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Abstract Modern soybean [(Glycine max (L.) Merrill]
breeding programs rely primarily on the use of elite x elite
line crosses to develop high-yielding cultivars. Favorable
alleles for traits of interest have been found in exotic germ-
plasm but the successful introduction of such alleles has
been hampered by the lack of adaptation of the exotic
parent to local mega-environment and difficulties in identi-
fying superior progeny from elite x exotic crosses. The
objective of this study was to use a population derived from
a cross between an adapted and an exotic elite line to under-
stand the genetic causes underlying adaptation to two
mega-environments (China and Canada). A cross between a
high-yielding Canadian cultivar ‘OAC Millennium’ and an
elite Chinese cultivar ‘Heinong 38’ was performed to
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develop a recombinant inbred line (RIL) population. The
RIL population was evaluated in China and Canada in mul-
tiple environments from 2004 to 2006. Significant variation
for seed yield was observed among the RILs in both the
Chinese and Canadian environment. Individual RILs
performed differently between the Chinese and Canadian
environments suggesting differential adaptation to intercon-
tinental mega-environments. Seven seed yield quantitative
trait loci (QTL) were identified of which five were mega-
environment universal QTL (linked to markers Satt100,
Satt162, Satt277, Sat_126, and the interval of Satt139-
Sat_042) and two were mega-environment-specific QTL (at
marker intervals, Satt194-SOYGPA and Satt259-Satt576).
Seed yield QTL located near Satt277 has been confirmed
and new QTL have been identified explaining between 9
and 37% of the phenotypic variation in seed yield. The
QTL located near Satt100 explained the greatest amount of
variation ranging from 18 to 37% per environment. Broad
sense heritability ranged from 89 to 64% among environ-
ments. Epistatic effects have been identified in both mega-
environments with pairs of markers explaining between 9
and 14% of the phenotypic variation in seed yield. An
improved understanding of the type of QTL action as either
universal or mega-environment-specific QTL as well as
their interaction may facilitate the development of strate-
gies to introgress specific high-yielding alleles from
Chinese to North American germplasm and vice versa to
sustain efforts in breeding of high-yielding soybean
cultivars.

Introduction

Most modern soybean breeding programs rely almost
exclusively on the use of elite lines in crosses to develop
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high-yielding cultivars. However, pedigree analysis
showed that 80% of the North American germplasm ances-
try can be traced back to only 13 ancestral cultivars (Gizlice
et al. 1994). Exotic germplasm within the soybean [(Gly-
cine max (L.) Merrill] gene pool is a rich source of many
potentially favorable alleles that could improve seed yield.
Most of the yield improvement in soybean has been made
by using crosses among elite germplasm rather than crosses
with non-adapted cultivars or wild relatives (Carter et al.
2004). The use of plant introductions (PI) has been ham-
pered by the difficulty in obtaining similar or higher yield in
the selected progeny when compared with the progeny
obtained using only adapted parents (Smalley et al. 2004).
It has been argued that the lack of success in using PIs as
parents is related to yield being a complex quantitative trait
and the linkage of favorable yield alleles to unfavorable
ones and the presence of deleterious alleles in much of the
progeny (Concibido et al. 2003). Another reason could be
that the elite lines may have a greater number of favorable
alleles fixed compared to the PI (Bernardo 2002).
Mega-environments have been defined by CIMMYT as
“a broad, not necessarily contiguous area, occurring in
more than one country and frequently transcontinental,
defined by similar biotic and abiotic stresses, cropping sys-
tem requirements, consumer preferences, and, for conve-
nience, by a volume of production” (Braun et al. 1996). As
a quantitative trait, seed yield is affected by the environ-
ment and needs to be measured in several environments to
determine its genetic base (Orf et al. 1999a). Most often
seed yield quantitative trait loci (QTL) are identified using
the average seed yield measured across environments,
even though individual environmental data are analyzed
from such diverse places as North and South American
mega-environments (Orf et al. 1999a). Using two popula-
tions of recombinant inbred lines (RILs) derived from the
crosses ‘Minsoy’ x ‘Archer’, and “Noir 1’ x ‘Archer’,
Orf et al. (1999a) identified QTL for plant height, lodging,
days to flowering, maturity, reproductive period, seed
yield, seed weight, and seed oil and protein concentration.
In many cases, the beneficial alleles came from ‘Minsoy’
and ‘Noir 1’, which were the exotic parents in crosses with
the North American-adapted cultivar ‘Archer’ (Mansur
etal. 1996). Kabelka et al. (2004) reported 15 QTL for
seed yield using a population derived from a cross between
‘BSR 101’ (adapted) and LG82-8379 (PI-derived breeding
line), for which nine of the QTL carried a high-yielding
allele from the PI-derived parent. Using three backcross-
derived populations of soybean that involved PIs as donor
parents, Guzman et al. (2007) confirmed 13 seed yield
QTL for which in 9 QTL the beneficial allele was contrib-
uted by the PI parent. Seed yield QTL were identified in a
soybean population developed from a cross between a PI
and an elite line where both parental lines were selected
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for high yield in the same environment (Smalley et al.
2004). Zhao et al. (2005) evaluated a population obtained
from a cross between a European and a Chinese rapeseed
(Brassica napus) in two different countries and found 18
QTL associated with high oil content. The authors argued
that the reason for obtaining more than twice the expected
number of QTL associated with the trait of interest was
attributed to the use of two parents coming from two
different breeding programs, one from China and the other
from Germany (Zhao et al. 2005). None of the above stud-
ies were conducted in the environment where the PI or
exotic parent came from.

The relatively low success rate of obtaining PI-derived
high-yielding lines in soybean could be due to a limited
understanding of how to properly evaluate the results
obtained from progenies that are the product of crossing a
PI with an elite parent. Should the product of a cross
between an elite soybean line and a PI be only evaluated
where the elite line is adapted? Or, should the progeny be
evaluated in the mega-environments of adaptation of both
parental lines? If the progeny is evaluated in both mega-
environments, would QTL associated with the trait of
interest behave as mega-environment universal QTL
(QTLy) or as mega-environment-specific QTL (QTLgp)?
If these QTLy and QTLgp exist and breeders want to
include exotic germplasm in their breeding germplasm
pool, they would have to search for PIs that have the
favorable alleles at the QTLy; and/or QTLg;, for the trait of
interest. A better understanding of the relative contribu-
tion of mega-environment universal and specific QTL will
help breeders in the evaluation and identification of the
suitable PI as a source of parents for generating superior
breeding populations maximizing the use of exotic alleles.
To understand the relationship between mega-environ-
ment universal and specific QTL, it is important to dissect
and analyze the environmental effects on individual and
interacting QTL, which could not be done by using the
mean environment.

High yield can result from QTL that interact with other
QTL (Lark et al. 1995). It is, therefore, important to evalu-
ate the relationship between seed yield QTL and QTL asso-
ciated with other traits of interest. If the epistatic QTL are
not “transferred” together with the yield QTL to the cultivar
that is being developed, yield improvement will be unsuc-
cessful because high yield is conditional on the presence of
epistatic effects (Lark et al. 1995). Therefore, the objectives
of this study were: (1) to determine whether or not evalua-
tion of a mapping population in different mega-environ-
ments results only in mega-environments-specific, only
universal QTL, or both; (2) to estimate the impact of epista-
sis on the potential of developing high-yielding progeny
from crosses involving PIs when evaluated in reciprocal
mega-environments.
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Materials and methods
Experimental design

A population consisting of 98 F,.; RIL developed from the
cross OAC Millennium x Heinong #38 was used in this
study. Five lines that were contaminated were not included
in the analysis, therefore only 93 RIL were analyzed. F,’s
were produced by crossing OAC Millennium with
Heinong #38. Both parents had indeterminate growth
habit. OAC Millennium [2,650 crop heat units—CHU
(OMAFRA 2002), maturity group 0] is a high yielding,
stable cultivar, developed at the University of Guelph and
adapted to the Canadian mega-environment. Heinong #38
was developed in the Heilongjiang province of the
People’s Republic of China and is a well-established culti-
var widely grown there. F, seeds were advanced by single
seed decent for one generation in the greenhouse and the
other in Los Andes, Chile to produce F, seeds. The F,
seeds were planted in the field at the Woodstock Research
Station in Woodstock, Ontario, where F, single plants
were harvested individually and threshed separately. No
selection was practiced at any generation. The F,.5 lines
were grown in Woodstock, Ontario and seed was advanced
and increased over the next two generations to form F,.,
lines, which were grown in yield trials in Canada and
China as described below. Parents of the cross and 10 fill-
ers (commercial cultivars from either country) were
included in the field trials (Fig. 1).

Field trials were planted at six different locations in two
mega-environments (Canada and China) as follows. In
2004, three trials were grown, one at Tavistock (43°18'N
80°49'W) and one at Woodstock (43°7'N 80°45’'W) both
in Ontario, Canada and a third one at Harbin (45°45'N
126°36’E) in Heilongjiang province in China. The parental
line Heinong #38 was not evaluated during this year. In
2005, three trials were planted in Canada, one at Ottawa
(45°24'N 75°42"W), one at Tavistock (43°18'N 80°49'W)
and one at Woodstock (43°7'N 80°45'W) in Ontario. In
2006, two trials were planted at Harbin (45°45'N
126°36'E) in Heilongjiang, China at two different sites. In
each trial, the experiment was arranged as a rectangular lat-
tice design with two replications. The plot size was
1.5 m x 5.5 m with four rows planted at 35 cm between
row spacing in the Canadian mega-environment (except in
Tavistock where two row plots were planted). In China, the
plot sizes were of 2.8 m x 3 m in one site and 2.8 m x 5 m
in the other with four elevated ridges per plot, planted at
70 cm between ridges. Seed density was the same in all
locations within each mega-environment being at 18 seeds
per meter of length in Canada and 28 seeds per meter in
China.

Phenotypic scoring, DNA extraction and SSR markers

Seed yield (kg/ha) was measured and adjusted at 13%
moisture at each location and year. In 2004, no moisture
data was recorded at Harbin. Emergence was recorded in
each plot to determine if there was a correlation between
emergence and seed yield. No emergence data was
recorded in 2006 in either environment in China. Plants
were scored on a scale from 0 to 10 in each plot, where 0
corresponded to no emergence and 10-100% emergence.
Tissue samples from parents and RILs were collected in
2004 in Woodstock, Canada, with the aid of a leaf puncher.
Leaf disks were collected in pre-labeled 1.5 ml screw-cap
tubes. Tubes were transported on ice and then stored at
—80°C. The collected tissue was freeze dried with a Labo-
nco FreeZone® freeze dry system (Savant Moduly 0, Kansas
City, MO, USA) to remove moisture and inactivate endoge-
nous nucleases and then stored at —80°C. Genomic DNA
was obtained from 10 to 15 stored leaf disks per line and
extracted with a GeneElute™ Plant Genomic DNA Mini-
prep Kit (SIGMA®, Saint Louis, MO, USA). A DU-64
Spectrophotometer (Beckman Coulter, Fullerton, CA, USA)
was used to quantify the amount of DNA extracted per line.
For PCR reactions, the extracted DNA that was collected
was diluted in a 1/100 proportion (1 pl DNA in 99 pl deion-
ised and distilled water) and stored as template DNA in a
96-well polypropylene plate (2 ml capacity/well) and kept at
4°C (Primomo et al. 2005). Reagents were combined in the
following amounts in a 1.5 ml centrifuge tube or a 15 ml
centrifuge tube depending on the number of PCR reactions
done each day: 10x PCR buffer, minus Mg 1.5 pl; 50 mM
MgCl,; 0.75 pl, Platinum® Taq DNA polymerase, 0.2 ul (all
three reagents from Invitrogen™, Carlsbad, CA, USA);
dNTP (3 mm) 1 pl, primer forward and reverse 2 pl, each
deionised and distilled water 4.55 pl. In a 96-well PCR
plate, 12 pl of master mix (combination of reagents previ-
ously described) and 3 pl of template DNA were placed per
well and spun in a centrifuge (Hermle Z180M, Labnet, Edi-
son, NJ, USA). Finally, 12 pl of mineral oil were added to
each well to prevent evaporation. A sealing film was placed
over each PCR plate. PCR reactions were performed in the
96-well RoboCycler® (Stratagene, La Jolla, CA, USA) with
an amplification program consisting of 2 min at 95°C, fol-
lowed by 35cycles of denaturation at 92°C for 1 min,
annealing at 47°C for 1.5 min, and extension 68°C during
1.5 min. A final extension step followed at 72°C for 5 min
and the completed reaction mixture was held at 4°C. Ampli-
fied products were separated by electrophoresis on 5% Met-
aPhor® agarose (Bio Whittaker Molecular Applications,
Rockland, ME, USA) gels using a Sunrise™ 96 Horizontal
Electrophoresis Apparatus (Gibco BRL, Life Technologies,
Carlsbad, CA, USA) with 115-130 mAmps/volts of current
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Fig. 1 Partial linkage map developed using the cross ‘OAC Millennium x Heinong 38’ showing the position of significant mega-environment
universal and specific QTL as determined by interval mapping
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Fig. 1 continued

supplied by an ECI105 Electrophoresis Power Supply
(ThermoEC, Holbrook, NY, USA). DNA bands were visu-
alized under UV light after staining with ethidium bromide.

The SSR library available at the University of Guelph,
ON, Canada, consisted in 450 SSR primer pairs selected
from the integrated soybean genetic map (Cregan et al.
1999), which covered approximately equidistantly the 20
soybean genetic linkage groups. Both parental lines were
screened with the available primer pairs. One hundred and
five of the available 450 SSR were found to be polymorphic
between the parents and were used to genotype the entire
population.

Linkage mapping and QTL analysis

A linkage map was obtained with JoinMap 4® program
(van Oijen 2004). Segregation distortion was calculated
with the same program to determine the departure from
the expected 1:1 ratio. Eighteen of the polymorphic
markers were significantly distorted from the expected
ratio, which is in accordance with previous studies
(Reinprecht et al. 2006). Markers that showed extreme
segregation distortion toward one of the parents and
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markers that mapped to exactly the same genetic position
were excluded from the calculations of the linkage map
(van Oijen 2004). The parameter that was used to group
markers into LGs was recombinant frequency. The map-
ping algorithm used was regression and the mapping
function selected was Kosambi’s. Twenty-six linkage
groups were obtained. Marker distance ranged between
0.4 (LG F, K, and O) and 36.6 cM (LG E). The mapping
order and distances between markers was found to be
similar to the integrated public soybean genetic map
(Song et al. 2004). A difference in marker distances was
observed in LG G.

Statistical analysis

The variation in seed yield within a test location was parti-
tioned into the effects of genotype, replications and incom-
plete blocks within replications using the PROC MIXED
procedure from SAS ver. 9.1.3 (SAS Institute Inc. 2003) for
a rectangular lattice design (Bowley 1999). Blocks within
replications were considered to be random variables. Tests
of residuals were evaluated using the PROC UNIVARI-
ATE and PROC PLOT procedure SAS ver. 9.1.3 (SAS
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Table 1 Least square means and standard error for seed yield of OAC Millennium (Canadian parent) and Heinong #38 (Chinese parent), the

recombinant inbreed lines (RIL) derived from them and the 10 lowest- and highest-yielding RIL

Macro-environment

Seed yield means + SE (kg ha™")

Location Year Parent RIL population Mean of 10 Mean of 10
highest-yielding RILs lowest-yielding RILs

Canadian Chinese

Canada

Woodstock 2004 2,266 + 194.9 - 2,066 + 196.6 2,859 +196.2 1,268 £+ 198.4

Tavistock 2004 1,934 4 142.1 - 1,558 £137.5 2,213 +142.6 952 £137.6

Woodstock 2005 4,376 £ 267.7 1,874 +267.9 3,701 +267.4 4,548 £ 266.1 2,538 £ 266.5

Tavistock 2005 2,966 + 174.9 1,535+ 175.2 2,703 £ 176 3,343 £ 176 2,001 + 176

Ottawa 2005 2,762 +124.9 2,094 + 126 2,628 4+ 126.4 3,001 & 126.1 2,295 +125.8

China

Harbin 1 2004 5,277 £ 500.1 - 4,067 £529.9 5,213 539 2,768 + 541.2

Harbin 1 2006 2,871 +322.9 3,434 + 456.9 2,366 + 327.5 3,303 £ 323.2 1,298 + 323

Harbin 2 2006 5,006 = 960.8 5,697 &+ 960.8 4,083 £913.3 6,786 +913.3 1,990 +913.4

Institute Inc. 2003). Seed yield means were not averaged  Results

over years and locations since significant interactions were
observed between genotypes and years and between geno-
types and locations (Reinprecht et al. 2006). Variance com-
ponents attributable to variation among lines (VG) and
residual variation (VE) were derived and used to estimate
broad sense heritability for seed yield (VG/(VG + VE)
(Huynh et al. 2008). PROC CORR and PROC PLOT pro-
cedures were performed to determine the linear correlation
between emergence and seed yield. Emergence was
included as a covariate in the seed yield model when the
correlation was found to be significant. The type I error rate
(o) was set at 0.05.

QTL were detected by performing a single-factor
ANOVA and multiple QTL mapping (MQM) (Neto et al.
2007). Interval mapping (IM) was performed with
MapQTL5® (van Ooijen 2004) with a LOD score of 2.6.
The LOD score was calculated by performing a permuta-
tion test with MapQTLS® (van Ooijen 2004) with a set of
10,000 iterations. Markers linked to QTL in the IM were
used as cofactors in the MQM analysis. Single-factor
ANOVA was performed to evaluate unlinked SSR markers
and QTL tagged with only one marker (Reinprecht et al.
2006). The association between individual SSR markers
and seed yield was determined by using a macro program
from SAS ver 9.1.3 (SAS Institute Inc. 2003) obtained from
Dr. Elizabeth Lee at the University of Guelph (Guelph, ON,
Canada). Epistatic effects and the amount of variation
explained by the interaction (R?) were calculated by EPIST-
ACY 2.0 macro (Holland 1998). The type I error rate (o)
for both macros as well as for the segregation distortion
analysis was set at 0.01.
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Phenotypic evaluation

In the Canadian mega-environment, the mean of the 10
highest-yielding lines had an increase in seed yield when
compared with the adapted Canadian parent, OAC Millen-
nium, except at one location (Table 1). At Woodstock in
2005, no differences were found between the adapted parent
and the 10 highest-yielding lines. On average, the highest-
yielding RILs had an increase in seed yield of 11%
compared to the adapted parent. RIL 3 appeared to be the
highest-yielding line across macro-environments in Can-
ada, having a seed yield increase of 12% greater than the
adapted parent (data not shown). The mean of the 10 low-
est-yielding lines yielded less than the adapted parent but
on average 24% more than the non-adapted Chinese parent,
Heinong #38 in the same macro-environments where the
Chinese parent was evaluated (Table 1). The population
mean was observed to be inferior to the adapted parent,
OAC Millennium. However, on average, it yielded 64%
more than the non-adapted parent (Heinong #38) in the
same macro-environments in which the Chinese parent was
evaluated.

In the Chinese mega-environment, the 10 highest-yield-
ing RILs exceeded the mean seed yield of the adapted
parent (Heinong #38, the Chinese elite line) in only one
macro-environment. The mean of the 10 highest-yielding
RIL exceeded the non-adapted Canadian parent, OAC
Millennium (Table 1). RIL 25 was the highest-yielding line
in China, with an increase in seed yield of 15% compared
to the adapted parent (data not shown). Contrary to what
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was found in the Canadian mega-environment, instead of
an increase in seed yield, it was observed that the 10 low-
est-yielding lines averaged 54% less seed yield than the
non-adapted parent (OAC Millennium). The lower seed
yield of the 10 lowest-yielding RILs in China could be the
result of the fact that the population was developed in the
Canadian mega-environment rather than in China.

Broad sense heritability for seed yield was calculated for
each environment as follows: for Woodstock 2004 84%,
Tavistock 2004 89%, Harbin 2004 64%, Tavistock 2005
85%, Ottawa 2005 79%, Woodstock 2005 81%, Harbin 1 in
2006 78%, and Harbin 2 in 2006 73%.

Mega-environment universal QTL associated
with seed yield

Mega-environment universal QTL (QTL;) was defined as a
QTL that was associated with the trait in at least one macro-
environment in each of the two mega-environments. A
macro-environment corresponded to the combination of
year and location (Nyquist 1991). A seed yield QTL; was
detected using the MQM method on LG C1 in the interval
tagged by Satt139 and Sat_042 (Table 2). This seed yield
QTLy explained 19% of the variation observed in seed
yield.

When single-factor ANOVA was performed using
unlinked markers four QTL tagged by four different mark-
ers were significantly associated with seed yield in both the

Canadian and the Chinese mega-environment (Table 3).
Two of the QTL linked each to Satt100 and Satt277, were
located on the same LG (C2). The distance between
Satt277 and Satt100 is estimated to be about 10 cM in the
published consensus map (Song et al. 2004). Each of the
QTLy explained a substantial amount of the phenotypic
variance for seed yield, with R? ranging between 9 (linked
to Satt162) and 37% (linked to Satt100). The QTLy; identi-
fied by Sattl00 was consistent across environments and
accounted for most of the variation in seed yield.

Only two of the five QTLy; have been previously
reported (Table 4). Satt277 was associated with lodging,
seed weight, plant height, yield per plant height (Orf
et al. 1999a), seed yield (Orf et al. 1999b; Orf et al. 1999a;
Reinprecht et al. 2006; Smalley et al. 2004; Specht et al.
2001), oil and protein concentration (Reinprecht et al.
2006). Satt162 was reported to be associated with oil and
protein concentration (Reinprecht et al. 2006).

Both parents contributed favorable alleles. The Canadian
parent contributed the high-seed yield allele in QTLy
linked to Satt162 and Sat_126. The high-seed yield allele
came from the Chinese parent in QTL detected by
Satt100, Satt139 and Satt277 (Table 4).

Mega-environment-specific QTL associated with seed yield

A mega-environment-specific QTL (QTLgp) was defined
as the one that was associated with the trait in only one

Table 2 Mega-environment universal and specific seed yield QTL identified by SSR markers found with multiple QTL mapping (MQM) across

different environments in Canada and China, from 2004 to 2006

Markers linked Linkage Woodstock 2004 Tavistock 2004 Tavistock 2005 Harbin (1) 2006
to QTL Tou|

£roup R® LOD® R? LOD R? LOD R’ LOD
Satt139-Sat_042 Cl 16 2.7 - - 20 3.63 13 2.77
Satt194-SOYGPA Cl - - - - 14 3.07
Satt259-Satt576 (6] - - 14 2.9 - - - -

% Amount of phenotypic variation in seed yield explained by the QTL
® Value on the QTL peak (tagged by the first marker)

Table 3 Mega-environment universal seed yield QTL identified by single-factor ANOVA across different environments in Canada and China,

from 2004 to 2006

Marker Linkage Woodstock 2004 Tavistock 2004

Woodstock 2005 Tavistock 2005

Ottawa 2005 Harbin (1) 2006 Harbin (2) 2006

group

R® pP R P R P R P R P R P R P
Satt100 C2 35 0.0001 28 00001 - - 18 0.0002 13 0.0017 19 0.0001 37 0.0001
Satt162 1 - - - - 9  0.0035 12 0.0006 - - - - 12 0.001
Satt277 C2 18 0.0001 18 00001 - - 15 0.0003 - - 17 0.0001 29 0.0001
Sat_126 K - - - - - - 17 0.0003 - - 11 0.0062 15 0.001

% Amount of phenotypic variation in seed yield explained by the QTL

> pvalue
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Table 4 Allelic means and parent contributing favorable allele for the markers linked to mega-environment universal and specific seed yield QTL
tested across different environments in Canada and China, from 2004 to 2006

Mega-environment  Location Year SSR Allelic means (kg ha™") Parent Trait associated and
marker B allele previously reported
Mean SE Mean SE
Canada Woodstock 2004  Satt100 1897 473 2514 77.9  Chinese -

Satt139 1919 59 2281 72.2  Chinese -

Satt277 1918 542 2349 84 Chinese Lodging, seed weight, seed yield,
plant height, yield/plant height,
oil and protein content

Tavistock 2004  Sattl00 1437 382 1881 64.7  Chinese -

Satt259 1442 47.1 1712 544  Chinese -

Satt277 1458 42.7 1806 68.1 Chinese Lodging, seed weight, seed yield,
plant height, yield/plant height

Woodstock 2005  Sattl62 3894 87.4 3537 80.9  Canadian  Seed oil and protein concentration
Tavistock 2005  Sattl00 2589 469 2972 777  Chinese -

Satt139 2549 50.5 2921 624  Chinese -

Satt162 2860 60.1 2566 56.3  Canadian -

Satt277 2588 49.9 2945 78 Chinese Lodging, seed weight, seed yield,
plant height, yield/plant height

Sat_126 2826 52.1 2463 69.4  Canadian -

Ottawa 2005  Sattl00 2588 243 2711 40.2  Chinese -
China Harbin 1 2006  Sattl00 2204 663 2774 109.9  Chinese -

Satt139 2191 749 2624 92.6  Chinese -

Satt194 2191 79.2 2610 87.6  Chinese -

Satt277 2200 69.5 2752 108.6  Chinese Lodge, seed weight, seed yield,
plant height, yield/plant height

Sat_126 2498 76 2096 101.2  Canadian -

Harbin 2 2006  Sattl00 3523 148.3 5539 256.9  Chinese -

Sattl62 4627 219.7 3588 209.7 Canadian -

Satt277 3532 167.6 5239 272.1  Chinese Lodging, seed weight, seed yield,
plant height, yield/plant height

Sat_126 4577 198.6 3352 249.7  Canadian -

mega-environment, being significant in at least one macro-
environment within the mega-environment. In the Canadian
mega-environment, the MQM method detected a QTL that
was associated with seed yield at a specific environment
(QTLgp) in the interval tagged by Satt-259 and Satt576 on
LG O (Table 2). One QTLg, was identified using the same
method in the Chinese mega-environment in the interval
tagged by Satt194 and SOYGPA, which was located on LG
C1 (Table 2). Neither of these markers (Satt194 or 259)
have been previously linked to a QTL (SoyBase 2008). No
QTLgp were detected between unlinked markers when the
single-factor ANOV A method was performed.

The parental line contributing the beneficial allele for
both seed yield QTLgp was Heinong #38. Thus, the benefi-
cial allele came from the exotic parent in the Canadian
mega-environment and from the adapted parent in the
Chinese one (Table 4).

@ Springer

Epistatic effects

Four out of the total of seven seed yield QTL reported
(QTLy and QTLgp) had a significant epistatic interaction
with a region located on a different LG (Table 5). Epista-
sis was only observed among QTL; but not with QTLgp.
An interaction was observed between a seed yield QTLy
tagged by Satt139 and two different regions (linked to
Satt002 and Satt288) in both mega-environments.
Satt002 is located on LG D2 and was previously reported
to tag a QTL associated with seed size (Panthee et al.
2005) and seed yield (Orf et al. 1999a; Reinprecht et al.
2006; Reyna and Sneller 2001). The second marker,
Satt288, which is located on LG G, was previously
reported as linked to a QTL associated with palmitic,
oleic and stearic acid concentrations (Reinprecht et al.
20006).
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The strongest seed yield QTL, a QTL tagged by
Satt100, interacted with two regions, one linked to Satt543
and the other to Satt528 at a specific environment, in the
Canadian mega-environment (Table 5). Both interactions
were with markers located on LG D2 that mapped closely
to each other in this study. Satt543 has been reported as
linked to a QTL associated with sclerotinia stem root resis-
tance (Arahana etal. 2001) while Satt528 has not been
reported as linked to any trait (SoyBase 2008).

An interaction was observed between a seed yield QTLy;
linked to Satt162 and two different unlinked regions tagged
by Satt394 and Sat_126 in both mega-environments.
Satt394, which is located on LG G has been reported as
linked to a QTL associated with sclerotinia stem root resis-
tance (Arahana et al. 2001), seed size (Hyten et al. 2004)
and protein content (Reinprecht etal. 2006). Sat_126,
which has been linked to a QTL; (Table 3) in this study,
had not been reported previously for any trait (SoyBase
2008).

The amount of phenotypic variation explained by the
epistatic interactions (R%) differed among the QTLy; and
ranged between 9 and 14%, with the highest value corre-
sponding to a seed yield QTL; linked to Satt139 (Table 5).

Discussion

If the goal of a breeding program is to increase yield, the
objective could be reached by using the best high-yielding
adapted parents. Most often, the best parents will be elite
lines that are adapted to the target environment. This is par-
ticularly true in soybean breeding, where the gene pool
often comprises mostly commercial cultivars (Kabelka
et al. 2004). The reason is that results of bi-parental cross-
ing and selection obtained with elite cultivars as parents are
often better than those obtained with populations derived
from a cross between an elite line and a PI (Smalley et al.
2004). Thompson and Nelson (1998), however, demon-
strated that it was possible to select for yield increase in
experimental lines derived from crosses where one parental
line was a PI. The authors suggested that Glycine max
accessions could be a possible source of high-yielding alle-
les for future breeding.

Previous reports of soybean breeding for high yield in
which a PI was used did not necessarily involve the use of
an exotic parent that was high yielding in its own area of
adaptation. Instead, the PI was often an old plant introduc-
tion rather than a modern cultivar. Moreover, the mapping
population derived from such crosses was not grown in
both, the area of adaptation of the adapted parent and the
one for the exotic parent. This study was the first one that
attempted to use both parents as high yielding and adapted
in reciprocate mega-environments and tested them both, the
elite parent’s adaptation mega-environment (e.g., North
America) and the exotic parent’s environment (e.g., China).
In such way, each parent was considered as either the
adapted or exotic parent depending on the testing mega-
environment. For example, OAC Millennium was evalu-
ated as an elite line in the Canadian mega-environment and
as a PIin the Chinese one. The reverse is true for the Chinese
parent, Heinong #38. The concurrent field evaluation of the
derived RIL population gave us a unique opportunity to
differentiate between two types of QTL that were associ-
ated with seed yield: QTLy; and QTLgp. Five seed yield
QTLy were found on four different LG with one on LG CI1,
I'and K and two on LG C2, respectively. On the other hand,
seed yield QTLgp was distributed on two LG. Both the
adapted parent and the non-adapted one contributed favor-
able alleles to the RIL population. For example, within the
QTL, identified in this study, the ratio of favorable alleles
was 3:2 for alleles coming from the Chinese and Canadian
parent, respectively. Such results would not be possible to
obtain if the mapping population was only tested in North
America. Rather than having a simple marker-assisted
selection objective in mind, we attempted to gain a better
understanding of how different QTL behaved under differ-
ent mega-environments that are relevant for high-seed yield
allele introgression.

Broad sense heritability for seed yield was estimated for
all environments in the period between 2004 and 2006 and
ranged from 64% at Harbin, China, in 2004 to 89% at
Tavistock, Canada, in 2004. These estimates are compara-
ble to those reported by Guzman et al. (2007) using three
backcross-derived populations but higher than those
reported for the Essex x Forrest population (Yuan et al.
2002; Kassem et al. 20006).

Table 5 Epistatic effects and amount of phenotypic variation explained by the interacting markers tested across different environments in Canada

and China, from 2004 to 2006

Canada China

Woodstock 2004 R? Tavistock 2004 R? Tavistock 2005 R? Harbin (1) 2006 R?

Satt139 x Satt288 14 Satt100 x Satt528 9 Satt139 x Satt002 9 Satt139 x Satt002 9
Satt100 x Satt543 9 Satt162 x Satt394 12 Sat_126 x Satt162 12
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Three QTL;; (linked to Satt100, Satt139 and Satt277)
explained most of the seed yield variation observed.
Satt277 has been previously reported in different studies as
a marker being linked to a QTL associated with yield in
soybeans (Orf et al. 1999a, b; Reinprecht et al. 2006; Smalley
et al. 2004; Specht et al. 2001). Orf et al. (1999b) study, in
particular, reported Satt277 to be linked to a QTL associ-
ated with yield in both North and South America where epi-
static effects were observed between Satt277 and B172_2, a
marker found in LG A2 (Orf et al. 1999b). The results
indicated that Satt277 was identified in both mega-environ-
ments but no epistatic effects were observed in any macro-
environment. The favorable allele came from the PI in the
study reported by Orf et al. (1999b). In this study, it came
from the Chinese parent, which was the PI in the Canadian
mega-environment but the adapted parent in the Chinese
one. These results confirmed the seed yield QTL; identified
by Satt277. Since B172_2 was not included in the analysis,
the presence or absence of an interaction with Satt277
could not be evaluated. It would be of interest to evaluate,
in a future study, whether or not an epistatic effect exists
between B172_2 and Satt277, to determine if the epistasis
for these regions depends on the genetic background and/or
on specific environmental effects (Orf et al. 1999b). In four
LG, seed yield QTL (QTLy and QTLgp) was mapped closer
to reported yield QTL. In LG Cl, the seed yield QTL; that
was identified by Satt139, mapped less than 3 ¢cM from the
reported yield QTL detected by Satt399 (Guzman et al.
2007) and less than 5 cM from Satt294, a marker that
detected another yield QTL reported independently in a
different study (Yuan et al. 2002). On LG C2, the seed yield
QTLy that was identified by Satt100, mapped less than
1 ¢cM from Satt489 and less than 5 ¢cM from Satt205, mark-
ers that identified a seed yield QTL reported by Specht
et al. (2001). Satt100 was also closed to other two seed
yield QTL identified by Satt134 (Wang et al. 2004) and
Satt079 (Mansur et al. 1996). The seed yield QTLy; identi-
fied by Satt277 mapped close to three yield QTL identified
by Satt205, Satt134 and Satt363 (Kabelka etal. 2004;
Specht et al. 2001; Wang et al. 2004). A seed yield QTLgp
linked to Satt307 mapped less than 2 cM from a reported
yield QTL detected by Satt079 (Mansur et al. 1996). In LG
K, the seed yield QTLgp identified by Satt046 mapped less
than 10 cM from Satt326 and less than 3 cM from Satt337
and Satt167, all of which were reported for yield (Yuan
et al. 2002).

Most of the QTLy interacted with another genomic
region. Three markers linked to seed yield QTLy; interacted
with other random markers that were not individually asso-
ciated with seed yield. Two of the interacting markers had
been previously associated with seed weight or seed yield.
Interaction between seed yield QTL; were observed but no
interactions were found between a QTL; and a QTLgp or
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between any two QTLgp. Thus, since most of the variation
observed in seed yield was also accounted by the interac-
tion, both the QTL; and the interacting region would have
to be present in order to take full advantage of their effects
in increasing yield (Orf et al. 1999b).

In summary, both specific and universal QTL were
found across mega-environments. The non-adapted parent
contributed favorable alleles in each mega-environment,
which in certain cases explained a large amount of pheno-
typic variation (R?). Hence, both major and minor QTL
were identified. In the Canadian mega-environment, most
of the favorable alleles were contributed by the exotic par-
ent, which demonstrates that favorable alleles could be
successfully introduced without a yield penalty due to the
lack of mega-environment adaptation of the exotic parent.
An improved understanding of which QTL regions are
present in one or in both mega-environments as well as
their interaction with other genomic regions may facilitate
a more efficient introduction of alleles from exotic germ-
plasm without a concomitant decrease in the frequency of
favorable alleles for yield. The testing of progeny from
crosses involving an exotic parent in each area of adapta-
tion offers a new concept for finding the genetic basis for
mega-environment adaptation, which could be evaluated
and used in other crop species also. Furthermore, marker-
assisted selection could be used to identify and introduce
QTLy and QTLgp as well as the interacting genomic
regions into different genetic backgrounds into breeding
programs reciprocally between sometimes very remote
and different mega-environments. The value of this
approach is emphasized especially when trying to
target alleles from centers of origin or diversity for major
crop species.
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