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Abstract Quality, specifically protein content and gluten
strength are among the main objectives of a durum wheat
breeding program. The aim of this work was to validate
quantitative trait loci (QTLs) associated with grain protein
content (GPC) and gluten strength measured by SDS
sedimentation volume (SV) and to find additional QTLs
expressed in Argentinean environments. Also, epistatic
QTL and QTL x environmental interactions were analyzed.
A mapping population of 93 RILs derived from the cross
UCI1113 x Kofa showing extreme values in gluten quality
was used. Phenotypic data were collected along six

Veronica Conti and Pablo F. Roncallo contributed equally to this
manuscript.

Electronic supplementary material The online version of this article
(doi:10.1007/s13353-011-0045-1) contains supplementary material,
which is available to authorized users.

V. Conti

INTA EEA Bordenave,

Ruta Pcial. 76 km. 36.5,

8187, Bordenave, Argentina

e-mail: veonti@bordenave.inta.gov.ar

P. F. Roncallo - V. Beaufort + V. C. Echenique (P<)

Laboratorio de Biotecnologia Vegetal, CERZOS-CONICET, CCT,
La Carrindanga km 7,

Bahia Blanca, Camino, Argentina

e-mail: echeniq@criba.edu.ar

P. F. Roncallo
e-mail: roncallo@criba.edu.ar

V. Beaufort
e-mail: vbeaufort@criba.edu.ar

P. F. Roncallo - V. Beaufort - V. C. Echenique

Departamento de Agronomia, Universidad Nacional del Sur, San,
Andrés 800,

8000, Bahia Blanca, Argentina

environments (three locations, two years). Main effect
QTLs associated with GPC were found in equivalent
positions in two environments on chromosomes 3BS
(R*=21.0-21.6%) and 7BL (R*=12.1-13%), and in one
environment on chromosomes 1BS, 2AL, 2BS, 3BL, 4AL,
5AS, 5BL and 7AS. The most important and stable QTL
affecting SV was located on chromosome 1BL (Glu-Bl)
consistently detected over the six environments (R*=20.9-
54.2%). Additional QTLs were found in three environments
on chromosomes 6AL (R*=6.4-12.5%), and in two
environments on chromosomes 6BL (R?=11.5-12.1%),
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7AS (R*=8.2-10.2%) and 4BS (R*=11-16.4%). In addi-
tion, pleiotropic effects were found affecting grain yield,
test weight, thousand-kernel- weight and days to heading in
some of these QTLs. Epistatic QTLs and QTL x environ-
ment interactions were found for both quality traits, mostly
for GPC. The flanking markers of the QTLs detected in this
work could be efficient tools to select superior genotypes
for the mentioned traits.

Keywords Durum wheat - Gluten strength - Grain protein
content - Molecular markers - Quantitative trait loci (QTLs)

Abbreviations
GPC  Grain protein content
SV SDS sedimentation volume

RIL Recombinant inbred line
QTL  Quantitative trait locus
GY Grain yield

TKW  Thousand kernel weight
™ Test weight

Introduction

Durum wheat (Triticum turgidum L. ssp. durum) is mainly
used to produce pasta because its grains are the only ones,
among the cereals, able to produce semolina. The aptitude
of semolina for pasta production is conferred by the
particular characteristics of its endosperm storage proteins
that comprise the gluten matrix. A strong gluten and high
protein content are conducive to the production of dough
with excellent rheological properties for pasta making.
Gliadin and glutenin are the main endosperm storage
proteins found in mature seeds of wheat. Gluten strength
is affected by grain protein content (GPC) and the
characteristics of these proteins (Payne et al. 1984;
D’Egidio et al. 1990). Two kinds of glutenins, designated
as high or low molecular weight glutenin subunits
(HMWGs and LMWGs, respectively), are present in wheat
endosperm. While the association between HMWGs and
gluten strength is not considered to be as strong as the
correlation observed in the context of breadmaking quality
in bread wheat (Payne et al. 1984; Pogna et al. 1990), the
strong association of LMWGs with pasta quality has been
widely reported (Boggini and Pogna 1989; Pefia et al. 1994;
Pogna et al. 1990; Carrillo et al. 1991; Ruiz and Carrillo
1995a). Additionally, reports have been published about the
relationship between gliadins and pasta quality in durum
wheat (Pogna et al. 1984, 1990; Carrillo et al. 1991; Ruiz
and Carrillo 1995a; Lerner et al. 2004; Martinez et al.
2005).

@ Springer

Protein content is a trait with a strong environmental
component while gluten strength tends to be more heritable.
High gluten quality is one of the most important goals in
pasta wheat breeding programs. Gluten strength is tradi-
tionally measured by rheological methods. However, these
methods are difficult to apply during the early stages of
breeding programs or in genetic mapping studies due to the
small quantity of grains available, the high number of
genotypes to be evaluated and the elevated cost and time
consumption the methods imply. In this context, the SDS
sedimentation volume (SV) appears to be amongst the most
valuable methods of predicting gluten strength since it
shows useful correlations with rheological methods and
shows intermediate to high heritability (Clarke et al. 2000).

Both, GPC and gluten strength are complex heritable
traits and their dissection into Mendelian factors offers a
useful tool for manipulating them using marker-assisted-
selection (MAS) in durum wheat breeding programs.

Regarding the genetic control of the endosperm storage
proteins, the Gli-/ and Gli-2 loci encoding gliadin
components have been located on the short arm of the
homoeologous chromosome groups 1 and 6, respectively.
Joppa et al. (1983) found the G/i-BI locus coding for the y-
gliadins bands (y-45/y-42) associated with gluten strength.
Alternatively, the loci Glu-I and Glu-3, encoding for
glutenins, have been reported to have an important role in
gluten strength and were located on the group 1 chromo-
somes (Pogna et al. 1990). Payne et al. (1984) found a
positive correlation between the Glu-B3 locus and gluten
strength measured by the SDS sedimentation technique. In
bread wheat, the HMWGs are encoded by the homoeolo-
gous Glu-1 loci (Glu-Al, Glu-Bl and Glu-DI) located on
the long arms of the group 1 chromosomes (Payne 1987)
and the LMWGs are encoded by the Glu-3 loci (Glu-A3,
Glu-B3 and Glu-D3) located on the short arms of these
chromosomes and tightly linked to the G/i-1 loci (Lafiandra
et al. 2007). Allelic variation is present at each Glu-1 locus
and differential effects of allelic subunits on quality have
been repeatedly reported (Payne 1987; Gianibelli et al.
2001; Shewry et al. 2003). However, the effect of the Glu-
B1I locus in some populations of durum wheat can be low or
null when the alleles at the parental lines show similar
effects (Blanco et al. 1995; Elouafi et al. 2000; Li et al.
2009). Also some alleles present at Glu-B3 locus can
decrease the differences between the Glu-BI alleles
(Martinez et al. 2005).

The genetic bases of GPC have also been widely
studied. The locus Gpc-B1 on chromosome 6BS has been
reported as affecting GPC (Olmos et al. 2003). This locus
was more precisely delimited by Distelfeld et al. (2006)
and a candidate gene coding for a transcription factor
regulating senescence was subsequently cloned (Uauy et
al. 2006). Quantative trait loci (QTLs) contributing to the
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variation of grain protein content were mapped in all
chromosomes using hexaploid and tetraploid wheat map-
ping populations (Blanco et al. 2000, 2002, 2006;
Distelfeld et al. 2006; Joppa and Cantrell 1990; Mann et
al. 2009; Olmos et al. 2003; Suprayogi et al. 2009; Uauy
et al. 2006; Zhang et al. 2008). In addition, QTLs for flour
protein content (Campbell et al. 2001; McCartney et al.
2006; Zhao et al. 2010) or others affecting SV (Elouafi et
al. 2000; Kerfal et al. 2010; Li et al. 2009; Patil et al.
2009; Zhang et al. 2008) have also been detected.

The aim of this work was to validate QTLs associated
with GPC and gluten strength measured by SV using a
mapping population previously evaluated in the USA and
to find additional QTLs expressed in Argentinean environ-
ments. In addition, epistatic QTLs and QTL x environment
interactions were studied in order to gain a better
understanding of the genetic bases of these quality traits
in durum wheat. These QTLs and its flanking markers
would be useful tools to assist durum wheat breeding
Argentinean programs.

Methods and materials
Plant material

The mapping population consisted of 93 Fy recombinant
inbred lines (RILs) obtained by single seed descent from
the cross between the line UC1113 and the variety Kofa.
UC1113 is a breeding line from the UC Davis wheat
breeding program with excellent agronomic performance
and intermediate pasta quality parameters (W=123-149)
(Zhang et al. 2008). Kofa is a durum variety developed by
the company West-Bred that has optimal semolina and
pasta color, high protein content and strong gluten (W=
290-330). We used eight Argentinean durum wheat varie-
ties as checks in all the experiments (Buck Platino, Buck
Topacio, Buck Esmeralda, Buck Cristal, Buck Ambar,
Bonaerense INTA Facon, Bonaerense INTA Carilo and
Bonaerense INTA Cumenay).

Field trials

The 93 RILs, the parental lines and the eight Argentinean
check varieties were sown during two consecutive years
(2006 and 2007) at three locations in Argentina (Cabildo
[CA], Barrow [BW] and Balcarce [BC]). The field trials
were sown following a randomized complete block design
(RCBD) with three replications using experimental plots of
3 m? in size. A seed density of 150 seeds per square meter
average was used. Each year x location combination was
considered as environment in the statistics analysis.
Agronomical management of fertilization with nitrogen

and phosphorous was performed in two applications, at pre-
sowing or sowing and tillering, according to local practices
and doses for each experimental field (Supplemental
material, Table S4). In order to maintain optimum perfor-
mance of genotypes herbicides and fungicides were used
when necessary.

Phenotypic traits

Grain protein content (GPC) expressed in percentage was
determined in each plot using Near-Infrared Transmission
(NIRT) (Infratec 1226, Tecator, Suecia) according to IRAM
procedure 15.879 and based upon 12% moisture content.
Whole wheat flour was obtained by milling whole grains
with an UDY experimental cyclonic mill (UDY Corpora-
tion) with a 1 mm sieve. The SV test was performed
according to the technique described by Dick and Quick
(1983) using 1 g of whole wheat flour. Quality traits were
determined in the three replications by each genotype in
each environment. Thousand kernel weight (TKW) was
obtained from the mean weight of two 100 seed samples.
Test weight (TW) was performed and was expressed in kg
hl™". Grain yield (GY) of each plot was measured from the
entire plot and was expressed in kg ha™'. We used these
three parameters (TKW, TW and GY) to check the
correlation with quality traits. Days to heading was
calculated as the number of days between seedling
emergence and the day when >50% of the ears of each
RIL had emerged from the flag leaf.

Statistical analysis

Standard statistical analyses were carried out using the
Microsoft Office Excel 2003 package and SAS software
version 9.0 (SAS Institute Inc., Cary, NC, 1990).
Analysis of variance (ANOVA) was conducted for every
environment separately and a combined ANOVA was
performed over all environments. The normality of
residuals was analyzed by the Shapiro-Wilk test at 5%
significance level. To conduct the joint analysis over
environments, variance homogeneity was tested accord-
ing to the criteria proposed by Cruz and Ragazzi (1997),
in which variances are considered as homogeneous when
the ratio between the larger and the smaller residual mean
square is smaller than 7. Population parameters such as the
heritability and the genotypic, phenotypic, environmental
and interaction variances were estimated by the GENES
program (Cruz 1997).

Genetic map and QTL analysis

QTL mapping was performed using the linkage map of
durum wheat reported by Zhang et al. (2008). The total
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length of the map was 2,140 cM (giving a mean
chromosome length of 153 cM), based on 269 markers
including molecular (230 SSR, 23 SNP, 10 RFLP and 3
STS), morphological (Bla) and protein markers (G/u-Bland
Gli-A2 loci). Following the nomenclature used in the
linkage map (Zhang et al. 2008), the X preceding the
marker name generally used to indicate marker type
(MclIntosh et al. 2003) was omitted from text and tables.
Windows QTL Cartographer version 2.5 (Wang et al. 2004)
was used to conduct composite interval mapping (CIM)
with a 0.5 cM walking speed and a 10 ¢cM window size.
The threshold LOD score was calculated for each trait and
environment performing 1000 permutations at p<0.10
(suggestive) and p<0.05 (significant) (Churchill and
Doerge 1994) (ranges from Table S2: SV p<0.10[2.78-
3.29], p<0.05[3.11-3.70]; GPC p<0.10[2.76-2.96], p<0.05
[3.11-3.66]). The confidence intervals were indicated as the
two-LOD drop off support intervals that confer a 95%
confidence region (Van Ooijen 1992). QTL mapping was
performed for every environment separately and for the
average of the six environments (Mean QTL) for each trait.
Interactions were identified with the software QTLNetwork
version 2.0 (http://ibi.zju.edu.cn/software/qtlnetwork/)
based on the mixed linear model (Wang et al. 1999).
Single-locus and two-locus QTL analyses were performed
to examine the main and epistatic effects (QQ) and QTL x
environment interactions (QE and QQE). Single factor
ANOVA was performed to search for overlapping QTL.
The markers closely linked to the SV and GPC QTL
identified by CIM were used to verify their effect on DH,
TW, TKW and GY. QTLs for GPC and SV were denoted by
Gpc and Sv, respectively, in the text and tables, following
the rules for QTLs proposed by Mclntosh et al. (2003).

Results
Quality traits

The RIL population, the two parental lines and the eight
check varieties were evaluated for GPC and SV. The RILs
showed transgressive bi-directional segregation for both
traits. The phenotypic results - GPC and SV (mean,
variances and heritability) - obtained in different years and
locations from Argentina are shown in Table 1. The GPC
data were normally distributed in five out of six environ-
ments, although the SV values were normal only in two
environments. The check varieties values for both traits are
shown in Table S1 (supplemental material).

The parental lines showed statistically significant differ-
ences in GPC only in three of the six environments
considered, with the variety Kofa giving higher values than
UC1113. However, the RILs had more extreme values of
GPC than the parental lines in all the environments. The
transgressive lines presented mostly positive transgressive
segregation with higher GPC values than the variety Kofa.
The ANOVA allowed us to detect highly significant
differences between the RILs in the six environments, with
very low experimental error (CV range=2.6% - 4.5%). The
genotypic variance was much higher than the environmen-
tal one, resulting in high values of heritability in each
environment (Table 1). On the other hand, for the SV test
several lines showed negative transgressive segregation,
even though most of the RILs were within the range of the
parental lines in four out of six of the environments (CA
2006, BC 2006, BW 2007, and BC 2007). Only in the two
remaining environments a few lines showed positive
transgressive segregation. Nevertheless, the parental lines

Table 1 Grain protein content (GPC) and SDS sedimentation volume (SV) from a RILs population derived from the cross UC1113 x Kofa in six

environments of Argentina

Trait Environment * UC1113 Kofa RIL mean (range) CVe% ° o, ¢ o2 ¢ 05 © h?% f
SV CA 2006 44.8 72.2%*%* 52.1 (37.7-74.7) 4.76 45.98 2.05 43.93 95.54
BW 2006 48.6 73.8%** 57.1 (36.0-83.3) 4.73 74.21 243 71.78 96.72
BC 2006 45.8 74.1%x% 56.0 (42.3-70.3) 4.46 42.81 2.07 40.74 95.16
CA 2007 52.3 89.3%** 66.2 (43.0-95.0) 53 134.46 4.18 130.28 96.89
BW 2007 55.0 90.3%** 61.5 (40.0-92.0) 6.88 106.16 6.19 99.97 94.17
BC 2007 55.7 87.7H** 61.5 (40.0-90.0) 4.79 106.48 3.14 103.34 97.05
GPC CA 2006 17.5 17.6 18.1 (16.3-19.7) 2.86 0.52 0.09 0.43 82.85
BW 2006 15.0 15.3 15.5 (14.2-16.9) 291 0.23 0.07 0.16 70.48
BC 2006 13.1 14.2%* 14.2 (13.0-15.8) 2.82 0.35 0.05 0.30 84.75
CA 2007 15.0 15.7 16.2 (13.0-18.8) 4.53 0.73 0.18 0.55 75.38
BW 2007 14.7 15.8%** 15.6 (14.4-17.5) 2.59 0.24 0.05 0.18 77.20
BC 2007 14.3 15.9%** 15.3 (13.3-17.6) 3.10 0.44 0.08 0.36 82.82

# CA=Cabildo, BW=Barrow, BC=Balcarce. ® CVe%=experimental variation coefficient. ° o‘p2 =phenotypic variance.
0> =genotypic variance. © h? =broad-sense heritability percent. **, *** Significantly different of UC1113 at p<0.01 and p<0.001 respectively

e
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had very well differentiated extreme values. The ANOVA
showed highly significant differences in SV values between
the RILs for all the environments, with acceptable low CV
% wvalues, ranging between 4.5%-6.9%. The broad-sense
heritability for the trait in each environment was very high
(Table 1).

For both traits, the homogeneity of variances in all the
environments was acceptable according to the criteria cited
by Cruz and Ragazzi (1997), so the combined ANOVA was
performed. We found that the genotype x environment
interaction for both traits was also highly significant. The
Pearson’s simple correlations among environments ranged
from 0.20 to 0.52 for GPC, except between the environ-
ments CA 2006 and BC 2007, where there was not
significant correlation. The SV test showed correlation
values among environments ranging from 0.35 to 0.74
(Supplemental material, Table S3). Based on the results of
the combined ANOVA, the environmental effect on GPC
was much higher than on SV. The major difference between
the highest transgressive RIL and the parental variety Kofa
(high GPC) was of 2.63% in CA 2007, whereas the lowest
difference was found in BW 2007 (1.17%). Both traits,
GPC and SV test, were not correlated considering the
complete data set. We also investigated the association
between GPC and yield parameters and we found that it
was negatively and highly significantly correlated with GY
(= —0.35), TKW (= —0.57) and TW (= —0.57). In
contrast, SV was not affected by these parameters.

QTL analysis
QTLs for grain protein content (GPC)

A total of nine significant (p<0.05) and one suggestive (p<
0.10) QTLs were detected by CIM analysis for GPC
explaining from 9.3% to 21.6% of the phenotypic variance
(Table 2). The QTL analysis in the individual environments
allowed the identification of genomic regions associated
with GPC on the following chromosome arms 1BS, 2AL,
2BS, 2BL, 3BS, 4AL, 5AS, 5BL, 7AS and 7BL. For this
trait, both parental lines contributed with positive alleles,
although the majority of them were contributed by the line
UC1113.

Two QTLs (QGpc.cerz-3BS and QGpc.cerz-7BL) were
expressed in two out of the six individual environments and
in the QTL analysis on the average of the six environments.
These QTLs showed a very stable peak position. The
highest effect was detected for the QGpc.cerz-3BS, located
on chromosome 3BS, which explained 21.6%, 21.0% and
16.1% of the phenotypic variance in the individual environ-
ments BC 2006, CA 2007 and on the average of the six
environments, respectively. This QTL had also been found
in previous studies performed in Cabildo (CA) in 2004
(Conti et al. 2008) as having a significant effect and
explaining 15.5% of the phenotypic variation. The QTL,
OGpc.cerz-7BL, located on chromosome 7BL, showed a
stable position between the SSRs c¢fa2040 and barcl1073.

Table 2 Main effect QTLs for grain protein content (GPC) mapped in a RILs population derived from the cross UC1113 x Kofa in six

environments of Argentina

Chr. arm ® QTLs ° Flanking markers

LOD © Aditive effect R?

Peak position 2-LOD support Positive Environment ©

(%) (%) (cM) interval alelle

1BS OGpc.cerz-1BS  gwm273-wmc626 4.6*  0.18 13.3 35.1 20.3-41.2 Kofa BW 2006
2AL OGpc.cerz-2AL  cfd50-gdm93 32s 0.2 14.1 150.0 123.5-162.5 UC1113 BW 2007
2BS OGpc.cerz-2BS  wmc597-BM140538 39 5.8*  —0.32 20.8 242 17.3-34.7 UCI113 BC 2007
3BS OGpc.cerz-3BS  barcl47-gwm493 7.4%  —0.29 21.6 13.0 9.8-17.5 UC1113 BC 2006
3BS OGpc.cerz-3BS  barcl47-gwm493 5.6%  —0.39 21.0 123 4.5-20.5 UCI1113 CA 2007
3BS OGpc.cerz-3BS  barcl47-gwm493 49*% 02 16.1 13.0 8.3-19.5 UCI1113 Mean

3BL OGpc.cerz-3BL  gwm66-cfa2134 3.5%  —0.23 9.5 1163 71.9-136.9 UCI1113 CA 2006
3BL OGpc.cerz-3BL  cfa2134-BQ159467 233 3.3*  —0.16 93 1173 87.9-130.8 UCI1113 Mean

4AL QGpc.cerz-4AL  dupw4-barc170 5.7 —0.3 16.6 44.2 35.6-54.3 UCI1113 CA 2006
SAS OGpc.cerz-54S  barcl01-barcll7 48* 023 21.0 295 12.5-40.5 Kofa BW 2007
SBL OGpc.cerz-5BL  gwm499-BE495277 339 3.9*  —0.26 14.6 72.5 56.5-87.8 UC1113 BC 2007
TAS OGpc.cerz-74S  wmcl 68-barc219 32% 025 12.7 30.1 14.5-42.6 Kofa BC 2007
7BL OGpc.cerz-7BL  cfa2040 -barc1073 4.1*  0.18 12.1 184.6 170.9-191.0 Kofa BW 2006
7BL OGpc.cerz-7BL  cfa2040 -barc1073 42% 02 13.0 184.6 177.9-191.0 Kofa BW 2007
7BL OGpc.cerz-7BL  barc1073-barc340 4.3% 0.21 15.6 185.6 178.9-190.1 Kofa Mean

® Chr.=chromosome. ° Gpc=grain protein content, cerz=Centro de Recursos Naturales de la Zona Semiarida. © s and * threshold LOD at p<0.10
(suggestive) and p<0.05 (significant), respectively. ¢ R?> =% Phenotypic variance explained for the QTL. ¢ CA=Cabildo, BW=Barrow, BC=Balcarce.
Mean=pooled data of the six environments
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This QTL explained 12.1%, 13.0% and 15.6% of the
variation in the environments BW 2006, BW 2007 and in
the QTL analysis on the average data (combined six
environments), respectively. The parental line UCI1113
contributed with the positive allele for QGpc.cerz-3BS,
whereas Kofa carried the positive allele for OGpc.cerz-7BL.

The QTL, OGpc.cerz-4AL, was mapped on chromosome
4AL and explained 16.6% of the phenotypic variance in
CA 2006. Another QTL, QGpc.cerz-54S, was found
significant in BW 2007 on the chromosome arm S5AS,
accounting for 21.0% of the phenotypic variance in this
environment. A minor effect QTL (QGpc.cerz-3BL) was
mapped on chromosome arm 3BL in CA 2006 and in the
average of the six environments with their positive allele
carried by UC1113.

In this study, seven out of 10 QTLs detected were only
present in one environment (QGpc.cerz-1BS, QGpc.cerz-
24L, QGpc.cerz-2BS, QGpc.cerz-4AL, QGpc.cerz-5AS,
OGpc.cerz-5BL and QGpc.cerz-74S). The QTL, QGpc.
cerz-1BS, located on chromosome arm 1BS explained
13.3% of the phenotypic variation in BW 2006. The
OGpc.cerz-2AL was associated with GPC in BW 2007.
We found three QTLs affecting GPC in BC 2007 (QGpc.
cerz-2BS, QGpc.cerz-5BL and QGpc.cerz-74S), but they
were only detected in this environment, where the OGpc.
cerz-2BS had the most important effect on GPC (R’*=
20.8%).

QTLs for SDS sedimentation volume

Eleven QTLs were mapped by CIM for SV, explaining
from 4.9 to 54.2% of the phenotypic variation. They were
distributed on chromosome arms 1AS, 1AL, 1BL, 3BS,
3BL, 4AL, 4BS, 6AL, 6BL, 7AS and 7AL (Table 3). The
most important QTLs mapped in this work were located on
chromosome arms 1BL, 6AL, 6BL and 7AS, with positive
alleles contributed by the parental line Kofa.

The main QTL affecting SV, OSv.cerz-1BL, was found to
be closely linked to the HMWG locus Glu-BIl on
chromosome arm 1BL. This QTL was consistently detected
in the six environments and explained the highest percent-
age of the variance in all of them, ranging between 20.9%
and 54.2% (LOD=6.7 - 17.6).

A significant QTL, QOSv.cerz-64AL, was mapped on
chromosome arm 6AL in three environments (CA 2006,
BC 2006 and BC 2007). Although not significant or
suggestive, according to the permutation test, a LOD
value of 2.9 was observed at the same position in the
mean QTL detection. Another important significant QTL,
OSv.cerz-6BL, was mapped on chromosome arm 6BL in
two environments and in the average of the six environ-
ments (Table 3). The QTL mapped on chromosome arm
7AS appeared in two environments, but was only
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significant in the mean of the six environments, in which
it explained 15.2% of the phenotypic variation. The QSv.
cerz-3BL and QSv.cerz-4BS QTLs were detected only in
two environments.

Pleiotropic QTLs with yield and yield related traits

To explore the possibility that both SV and GPC QTLs
were mapped in a pleiotropic region that also affected grain
yield, yield related traits (TKW, TW) or growth traits such
as days to heading, which affect the agronomic perfor-
mance, a one-way ANOVA with the locus in the peak of the
QTLs detected by CIM was conducted (Table 6).

A significant effect of the gwm493 marker, linked to QGpc.
cerz-3BS, on GY in four out of the six environments and for
the mean data of the six environments was detected. This
marker also had a significant effect on TKW and TW in one
and two environments, respectively. The positive allele for
these traits carried by Kofa also affected protein content,
showing a decrease. In the same way, the microsatellite
barcll17, linked to QGpc.cerz-54S showed a significant effect
on TKW in BW 2007 and the mean data. But in a different
way, the BE495277 339 allele from UC1113 closely linked to
OGpc.cerz-5BL, was associated with a simultaneous increase
in GPC, TW and TKW in three and four data sets. The
presence of this allele decreased the GY in CA 2007. In
addition, an association with GY was found with the linked
SSR markers barli3 (QSv.cerz-64AL), whereas the barc219
allele from Kofa, linked to OSv.cerz-74S, also was associated
to a decrease the TW in four environments.

Epistatic effects and QTL x environment interactions

The results of QE interactions for both quality traits are
shown in Table 4. For SDS sedimentation volume only the
OSv.cerz-7AL was involved in QE interaction. Neverthe-
less, three (QGpc.cerz-2BS, QGpc.cerz-3BS and QGpc.
cerz-4AL) out of nine of the significant main effect QTLs
detected for GPC showed QE interaction. Most of the QE
interaction was detected in the environments that presented
extreme rainfall conditions (CA 2006 and BC 2007), with
the lowest and highest precipitation values, respectively
(Table S5). Also, these locations showed the major differ-
ences in mean and maximum temperatures across the
growing season (Supplementary material, Table S5). The
QTL, OGpc.cerz-3BS, had the highest number of environ-
mental interactions. QTLs with QQ and QQE interactions
effects for both quality traits are shown in Table 5. A total
of five digenic epistatic QTLs were detected for GPC and
two QQ interactions for SV. The QOSv.cerz-1BL, that
presented the most important effect on SV, showed an
epistatic effect with the OSv.cerz-5BL that did not show a
main effect. Only one pair of epistatic QTLs (QGpc.cerz-
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Table 3 Main effect QTLs for SDS sedimentation volume mapped in a RILs population obtained from the cross UC1113 x Kofa in six

environments of Argentina

Chr. arm * QTLs ° Flanking markers

LOD © Aditive effect R>

Peak position 2-LOD support Positive Environment °

(%) (%) (M) interval alelle

1AS OSv.cerz-14S  Bla-wmc95 3.3% -2.01 86 0.0 0-18.5 UCI1113 CA 2006
1AL OSv.cerz-1AL BM140362_603-wmc312 3.0s  1.47 49 870 77.4-91.6 Kofa BC 2006
1AL OSv.cerz-1AL BM140362_603-wmc312 33 s 1.84 58 88.0 76.2-112.6 Kofa Mean

1BL OSv.cerz-1BL  Glu-Bl-cfa2129 11.0%  3.92 31.0 82.6 75.3-89.3 Kofa CA 2006
1BL OSv.cerz-1BL  barc181-Glu-B1 7.4% 4.65 27.1 80.3 70.3-92.8 Kofa BW 2006
IBL OSv.cerz-1BL  barcl81-Glu-Bl 15.4* 478 51.8 78.8 70.3-82.6 Kofa BC 2006
IBL OSv.cerz-1BL  barcl81-Glu-Bl 7.4% 6.93 347 80.3 71.3-94.3 Kofa CA 2007
IBL OSv.cerz-1BL  cfa2129-psr162 12.6% 7.5 542 90.8 84.8-96.8 Kofa BW 2007
IBL OSv.cerz-1BL  Glu-Bl-cfa2129 6.7% 488 209 82.6 74.8-92.8 Kofa BC 2007
1BL OSv.cerz-1BL  barcl81-Glu-B1 17.6* 5.19 46.2 81.8 74.8-84.1 Kofa Mean

3BS OSv.cerz-3BS  cfd79-ksm45 4.0% 417 147 30.0 22.0-43.4 Kofa BC 2007
3BL OSv.cerz-3BL  BQ159467 233-barcl64 3.2*%  —2.22 9.9 1288 119.8-154.9 UCI1113 CA 2006
3BL OSv.cerz-3BL  gwm66-cfa2l34 43*  —-1.98 84 1163 109.5-136.9 UCI1113 BC 2006
4AL OSv.cerz-4AL  dupw4-barcl70 41*  -2.06 73 462 32.6-57.3 UCI1113 Mean

4BS OSv.cerz-4BS  ksm62-gwmll3 42% 234 11.0 30.9 13.2-39.7 Kofa CA 2006
4BS OSv.cerz-4BS  ksm62-gwmll3 7.2%  2.69 164 299 25.5-34.4 Kofa BC 2006
6AL OSv.cerz-64AL  barcll3-wmce553 3.9 225 10.5 599 52.7-68.8 Kofa CA 2006
6AL OSv.cerz-6AL  barcll6-barcll3 3.4% 1.67 6.4 574 49.2-67.1 Kofa BC 2006
6AL OSv.cerz-6AL  barcll3-wmce553 3.8% 3.98 12.5 659 58.9-71.8 Kofa BC 2007
6BL OSv.cerz-6BL  gwm219-wmc621 4.5% 3.7 12.1 1275 115.5-136.7 Kofa BW 2007
6BL OSv.cerz-6BL  gwm219-wmc621 32s  3.61 11.5 119.5 98.9-131.0 Kofa BC 2007
6BL OSv.cerz-6BL  gwm219-wmc621 47% 235 9.6 1175 106.9-129.0 Kofa Mean

TAS OSv.cerz-7AS  gwm635-barc70 3.0s  2.01 82 95 0-31.6 Kofa CA 2006
TAS OSv.cerz-7AS  barc70-wmcl68 34s 38 10.2 16.0 2.0-39.6 Kofa CA 2007
7AS OSv.cerz-7AS  barc70-wmcl68 7.3*% 3.01 152 16.0 6.5-24.0 Kofa Mean

7AL OSv.cerz-7AL  wmc603-wmc488 4.7%  5.65 222 1121 96.4-123.1 Kofa CA 2007

3 Chr.=chromosome. ° Sv=SDS sedimentation volume, cerz=Centro de Recursos Naturales de la Zona Semiarida. © s and * threshold LOD at p<0.10
(suggestive) and p<0.05 (significant), respectively. ¢ R? =% Phenotypic variance explained for the QTL. © CA=Cabildo, BW=Barrow, BC=Balcarce.

Mean=pooled data of the six environments

2BS and QGpc.cerz-3BL) also showed environmental
interactions for GPC.

Discussion
Phenotypic data

Kofa showed numerically higher GPC than UC1113 in all
the environments considered, but the differences were
statistically significant only in three out of the six
mentioned environments (Table 1). These results were
unexpected, according to previous knowledge that we had
about these varieties. A possible explanation may be that
these materials were not previously tested in these environ-
ments and the genotype behavior is different than in the

US. On the other hand, problems due to erroneous seed
mixing was ruled out based upon the results of molecular
markers for a study on lipoxygenase genes using the same
plant materials.

The transgressive bi-directional segregation for GPC was
mainly positive and would allow the selection of genotypes
having favorable allele combinations for GPC. For SV, the
parental lines showed significant differences in all the
environments considered, ranging between 20 and 30 mm,
but for this trait the transgressive bi-directional segregation
was mainly negative. This agrees well with the results of
the QTL mapping in which the line UC1113 contributed
with very few positive alleles to increase the SV values. It
is possible that the RILs do not have better allele
combinations than Kofa, since the SV values were similar
or lower than the ones obtained for this variety.
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Table 4 QTL x environment interactions for SDS sedimentation volume (SV) and grain protein content (GPC) in the UC1113 x Kofa mapping

population of durum wheat

Trait QTL? Flanking markers Additive effect QTL x environment interactions °

N OSv.cerz-7AL wmc603 - wmc488 5.65 —1.97** (CA 2007)

GPC OGpc.cerz-2BS wmc597 - BM140538 39 -0.32 —0.09*(CA 2006), 0.12**(BC 2007)
OGpc.cerz-3BS barcl47 - gwm493 0.50 0.10*%(BC 2006), 0.16*¥*(CA 2007), -0.12**(BC 2007)
OGpc.cerz-44L dupw4 -barc170 0.43 0.15**(CA 2006), -0.13**(BC 2007)

* GPC/Gpc=grain protein content, SV/Sv=SDS sedimentation volume, cerz=Centro de Recursos Naturales de la Zona Semiarida. ® *P<0.05; **P<0.01,

respectively. CA=Cabildo, BC=Balcarce

Genotype was the main source of variation for both
evaluated traits, indicating that the environmental variance,
although present, was relatively lower and allowed the
expression of the genotypic differences, resulting in high
heritability values. Heritability values for GPC ranged from
70.5% to 84.8%, being more variable between years in
Cabildo and Barrow. Our results showed moderate to high
heritability values for GPC, similar to those reported in
several publications (Blanco et al. 2002; Huang et al. 2006).
For SV the heritability ranged from 94.2% to 97.1%. These
results were in agreement with those reported by Clarke et
al. (2000) and were higher than those reported by Huang et
al. (2006) and Patil et al. (2009). The genotype—environ-
ment interaction was highly significant for GPC and SV,
showing that these traits require selection in multiple
environments. Possibly, it was mostly due the high differ-
ences observed between locations and years in rainfall
conditions (Supplemental material, Table S5). Also, the
application of nitrogen and phosphorous was different
between locations, taking into account the local agronom-
ical practices. For that reason, the use of molecular markers
linked to QTL would simplify the selection process in
breeding programs.

QTL analysis
Grain protein content

The presence of QTLs influencing GPC in nine different
chromosomes of the UC1113 x Kofa mapping population
agrees well with previous reports in cultivated and wild
wheat (Joppa and Cantrell 1990; Zanetti et al. 2001; Blanco
et al. 2002). The most significant QTLs detected in this
work on chromosomes 3BS and 7BL (QGpc.cerz-3BS and
OGpc.cerz-7BL) were previously mapped by Zhang et al.
(2008) using the same RIL population evaluated in
California (USA). The QGpc.cerz-3BS was detected only
in one environment from California, whereas the effect of
this QTL in Argentinean environments was higher,
although with moderate values, explained the highest
percentage of phenotypic variation in two environments
(BC 2006 and CA 2007) and in the QTL analysis using the
average data of the six environments. This also agrees with
a QTL on 3B recently reported by Zhao et al. (2010) using
a common wheat population. However, the closest marker
to this QTL also showed a significant effect on GY, TKW
and TW in the Argentinean environments (Table 6). The

Table 5 Epistatic QTLs and QTL x QTL x environment interaction for the durum wheat quality traits SDS sedimentation volume and grain

protein content

Trait* QTLib Flanking Peak QTLjb Flanking markers; Peak Qi x Q; Q; x Q; x E interaction °
markers; position; position; epistatic
effect ©
SV OSvcerz-IBL  GluBl-cfa2129b  83.60 OSv.cerz-5BL  gwm497- gwml18 180.2 0.97 -
OSv.cerz-1BL.2  barc80-ksmi176 14540  OSvcerz-5BL ~ gwm497- gwml118 180.2 2.13 -
GPC QOGpc.cerz-2BS  cfa2201-gwm429 17.30 OGpc.cerz-3BL  c¢fa2134-BQ159467 233 97.20 0.08 —0.10*(CA 2006),
0.12*%*¥(BC 2007)
OGpc.cerz-3BS  wmc43-gwm285  60.40 OGpc.cerz-5BL  wmcl49-barc74 15.10 0.15 -
OGpc.cerz-4AL  wmc262-barc343 103.10  QGpc.cerz-7BL  wmc396-barc278 106.30  —0.11 -
OGpc.cerz-5BL  wmcl49-barc74  15.10 OGpc.cerz-7AS  BE471272 393-wmc596 99.70 0.09 -
OGpc.cerz-5BL  barc74-gwm371  47.20 OGpc.cerz-7AS  BE471272 393-wmc596 99.70 0.16 -

a b GPC/Gpc=grain protein content, SV/Sv=SDS sedimentation volume

Qi=QTL;, Q;=QTL;, E=environment

@ Springer
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Table 6 Single factor ANOVA with the locus in the peak of the QTLs associated with SV and GPC detected by CIM used to find putative
overlapping QTLs associated with days to heading (DH), test weight (TW), thousand kernel weight (TKW) and grain yield (GY)

Trait *  QTL (allele) ° Peak marker Overlapping  F test ¢
QTL CA BW BC 2006 CA 2007 BW BC Average
(allele) >° 2006 2006 2007 2007
GPC OGpc.cerz-1BS (K) wmc626 GY (U) ns 4.01* ns ns 52*%  ns 5.88%
OGpc.cerz-2BS (U)  BM140538 39  DH (K) - 16.38%** 6.27%* - ns 7.67**
TKW (K) ns ns 4.03* ns ns ns ns
GY (U) 10.22%*  8.46** ns ns ns ns ns
OGpc.cerz-3BS (U) gwm493 TW (K) ns ns 37.98**%* ns ns 5.03* ns
TKW (K) ns ns 33.03%**  ng ns ns ns
GY (K) ns 5.69% S51.66%**  2529%**  6.68* ns 25.6%**
OGpc.cerz-4AL (U) /' barcl70 DH (U) - ns - ns - 4.3% ns
OSv.cerz-44L (U) W (K) 5.83% ns ns ns ns ns ns
GY 4.3* (K) ns ns ns ns 4.23*(U) ns
OGpc.cerz-54S (K) barcll7 TKW (U) ns ns ns ns 4.34*% ns 6.9%
OGpc.cerz-5BL (U) BE495277 339 TW (U) 9.8%** ns 4.92%* ns ns ns 7.74%*
TKW (U) 11.16¥* ns 4.09* ns 5.83* ns 8.24%*
GY (K) ns ns ns 5.13% ns ns ns
SV OSv.cerz-1BL (K) Glu-B1 T™W (U) ns 11.22*¥*  ns 4.44% ns ns ns
GY (U) 7.74%* 19.39%**  ns ns ns ns 4.78%
OSv.cerz-4BS (K) gwmll3 GY (U) ns ns ns ns ns 8.44%* ns
OSv.cerz-3BS(K) cfd79 DH (U) - 4.60% - 10.63***  — ns 8.25%*
TW (K) ns ns 11.45%*  ns ns ns ns
TKW (K) ns ns 21.22%*%*  ng ns ns 4.44*
GY (K) 6.68* 4.96* 19.91%**  11.99***  ns ns 9.19%*
OSv.cerz-6AL (K) barll3 DH (K) - 5.74% - 7.48%** - 6.77* 8.67**
T™W (U) ns ns 4.00%* ns ns ns ns
GY (U) 4.16* ns 8.80%* 14.15%*%* ng ns 4.10*
OSv.cerz-74S (K) barc219 T™W (U) ns 10.17%*  6.79* 491%* 4.92*% ns 10.59%*

* SV = SDS sedimentation volume, GPC = grain protein content. ° U = UC1113, K = Kofa. © DH = Days to heading, TW = Test weight, TKW=1000-
kernel weight, GY = Grain yield. ¢ *, **, *¥* significant values at p<0.05, p<0.01 and p<0.001. ns=not significant. CA = Cabildo, BW = Barrow,

BC = Balcarce. Only significant associations were shown in the table

positive allele for QGpc.cerz-3BS was carried by the
UC1113 line, but this allele decreased the GY, TKW and
TW. These results may interfere with the use of the 3BS
QTL in MAS and it will be necessary to characterize the
pleiotropic effect of this QTL in different populations or
cultivar collections.

In contrast, QGpc.cerz-7BL did not show a pleiotropic
effect with GY or yield related QTLs and could be a good
target to help in the Argentinean breeding programs using
MAS. The close negative relationship between grain yield
and GPC is well known, and an independent gene to
increase GPC is an important goal. Zhang et al. (2008)
found this QTL in USA environments using the same
mapping population. Our analysis allowed us to validate
this QTL in a stable position on the SSR barci073 in
Argentinean environments. The RILs carrying the Kofa

allele for this marker have shown higher GPC. Blanco et al.
(2006) and Campbell et al. (2001) in durum wheat and
Huang et al. (2006) in bread wheat also reported a QTL
located on chromosome 7BL associated with flour protein
content. Suprayogi et al. (2009) also found a QTL for GPC
on the distal region of 7BL in a similar position to that
found in our work, based on the common marker wmec311.

The QGpc.cerz-54S QTL was also reported by Zhang et
al. (2008). This QTL was more relevant in California, but
our analysis showed the OGpc.cerz-5AS only significant in
BW 2007, in which it explained the highest percentage of
variance. Mann et al. (2009) also found a QTL on 5A in
common wheat, but in a more distal position of the
telomeric region. However, the positive allele from Kofa
for OGpc.cerz-5AS also showed a decrease in the TKW in
BW 2007 and the mean data (Table 6) and could limit the
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usefulness of this QTL in MAS, although validation in
different genetic backgrounds is needed.

A QTL on 7AS was also reported by Suprayogi et al.
(2009) at 10.3 cM apart from the marker barc219. In our
study, the OGpc.cerz-74S QTL was flanked by the micro-
satellite barc219. Blanco et al. (2002) in durum wheat and
Prasad et al. (2003) and Groos et al. (2003) in common
wheat also reported a QTL for GPC on 7AS. Kofa carried
the positive allele for QGpc.cerz-7A4S that did not show
pleiotropic effects on GY, TKW, TW or DH. Another QTL,
the OGpc.cerz-44L, that showed environmental interaction
in two environments (Table 4), was previously reported by
Kunert et al. (2007) in hexaploid wheat. This QTL and our
QTL (QGpc.cerz-44AL) were flanked by a common SSR
marker (barcl70). This microsatellite showed to be signif-
icant associated with GY, but with the opposite allele in the
two environments detected, indicating a possible spurious
association with GY. Although OGpc.cerz-4AL did not
show a main effect in BC 2007, this QTL showed
environmental interaction in this environment, may be due
to the high rainfall conditions (supplemental material, Table
S5).

The OGpc.cerz-2BS QTL linked to the BM140538 39
marker was also reported by Suprayogi et al. (2009), in a
region similar to the one reported in this work. Even though
the UCI113 allele was associated with a simultaneous
increase of the GPC and GY in two environments (CA
2006 and BW 2006), we found a significant reduction of
the heading date caused by this allele in three data set,
which could prejudice their application in MAS. An
additional QTL was also mapped on chromosome arm
3BL. Previous works also reported a QTL associated with
GPC on chromosome 3B (Joppa and Cantrell 1990; Li et al.
2009) and specifically on the long arm (Blanco et al. 2000).

SDS sedimentation volume

The most important QTLs for SV found in this work are in
agreement with those cited by other authors on chromo-
some arms 1BL, 6AL, 6BL and 7AS (Elouafi et al. 2000;
Kerfal et al. 2010; Patil et al. 2009; McCartney et al. 2006;
Zhang et al. 2008). The position of the OSv.cerz-1BL QTL
located on chromosome 1BL coincided with the protein
marker Gl/u-Bl on the map. This result confirms the
positive influence of HMWGs over gluten strength. In a
previous work, we found the Glu-B1 allele carried by Kofa
(allele d, subunits 6+8) strongly associated with higher SV
values, while the parental line UC1113 (allele b, subunits
7+8) showed poor values (V.A. Conti 2007, PhD Thesis,
Universidad Nacional del Sur, Argentina). The OSv.cerz-
IBL was the main QTL affecting SV across the environ-
ments (R*=20.92 - 54.18 %) and the positive allele was
contributed by the higher parental Kofa. This QTL
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explained a higher percentage of variance in Argentina
compared to Californian environments (Zhang et al. 2008).
This locus also showed an epistatic effect with the QSv.
cerz-5BL QTL, which did not have a main effect. However,
the QSv.cerz-1BL flanked by the G/u-B1 locus did not show
environmental interactions (QE and QQE), which agrees
well with the strong genetic effect detected across all the
environments. Huang et al. (2006) and McCartney et al.
(2006) found the Glu-B1 locus associated with SV, using
common wheat populations. Alternatively, Li et al. (2009)
reported the homoeologous loci Glu-Al and Glu-DI
strongly associated with this trait, also in common wheat.
Recently, Patil et al. (2009) found a QTL linked to the Glu-
B1 locus associated with SV in durum wheat. In contrast,
Elouafi et al. (2000) and Blanco et al. (2000) did not find
any effect of the G/u-BI locus on gluten strength and they
suggested that this had been probably due to the similar
effect of the alleles carried by the parental lines in these
durum wheat populations.

The present work allowed the identification of previous-
ly undetected QTLs on chromosomes 3BS, 3BL, 4AL,
4BS, 6AL, 7AS and 7AL using the UCI1113 x Kofa
mapping population, in addition to those already detected
by Zhang et al. (2008). However, the effect of the QTL
reported on SAL was not validated using Argentinean
environments, while OSv.cerz-14AL was only detected as
suggestive (p<0.10) in our analysis. The 7AS QTL was
recently reported by Kerfal et al. (2010) as being closely
linked to the gwm635 marker. This agrees well with our
results because this microsatellite flanked the confidence
interval of the OSv.cerz-74S in the UC1113 x Kofa linkage
map.

On the other hand, the QTLs OSv.cerz-3BL and QSv.
cerz-44AL showed pleiotropic effects on GPC, with small
differences in the QTL peak position. The marker on the
peak of OSv.cerz-4AL has also been associated with GY
and TW, as was discussed for GPC (Table 6). Four
additional QTLs affecting SV, OSv.cerz-3BS, OSv.cerz-
4BS, QOSv.cerz-6AL and QSv.cerz-1BL, were associated
with pleiotropic effects on GY, while the favorable allele
of the peak marker of OSv.cerz-74S showed a decrease in
the TW. The c¢fd79 allele from Kofa, linked to QSv.cerz-
3BS, was associated with an increase in the gluten strength
and also with GY, TKW and TW, but caused a small
decrease in days to heading (1 day). The OSv.cerz-4BS
marked by gwm113 was significantly associated with GY
in BC 2007 with opposite allele compared to SV. While,
the Kofa allele of barcii3, linked to OSv.cerz-6AL,
increased the SV values and the DH, but it was associated
with lowest GY values in three environments and in the
average data set. It is necessary to consider these effects
before using the QTLs in MAS, although some pleiotropic
effects were lower.



J Appl Genetics (2011) 52:287-298

297

In this study, QTLs with QQ interactions were found
for both quality traits showing the complexity of these
parameters. QE interactions were also found in this work,
mainly affecting GPC, which confirm the major influence
of the environment in the expression of this quality trait.
These mapping results suggest that other additional genes
affecting SV and GPC are present in the UC1113 x Kofa
genetic background and the evaluation in Argentinean
environments allowed these genes to be expressed. The
highest effect detected in some QTLs in relation with the
work of Zhang et al. (2008) could indicate that they may
be better adapted to Argentina. The QTL, QGpc.cerz-7BL,
is an interesting target loci to increase the GPC in
Argentinean breeding programs; the Glu-Bl locus also
showed a strong effect, but the interaction with Glu-B3
alleles or their effect on different genetic backgrounds
should be confirmed.

The contribution of new information coming from the
evaluation in different environments and using different
plant populations will combine to understand the genetic
bases of these complex and quantitative traits and will
furthermore help to select molecular markers to be used in
MAS of durum wheat.
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