) —-0.4436 0.0001
Williams (I1) -0.2902 0.0003 Bragg (VII) -0.2924 0.0060
Pella (1) -0.3387 0.0017 Cobb (VIII) -0.1042 0.4365
Cumberland (lll) -0.5639 0.0001 Hutton (VIII) -0.2010 0.0534
Overall -0.4273 0.0001

The probability that the population value of the Pearson correlation coefficient is 0 (H,: Rho = 0), i.e., no relationship be-

tween oil and protein concentration.

Analyses by cultivar. (i) The correlation of oil vs. protein
concentration. Researchers have reported a consistent nega-
tive correlation between oil and protein concentrations
(4,7,29). The correlation of oil vs. protein over the entire Uni-
form Test data was —0.4273 (P < 0.0001) (Table 3). Similar
to the correlations reported by Cartter and Hopper (23), the
analysis by cultivar shows that the correlation coefficients
tended to decrease with warmer temperatures at more south-
ern latitudes. However, the correlations of Braxton, Ransom,
and Essex were similar to the earlier maturity groups.

(ii) Linear regression analyses. Dornbos and Mullen (13)
and Gibson and Mullen (7) found that oil concentration vs.
temperature had a quadratic relationship with temperature and

TABLE 4

decreased above the optimal temperature of 28°C. If oil in-
crease has a quadratic relationship with temperature, the slope
of oil vs. temperature from a linear regression should decrease
as one moves from northern to southern latitudes. Indeed, the
Uniform Test data indicate that the slope of oil vs. tempera-
ture tends to decrease with decreasing latitude (Table 4).

Two cultivars, Williams and Douglas, had much smaller
slopes of oil concentration vs. temperature than the others.
Data from these cultivars were shown in plots to have a strong
central tendency in the temperature range and large scatter in
the data (not shown). The small slopes of the fitted regression
line for Williams and Douglas are probably the consequence
of the central tendency of the observed data and not cultivar

The Linear Regression of Percentage Oil, Percentage Protein, and Percentage Protein

Plus Oil, Each vs. Mean Temperature?

Cultivar Oil (%) Protein (%) Protein plus oil (%)
(maturity group) Intercept Slope? Intercept Slope? Intercept Slope?
McCall (00) 9.14 0.5212** 46.19 -0.3137** 55.33 0.2075*
Clay (0) 4.96 0.7711** 46.14 -0.2601** 51.11 0.5110**
Evans (0) 8.94 0.5838** 46.29 -0.3207** 55.23 0.2631**
Hodgson (1) 6.94 0.6913** 44.98 —0.2633** 51.92 0.4280**
Hardin (I) 10.46 0.5045** 42.15 -0.1106 52.61 0.3939**
Corsoy (Il) 8.21 0.5888** 43.96 -0.1663* 52.17 0.4225%*
Century (II) 12.15 0.3437** 38.70 0.1501 50.85 0.4938**
Williams (I1) 16.96 0.1940** 39.49 0.0581 56.44 0.2520**
Pella (1) 11.38 0.4305** 38.98 0.0128 50.36 0.4433**
Cumberland (I1) 8.03 0.5764** 44.62 -0.1753 52.64 0.4011**
Union (V) 14.89 0.2296** 39.80 0.0877 54.69 0.3172**
Douglas (V) 16.27 0.1860** 36.83 0.1948* 53.10 0.3808**
Essex (V) 14.90 0.2438** 39.49 0.0985 54.40 0.3424**
Forrest (V) 13.82 0.3029** 29.79 0.4143** 43.61 0.7172**
Centennial (V1) 12.90 0.2837** 36.34 0.2884** 49.24 0.5721**
Ransom (VII) 15.44 0.3203** 35.75 0.1877 51.20 0.5080**
Braxton (VII) 12.72 0.2969** 39.18 0.1165 51.90 0.4134**
Bragg (VII) 14.25 0.2680** 36.02 0.2336** 50.27 0.5017**
Cobb (VIII) 13.05 0.3348** 32.63 0.3142* 45.69 0.6490**
Hutton (VIII) 13.02 0.2867** 37.83 0.2267* 50.86 0.5133**

“Each temperature observation is the average of daily values of mean temperature from predicted first pod, using the SOY-

GRO phenology model, to observed maturity.

bx *+indicates significance at the 0.05 and 0.01 probability levels, respectively.
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differences. The differences in slope for Williams and Dou-
glas compared to the other cultivars are not considered real.
Previous correlations in the literature of protein concentra-
tion with temperature have indicated that protein either de-
creases or has no relationship with temperature (9,10,24,29).
The linear regression analysis of the slope of protein concen-
tration vs. temperature from the Uniform Test data indicated
that the slope was negative at northern latitudes, the slope was
not significant at mid-latitudes, and the slope tended to be sig-
nificant and positive at southern latitudes (Table 4). A nega-
tive slope of protein concentration at lower temperature shown
for the cultivar Evans (Fig. 1A) is in contrast to the chamber
studies of Sato and Ikeda (11) and Wolf et al. (12). The litera-
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FIG. 1. Protein (%) vs. temperature during seed fill for soybean cultivars
Evans (A), Forrest (B), and Hutton (C). Each temperature observation is
the average of daily values of mean temperature from predicted first
pod, using the SOYGRO phenology model, to observed maturity. See
text for further explanation.
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ture indicates that the protein concentration should decline at
lower temperatures (7). The chamber studies of Gibson and
Mullen (7) and Dornbos and Mullen (13) support a linear in-
crease in protein concentration with increasing temperature as
was observed for cultivars Forrest and Hutton (Fig. 1B,C). The
cause of different responses for protein among cultivar trial
data is unknown. All the cited studies were chamber studies
where selected temperatures were held constant for day and
night, as opposed to natural diurnal cycles.

All cultivars had positive slopes of protein plus oil con-
centrations vs. temperature with a range from 0.21 to 0.72%
°C~!(Table 4). This concurs with the results of Sato and Ikeda
(11) and Wolf et al. (12) where protein plus oil had a linear
relationship with temperature. Cultivar variation in slope is
probably not significant considering the scatter in the data and
the narrow range in temperature for some cultivars.

Analysis of the whole data set. The Uniform Test data were
analyzed next with cultivars treated as blocks. Treating culti-
vars as blocks implies the assumption that cultivars respond
similarly to temperature with respect to seed composition.
The results of the analyses of percentage oil, percentage pro-
tein, and protein plus oil each vs. temperature are shown in
Table 5.

(i) Oil. The adjusted R? values for the linear, quadratic, and
linear-plateau regression of oil on temperature indicated that
the quadratic model best fit the data. Cultivar and tempera-
ture accounted for equal portions of the variation in the oil
concentration. The slope of oil vs. temperature was 0.39%
°C7! for the linear model and 0.53% °C~! for the linear
plateau model. The joint point for the linear plateau was esti-
mated to be at 24.29°C. This temperature is lower than the
optimal temperature range of 26-29°C reported by Dornbos
and Mullen (13) and Gibson and Mullen (7). The slope for the
quadratic model decreased from 1.01% °C~! at 15°C to
0.61% °C~! at 20°C and 0.21% °C~! at 25°C (Fig. 2). The op-
timal temperature with the quadratic model occurred at
27.7°C, which falls within the range observed in chamber
studies (7,13).

TABLE 5

The Adjusted R? Values for Various Functions for Percentage Oil,
Percentage Protein, and Protein Plus Oil, Each vs. the Mean
Temperature During Seed Fill

Partial adjusted R?

Function Adjusted R? Cultivar Temperature?
Oil
Linear 0.4311%b 0.2213** 0.2098**
Quadratic 0.4602** 0.2213** 0.2389**
Linear plateau 0.4523** — —
Protein
Linear 0.3198** 0.3171** 0.0027**
Quadratic 0.3337** 0.3171** 0.0166**
Protein plus oil
Linear 0.4033** 0.2200** 0.1833**

“The sum of all temperature variables.
bxx indicates significance at the 0.01 probability level.
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FIG. 2. The response of percentage oil vs. temperature over all soybean

cultivars combined. Each temperature observation is the average of

daily values of mean temperature from predicted first pod, using the

SOYGRO phenology model, to observed maturity. See text for further

explanation. **Significant at the 0.01 probability level.

(ii) Protein. A quadratic regression was the best model for
protein vs. temperature (Fig. 3). Cultivar and temperature ac-
counted for variation in the protein concentration. Although
highly significant, temperature accounted for a small fraction
of the variation in the protein concentration. The slope from
the linear regression of percentage protein vs. temperature
was 0.06% °C~'. A quadratic function of protein vs. tempera-
ture is consistent with the analysis by cultivar. The quadratic
regression supports observations that protein decreases with
increasing temperature between 14 and 20°C (23). The level-
ing off at the mid-temperature range supports the many ob-
servations of no relationship between percentage protein and
temperature (24,30). The protein concentration increased with
temperature above 25°C, agreeing with observations that pro-
tein increases at high temperature (7,12,13), and may result
from drought stress, which is often associated with higher

46
Partial R?

0.3246"
0.0165

Source

Cultivar
Temperature

44

Protein (%)
N
N
I

401 Y=57.29 - 1.51 X+ 0.03 X°

N=1863

38 " 1 M 1 " 1 " 1 2 1 M 1 i 1
14 16 18 20 22 24 26 28

Mean temperature (°C)

FIG. 3. The response of percentage protein vs. temperature over all soy-
bean cultivars combined. Each temperature observation is the average
of daily values of mean temperature from predicted first pod, using the
SOYGRO phenology model, to observed maturity. See text for further
explanation.
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temperatures in field situations (30). The reader should note
that the quadratic curve predicts protein concentration to vary
about 2%, whereas the observed range within cultivar is about
8%. Temperature obviously did not account for much of the
variation in the protein concentration.

The protein response at low temperatures was not consis-
tent with observations in chamber studies (11,12). Protein
concentrations in these studies appear to remain constant or
slightly increase with decreasing temperature below 28°C
(11,12) and increase linearly above 28°C (7,13). The cultivar
Evans is shown as an example of the protein concentration
increasing with decreasing temperature (Fig. 1A). Why does
the protein concentration increase with decreasing tempera-
ture between 20 and 14°C? In this temperature range the oil
concentration is declining rapidly with temperature, and the
protein fraction may increase merely by the summation of
components (i.e., the well-known negative relationship be-
tween protein and oil) (Fig. 2). Although day length has no
direct effect on oil, as a cultivar is planted further north, flow-
ering and seedfill are delayed to occur later in the year when
temperatures are cooler. In addition, waning day length may
enhance the protein concentration by increasing the rate of
nitrogen translocated to the seed (14).

The Uniform Test data are typical of field data in that there
is a failure to achieve a uniform orthogonal contrast across all
photoperiods and temperatures. Even if all cultivars are
grown in the field at the same location, the temperatures and
night lengths experienced during seedfill will vary because of
cultivar variation in photoperiod sensitivity for date of first
pod and maturity. Orthogonal data across all possible temper-
ature and night length combinations may be needed to sepa-
rate the effects of these two factors to understand why protein
is observed to increase with decreasing temperature in the
Uniform Test data. Such a study could only be conducted in a
growth chamber or greenhouse environment where photope-
riod and temperature are controlled.

(iii) Protein plus oil. Response of protein plus oil concen-
tration to temperature was linear with temperature (Fig. 4).
Cultivar and temperature accounted for variation. The slope
of protein plus oil concentration may decrease at high tem-
peratures (7). When a two-phase function of protein plus oil
vs. temperature was tested, the Uniform Test data were linear
throughout the range of the data. No curvature in protein plus
oil concentration was found at high temperatures. The joint
point for the second phase was at a temperature beyond the
observed data (not shown). Protein plus oil increased by
0.44% °C~!, suggesting that at cooler temperatures, carbohy-
drate is not used for oil and protein synthesis because en-
zymes are limiting their rate.

Are regional differences in oil and protein caused by cli-
mate or cultivar? These analyses have helped explain
whether genetic or environmental factors cause regional dif-
ferences in oil and protein composition of soybean seed. Tem-
perature-induced shifts in composition were determined in re-
gression analysis where a blocking approach (X matrix) was
used to account for individual cultivar effects. Since tempera-

JAOCS, Vol. 76, no. 10 (1999)
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FIG. 4. The response of protein plus oil (%) vs. temperature over all soy-
bean cultivars combined. Each temperature observation is the average
of daily values of mean temperature from predicted first pod, using the
SOYGRO phenology model, to observed maturity. See text for further
explanation.

ture effects were accounted for in a “covariate” manner, this
approach led us to the conclusion that the range of true ge-
netic variation was 3.4% for oil, 4.0% for protein, and 2.7%
for the protein plus oil, among these adapted cultivars. The
northern cultivars in this study have a higher genetic poten-
tial for oil concentration than do the southern cultivars, so that
the superiority of southern environments is offset and the ob-
served concentrations are similar. This agrees with reports
that gain of oil concentration for northern cultivars has in-
creased and is high for these cultivars (16). There is a small
but less obvious trend for northern cultivars to have slightly
lower genetic potential for protein concentration. Higher pro-
tein concentrations in southern soybean cultivars can partially
be explained by greater genetic potential for protein and the
increase in protein concentration with increasing tempera-
tures. Climatic trends associated with region caused increas-
ing oil concentration and increasing protein plus oil as tem-
perature increased from north to south. It appears that soy-
bean breeders in northern states attempted to overcome the
effect of lower temperature on oil by selecting for higher ge-
netic potential for oil but inadvertently also obtained lower
genetic potential for protein. Thus, the genetic background of
the breeding lines used in cultivar development may influence
geographic variability in oil and protein concentration and
may be a factor for lower protein concentrations observed in
northern locations.
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