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Abstract Soybean genotypes are adapted to narrow
bands of latitude due to photoperiod sensitivity. There are
several photoperiod-sensitive loci (E1, E2, E3, E4, ES5, E6,
E7, E8). Determinate and indeterminate growth habits are
controlled by a single locus. The objective of our research
was to examine the effects of photoperiod sensitivity and
growth habit alleles on seed yield and other agronomic
characters using isogenic lines. Twenty ‘Harosoy’ isolines
with 11 photoperiod-sensitive genotypes many with both
indeterminate and determinate growth habits were grown
in the field at Ottawa, ON, from 2003 to 2007. Maturity
ranged from 97 to 127 days, and seed yield increased
linearly with maturity until about 112 days when it plateaued.
Determinate lines were always shorter than indeterminate
lines of equivalent maturity. Seed yield was associated with
plant height, maturity, seed sugar concentration, seed
weight and lodging. Effects of alleles at individual loci, and
additive and epistatic effects across multiple loci were
examined. At a single locus, photoperiod-insensitive alleles
produced isolines that matured 8—11 days earlier, yielded
less, and had shorter plants with reduced lodging. In
multiple loci analyses, additive effects explained most of
the variation in agronomic characters since additive models
with E1, E3, E4, E7 and Dtl loci included compared well
to additive plus epistatic models and genotype-based
models. Variation in photoperiod sensitivity and growth
habit alleles results in a range of maturity, with pleiotropic
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effects on seed yield and agronomic characteristics, and
play an important role in providing adaptation across
latitudes.

Introduction

In soybean [Glycine max (L.) Merr.], eight loci with two
alleles at each locus have been reported to control time to
flowering and maturity: E1 and E2 (Bernard 1971); E3
(Buzzell 1971); E4 (Buzzell and Voldeng 1980); ES
(McBlain and Bernard 1987); E6 (Bonato and Vello 1999);
E7 (Cober and Voldeng 2001b); and E8 (Cober et al.
2009). Alleles at these loci control time to flowering and
maturity through their response, or lack of response, to
photoperiod (Cober et al. 1996a, b; Cober and Voldeng
2001a) and should more accurately be referred to as pho-
toperiod-sensitive loci (Cober et al. 1996a; Upadhyay et al.
1994). In the case of E3 and E4, the functional genes
underlying these loci were found to code for phytochrome
A (Liu et al. 2008; Watanabe et al. 2009).

Several photoperiod-sensitive genes have been identi-
fied in other crops which have pleiotropic effects on many
agronomic traits beyond maturity. A single locus in bean
(Phaseolus vulgaris L.) controlling photoperiod sensitivity
also affected above-ground biomass, harvest index, seed
yield and many other related traits (Wallace et al. 1993). In
rice (Oryza sativa L.), a quantitative trait locus (QTL) was
identified which controlled flowering time, yield and plant
height with a flowering time related CCT (CO, CO-LIKE
and TIMING OF CABI1) domain protein as the functional
gene underlying the QTL (Xue et al. 2008).

A number of studies have examined the effects of alleles
at soybean photoperiod-sensitive loci. Studies limited to
El, E2, and E3 were carried out in the field (Hartung et al.
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1981), in microplots (Wilcox et al. 1995) or in pots in
polytunnels (Ellis et al. 2000). The analysis was extended
to include E4 in the field (Curtis et al. 2000). These pre-
vious studies emphasized time to maturity and crop phys-
iology processes such as crop growth rate, seed filling
period, and radiation use efficiency.

Indeterminate and determinate growth habits are con-
trolled by alleles at the Dtl locus (Bernard 1972). Deter-
minate lines are shorter compared to indeterminate lines
both in the case of isolines (Bernard 1972; Curtis et al.
2000) and full sibs (Cober and Tanner 1995; Robinson and
Wilcox 1998). Determinate lines, compared to isogenic
indeterminate lines, are earlier maturing (Curtis et al.
2000). Agronomic comparisons of indeterminate and
determinate lines have been inconclusive since some
reports showed similar seed yield (Cober and Tanner
1995), while others found indeterminate lines to be higher
yielding (Ablett et al. 1989; Robinson and Wilcox 1998),
and Curtis et al. (2000) found a mixed response.

The objective of this work was to move beyond a
genotype-based analysis to include a gene-based analysis
and examine the individual, as well as additive, and

epistatic effects of alleles at multiple photoperiod sensi-
tivity (E1, E3, E4, E7) and growth habit loci (Dtl) on
seed yield and other agronomic characters by growing a
series of Harosoy isolines in the field over five growing
seasons.

Materials and methods

Isolines with a ‘Harosoy’ (Weiss and Stevenson 1955)
background were used as treatments in this study (Table 1).
L62-667 and L67-153 were described by Bernard et al.
(1991). The remaining isolines were developed at the
Eastern Cereal and Oilseed Research Center, Ottawa, ON,
Canada. These 20 isolines vary for photoperiod sensitive/
insensitive alleles at loci E1, E2, E3, E4, and E7 and for
indeterminate/determinate growth habit alleles at the Dtl
locus. Additionally isolines varying for gray or tawny
pubescence alleles at the T locus were developed to break
linkages between photoperiod-sensitive alleles and pubes-
cence color since the E1 and E7 loci are linked to the T
locus (Cober and Voldeng 2001b) and some of these were

Table 1 Genotype and agronomic performance of Harosoy soybean isolines grown from 2003 to 2007 at Ottawa, ON

Isoline Genotype® Seed yieild Maturity Plant height Lodging Seed welight Seed composition (g kg™")
(kg ha ) (days) (cm) (1-5) (21007 Protein Oil Sugars
Harosoy ele2E3E4E7Dt1t 2,782 127 110 3.6 19.3 420 199 121
L67-153 ele2E3E4E7dtlt 2,747 121 65 1.3 19.4 422 200 119
0T94-41 ele2E3e4E7Dt1t 2,912 120 104 3.8 18.6 409 208 120
L62-667 ele2e3E4E7Dt1t 2,860 120 103 3.1 20.8 418 203 119
0T93-28 Ele2e3e4E7Dt1t 2,707 119 100 32 19.4 407 210 121
0T93-26 Ele2e3e4E7DtIT 2,859 118 105 38 19.0 409 211 118
0T94-39 ele2E3e4E7dt1t 2,742 116 61 1.2 20.0 410 208 120
OT94-51 Ele2e3e4E7dt1t 2,836 115 72 2.4 18.4 409 207 120
0T94-37 ele2e3E4E7dt1t 2,585 115 53 0.9 20.3 414 206 118
0T94-49 Ele2e3e4E7dt1T 2,774 114 76 29 17.3 405 212 119
0T99-17 elE2e3e4E7Dt1t 2,900 111 86 3.0 19.6 410 209 119
0T90-17 ele2e3E4e7Dtlt 2,775 111 83 2.0 20.4 425 205 115
OT89-5 ele2e3e4E7Dt1t 2,626 107 80 2.1 20.6 417 208 116
OT90-18 ele2e3E4e7dtlt 2,301 104 52 1.1 18.5 423 205 114
0T94-47 ele2e3ede7Dtlt 2,183 104 75 2.1 19.3 414 211 115
0T94-45 ele2e3e4E7dtlt 2,406 103 62 2.1 17.8 415 208 116
0T99-15 ele2e3ede7Dt1T 2,079 103 70 2.3 19.3 422 208 111
0T89-6 ele2e3e4E7dtlt 1,560 100 40 1.0 17.9 435 197 112
OT02-18°  ele2e3ede7Dtlt 1,451 97 58 2.0 17.5 424 208 111
0T94-43 ele2e3ede7dtlt 1,405 97 41 1.6 18.1 423 207 112
LSD 0.05 279 2 9 0.6 1.0 7 5 2

* E alleles are photoperiod sensitive and result in later maturity, e alleles are photoperiod insensitive and result in earlier maturity, Dt/ is
indeterminate growth habit, dt/ is determinate growth habit, 7' is tawny pubescence, and ¢ is gray pubescence

® Lodging scored from 1 (no lodging) to 5 (completely lodged)

¢ OTO02-18 also carries an additional introgressed photoperiod-insensitive allele identified as €8 (Cober et al. 2009)
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included. There were 11 different photoperiod-sensitive
genotypes in this study.

The isolines were grown in generalized lattice design
trials with three replications at Ottawa, ON, from 2003 to
2007. Since the 20 isolines common over 5 years were a
subset of larger annual trials, the combined trials were
analysed as randomized complete blocks. Trials were
planted between 20th and 30th of May (21 May 2003, 20
May 2004, 25 May 2005, 30 May 2006, and 23 May 2007).
The seeding rate was 500,000 seeds per ha~"' in four rows
of plots spaced 0.4 m apart and 5 m long. Weed control
was achieved with post-emergence application of recom-
mended herbicides. Days to maturity, plant height and
lodging were recorded for each plot. All four rows in each
plot were combine-harvested, and seed yield was reported
at 130 g kg~' moisture. Seed weight was determined for
100 seeds from each plot. Seed composition (protein, oil,
and soluble sugars) was determined by near-infra red
transmission (Infratech 1241 Grain Analyser, Foss North
America, Inc., Brampton, ON, Canada) for each plot.

A combined ANOVA was carried out for the 5 years
using the mixed model procedure of SAS (SAS, Cary, NC,
USA). Years, replications within year, and isoline by year
were considered random effects while isoline was consid-
ered a fixed effect. The LSD (P = 0.05) was calculated for
isoline mean separation. The correlation procedure of SAS
was used to determine correlations and associated proba-
bilities, between agronomic traits among isolines. A
genotype by trait biplot created using GGE biplot (Yan
2001) was used to visualize the relationships between the
genotypes and all agronomic traits in addition to pair-wise
comparisons of traits using correlation analyses. GGE
biplot was used to calculate the proportion of genotype to
genotype-plus-genotype-by-year-interaction effects using
variance components.

An analysis was done on a gene basis for each of the five
factors (E1, E3, E4, E7, and Dtl loci) with two levels
possible for each factor (dominant or recessive alleles).
Least square means (and LSD P = 0.05), for agronomic
characters, were calculated for each of the two alternative
alleles at each locus using PROC GLM of SAS. Factorial
genetic analyses were also carried out on models including
only additive main effects, as well as additive plus all
possible interloci, epistatic, interactions both with and
without environmental effects (year and replicate within
year) included. Model fit was reported using the coefficient
of determination (Rz) value.

Results

The 20 isolines covered a wide range of adaptation with
time to maturity ranging from 97 to 127 days. Five-year

mean seed yield varied from 1,405 to 2,912 kg ha™!

(Table 1). Seed yield showed a linear relationship with
maturity over the range of approximately 97-112 days with
a yield plateau at about 2,800 kg ha~' (Fig. la). Differ-
ences in growth habit were primarily seen in comparisons
of plant height and maturity where indeterminate lines
were taller and showed a significant linear relationship with
maturity while the plant height-maturity relationship was
not as pronounced in shorter determinate plants (Fig. 1b).
Clear distinctions were also seen in plotting seed yield
versus plant height where equivalent yielding determinate
lines were always shorter than the indeterminate lines
(Fig. 2). Distinctions between indeterminate and determi-
nate lines were not seen in plotting seed weight versus
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Fig. 1 Relationship between a mean seed yield, b mean plant height
and ¢ mean seed weight with mean maturity of Harosoy soybean
photoperiod-sensitive isolines with indeterminate and determinate
growth habits grown from 2003 to 2007 at Ottawa, ON
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Fig. 2 The association between seed yield and plant height in
Harosoy soybean photoperiod-sensitive isolines grown from 2003 to
2007 at Ottawa, ON

maturity (Fig. 1c) or seed yield versus seed weight (Fig. 3).
There was some association between seed yield and seed
weight (r = 0.57, P < 0.001) but high yields were possible
throughout a range of seed sizes.

Mean results over the 5 years were reported although
the ANOVA showed significant year x isoline effect
(P < 0.001) for every trait as were the year and isoline
effects (Table 2). A GGE biplot year—isoline biplot was
generated for each trait in an attempt to visualize the
interactions. Three patterns were apparent (data not shown).
Year 2003 had lower yield for the early maturing isolines.
All isolines in 2003 were later than other years. Lodging
ratings were greater in 2006 than the other years. A single
genotype (OT89-6) had higher protein and lower sugar and
oil concentration when the other isolines had the reverse.
No pattern was apparent for seed weight. The proportion of
genotype to genotype-plus-genotype-by-year-interaction
effects was high for seed yield, maturity, plant height, and
lodging (Table 2). Since the mean value calculated across 5
years accounted for many possible combinations of
weather, it resulted in a useful value for presentation com-
pared to the alternative many isoline-year values.

A GGE biplot-derived genotype-trait biplot (Fig. 4) was
used to visualize the relationships between traits and iso-
lines. Seed yield was positively correlated with plant
height, maturity, and seed sugars, and negatively correlated
with seed weight and lodging. Seed yield was independent
of seed oil and negatively correlated with seed protein.

An examination of the effects of alleles at individual
loci showed recessive, photoperiod-insensitive alleles
resulted in 8-11 days earlier maturity compared to the
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Fig. 3 Seed yield and seed weight of Harosoy soybean photoperiod
sensitivity isolines grown from 2003 to 2007 at Ottawa, ON

dominant, photoperiod-sensitive alleles at the four E loci
(Table 3). Co-incident with early maturity was lower seed
yield (ranging from 278 to 536 kg ha™' less yield), reduced
plant height (12-19 cm shorter) and reduced lodging.
While seed size differences were significantly different for
alleles at three of the four E loci, the differences were not
consistent with E4E4 and E7E7 alleles having larger seed
than ede4 or e7e7 while E1EI alleles had smaller seed than
elel (Table 3). Early maturity was coincident with higher
seed protein and reduced seed sugar content (Table 3).

Determinate alleles resulted in 5 days earlier maturity,
about 200 kg ha™' lower seed yield, and larger seeds
compared to indeterminate alleles. Isolines with indeter-
minate alleles resulted in plants that were 32 cm taller and
lodged more than isolines with determinate alleles. Seed
composition was not consistently affected by alleles at the
Dtl1 locus (Table 3).

Coefficients of determination (Rz) were used to deter-
mine the fit of genetic models (Table 4). Simple genetic
models, including only one photoperiod-sensitive locus, did
not fit the data well although the models for each E locus
were significant for maturity (R* of 0.03-0.12) and seed
yield (R? of 0.07-0.3). The growth habit locus (Dtl) was
significant for plant height (R* = 0.31) and lodging
(R* = 0.2). On comparing multiple loci, additive, gene-
based models to the entry-based models for seed yield, the
additive models fit well (explaining 65 and 85% of the
variability of the entry-based models without and with
environmental effects, respectively). The models with
additive and epistatic (inter-loci interactions) effects fit
somewhat better than the additive-only models (85 and 94%
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Table 2 Mean squares and significance values derived from ANOVA and the proportion of genotype to genotype plus year interaction variance
components for agronomic and seed composition characters from soybean isolines grown from 2003 to 2007 at Ottawa, ON

Isoline DF Seed yield Maturity Plant height Lodging Seed weight Seed composition
Protein Oil Sugars
Year 4 23095153 % 17967 119347 39.67%%* 303#sk* 64.8%** 20.6%** 108%***
Rep (year) 10 155716* 3 154 0.2 Jokskok 3.6%%** 0.7%%* 0.1*
Genotype 19 3641265%#* 1160%#%* 69167+ 13.1%%* 16%#* 8.6%** 2.4%% 1.6%%**
Year x genotype 76 341119%#%* 20#k* 352 1.6%%* 4ok 1.9##* 1.1 0.27%%*
G/(G + GY) 0.67 0.92 0.79 0.60 0.35 0.42 0.18 0.53
* P =0.05; ** P = 0.01; *** P = 0.001
Fig. 4 A genotype-trait biplot PC1 =57.1%, PC2 = 21.1%, Sum = 76.2%
of Harosoy soybean 1 g —Transform = 0, Scaling = 1, Certering = 2, SVP = 2
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of the entry-based model without and with environmental
effects, respectively). For time to maturity, the additive
models fit very well (96 and 97% of the entry-based model
without and with environmental effects, respectively) with
only a very slight improvement with epistatic effects
included (97 and 98% of the entry-based model without and
with environmental effects, respectively).

Discussion

The 20 Harosoy isolines with a 30-day range in maturity
provided a way to visualize optimum maturity for maxi-
mum seed yield at this location. Seed yield was maintained

at the level of the recurrent parent, Harosoy, while maturity
decreased from 127 to 112 days in isolines with intro-
gressed photoperiod-insensitive alleles. In this genetic
background, 112 days maturity resulted in optimum seed
yield with minimized maturity requirements.

Determinate isolines maturing equivalent to indetermi-
nate lines were always shorter than indeterminate lines
(Fig 1b). This is common in comparisons of determinate
and indeterminate isolines (Bernard 1972; Curtis et al.
2000), and determinate and indeterminate full sibs (Cober
and Tanner 1995; Robinson and Wilcox 1998). Since
comparisons of determinate and indeterminate lines are
often confounded because determinate lines are earlier
maturing compared to isogenic indeterminate lines (Curtis
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Table 3 Least square means of agronomic characters for alternate alleles at E1, E3, E4, E7 and Dtl1 loci from Harosoy soybean isolines grown
from 2003 to 2007 at Ottawa, ON, derived from an additive model which included all five loci

Alleles No. of Seed yitild Maturity Plant height Lodging Seed welight Seed composition (g kg ™)
isolines (kg ha™) (days) (cm) (1-5) (g 1007) Protein oil Sugars

el 4 2,510 112 73 22 19.0 419 206 116
El 16 2,804 123 92 3.0 18.4 409 208 120
LSD 0.05 127 1 4 0.2 0.4 3 2 1
e3 4 2,518 112 71 24 18.9 416 207 116
E3 16 2,796 122 89 2.8 18.6 412 206 119
LSD 0.05 127 1 4 0.2 0.4 3 2 1
e4 6 2,389 113 77 2.6 18.2 413 209 117
E4 14 2,925 122 89 2.6 19.3 416 205 119
LSD 0.05 111 1 3 0.2 04 3 2 1
e7 6 2,442 113 71 23 18.4 416 208 116
E7 14 2,872 121 89 2.8 19.1 412 206 120
LSD 0.05 111 1 3 0.2 0.4 3 2 1
dtl 9 2,556 115 67 2.0 18.2 415 206 117
Dtl 11 2,758 120 99 32 19.3 414 207 118
LSD 0.05 102 1 3 0.2 0.3 2 2 1

? Lodging scored from 1 (no lodging) to 5 (completely lodged)

Table 4 R values of models including single or multiple loci for photoperiod sensitivity and growth habit for agronomic and seed composition
characters from Harosoy soybean isolines grown from 2003 to 2007 at Ottawa, ON

Model Seed Maturity Plant Lodging Seed Seed composition
yield height weight - -
Protein Oil Sugars
Single locus
El 0.04 0.07 0.06 0.08 ns 0.09 0.04 ns
E3 0.03 0.24 0.03 ns ns ns 0.02 ns
E4 0.03 0.12 ns 0.02 0.03 0.03 0.07 ns
E7 0.12 0.30 0.08 0.04 ns 0.05 ns 0.03
Dtl ns 0.02 0.31 0.20 0.02 ns ns ns
All loci
Additive 0.22 0.67 0.53 0.34 0.08 0.13 0.10 0.05
Additive and environment® 0.68 0.90 0.75 0.62 0.69 0.56 0.45 0.93
Additive and interactions 0.29 0.68 0.56 0.41 0.13 0.18 0.13 0.05
Additive, interactions and environment® 0.75 0.91 0.78 0.68 0.74 0.61 0.49 0.94
Entry basis 0.34 0.70 0.59 0.44 0.15 0.24 0.18 0.06
Entry and environment® 0.80 0.93 0.80 0.72 0.76 0.66 0.52 0.94

ns Not significant

# Environment effects were year and replicate within year

et al. 2000), we used a large group of determinate and
indeterminate isolines with a range of maturity to allow
visualization of differences between the two growth habits.
Figure 1a shows similar seed yield for the two growth
habits throughout a range of maturity dates similar to
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comparisons between full sibs (Cober and Tanner 1995;
Robinson and Wilcox 1998). Equivalent yields were pro-
duced by determinate and indeterminate lines although the
determinate lines were shorter (Fig. 2) similar to previous
reports (Cober and Tanner 1995) but in contrast to other
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work where indeterminate lines were higher yielding
(Ablett et al. 1989; Robinson and Wilcox 1998).

Seed yield was positively associated with plant height as
seen in both the two-factor (Fig. 2; r = 0.55, P < 0.0001)
and multiple-factor GGE biplot analyses (Fig. 4) similar to
other reports (Ablett et al. 1989; Mansur et al. 1996). Seed
size is one important component of seed yield (Borras et al.
2004) and while there was an association between seed
yield and seed size (r = 0.57, P < 0.001) in these isolines,
high yields were possible throughout a range of seed sizes
(Fig. 3).

Genetic analysis on a single locus basis for four loci
demonstrated significant effects for maturity and seed yield
where photoperiod-sensitive alleles were responsible for
later maturity and higher yield similar to previous work of
this type (Curtis et al. 2000; Ellis et al. 2000; Wilcox et al.
1995). To our knowledge there are no reports of a factorial
type analysis where multiple loci with additive and epi-
static effects were used to estimate seed yield, maturity and
other agronomic characteristics since analyses in the
literature tend to use entry-based approaches. We found a
gene-based analysis of agronomic characteristics fit the
data only slightly less well compared to an entry-based
analysis. This is similar to previous work modeling flow-
ering time in soybean isolines where a gene-based model
compared well to an entry-based model (Stewart et al.
2003). An additive model for the E loci fit the agronomic
data well although there was a small improvement when
additive and epistatic (inter-genic interactions) effects were
added to the model. We found that the photoperiod-sensi-
tive genes in our work produced pleiotrophic effects
beyond maturity, including seed yield, plant height,
lodging, seed weight and seed composition. Wallace et al.
(1993) also found that a single photoperiod-sensitive locus
in bean also had affected many agronomic traits beyond
duration to maturity. As well, a photoperiod gene in rice
(O. sativa L.) coding for a CCT (CO, CO-LIKE and
TIMING OF CABI1) domain protein affected heading date
as well as a number of agronomic characteristics (Xue et al.
2008). Advances have been made in the identification of
the functional genes underlying two of the soybean loci
studied in this work. The E3 locus has been associated with
phytochrome A3 (Watanabe et al. 2009) and the E4 locus
has been associated with phytochrome A2 (Liu et al. 2008).
Therefore, in soybean, genes for red:far-red light-quality-
sensing proteins are implicated in the control of maturity
and a range of agronomic characteristics.

In summary, a series of photoperiod-sensitive genes,
with two of these identified as phytochrome A, resulted in
isolines with a wide range of maturity times and seed
yields. In comparisons of indeterminate and determinate
lines, equivalent yielding determinate lines were always
shorter than indeterminate lines. Within isolines varying

for alleles at E loci, not only was maturity affected but
there were pleotropic effects on seed yield, plant height,
lodging, seed weight, and seed composition. Variation in
alleles at the E and Dtl loci play an important role in
providing a range of adaptation for soybean as well as
affecting productivity.
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