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Abstract A quantitative trait loci (QTL) analysis of
grain yield and yield-related traits was performed on
93 durum wheat recombinant inbred lines derived
from the cross UC1113 x Kofa. The mapping popu-
lation and parental lines were analyzed considering 19
traits assessed in different Argentine environments,
namely grain yield, heading date, flowering time, plant
height, biomass per plant, and spikelet number per ear,
among others. A total of 224 QTL with logarithm of
odds ratio (LOD) > 3 and 47 additional QTL with
LOD > 2.0 were detected. These QTL were clustered
in 35 regions with overlapping QTL, and 12 genomic
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regions were associated with only one phenotypic
trait. The regions with the highest number of multi-
trait and stable QTL were 3BS.1, 3BS.2, 2BS.1,
1BL.1, 3AL.1, 1AS, and 4AL.3. The effects of
epistatic QTL and QTL x environment interactions
were also analyzed. QTL putatively located at major
gene loci (Rht, Vrn, Eps, and Ppd) as well as additional
major/minor QTL involved in the complex genetic
basis of yield-related traits expressed in Argentine
environments were identified. Interestingly, the 3AL.1
region was found to increase yield without altering
grain quality or crop phenology.

Keywords Durum wheat - Heading date -
Quantitative trait locus - Yield components

Abbreviations
QTL  Quantitative trait locus
RIL Recombinant inbred line

Rht Reduced height
MAS  Marker assisted selection

NDVI Normalized difference vegetation index
Ppd Photoperiod

Vi Vernalization

Eps Earliness per se

SNP Single nucleotide polymorphism

SSR Simple sequence repeat

RFLP Restriction fragment length polymorphism
STS Sequence-tagged site

CA Cabildo
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BW Barrow

BC Balcarce

Hd Heading date

Flt Flowering time

Ssm Number of spikes per square meter
Yld Grain yield

Tgw  Thousand grain weight

Ph Plant height

PdL Peduncle length

Bpp Biomass per plant

Snp Number of spikes per plant

Gne Grain number per ear

Gnp Grain number per plant

Sne Spikelet number per ear

Fse Number of fertile spikelets per ear
Gwe  Grain weight per ear

Gwp  Grain weight per plant

Gnfs  Grain number per fertile spikelet
Gnts  Grain number per total spikelets
Hi Harvest index

St Spike fertility

QQ Epistatic interaction

QE QTL x environment interaction
LOD  Logarithm of odds ratio

Ypc Yellow pigment content

Fb Flour yellow color (b CIELAB)
Gpc Grain protein content

Sv Sedimentation volume (SDS test)
Introduction

Durum wheat (Triticum turgidum L. var. durum) is the
crop of preference for premium pasta production
worldwide. Yield is the most important trait to many
members of the wheat production chain, particularly
farmers, distributors, and exporters. As grain yield is a
complex trait that normally shows relatively low
heritability, it is difficult to obtain high genetic gains in
yield during the breeding process.

Durum wheat cultivation area in Argentina reached
nearly half a million hectares in the early 1970s but
decreased rapidly in the subsequent decades and
stabilized at up to ~ 57,000 ha in the period
2001-2011 (http://www.siia.gob.ar/sst_pcias/estima/
estima.php). Durum wheat is planted mainly in the
southern sector of Buenos Aires province, Argentina.
The main reason why durum cultivation decreased
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was the low average durum wheat yield compared to
that of bread wheat and the lower profit margin com-
pared to other agricultural systems although durum
was priced higher than bread wheat in Argentina.

Breeding strategies for yield improvement focused
mainly on biomass partitioning (harvest index)
towards the spike through the pleiotropic effects of
genes introduced during the “green revolution” (Rhf)
(Abbate et al. 1995; Royo et al. 2007). The most
common methods to improve wheat yield were
through understanding how yield components could
be manipulated and could contribute individually to
yield potential (Slafer 2007), and through better
adaptation to environmental stresses (Tuberosa
2012). In the past 2 decades, new biotechnological
techniques helped accelerate improvements in wheat
yield via marker assisted selection (MAS) based on
quantitative trait locus (QTL) mapping and on specific
genes.

QTL analysis of yield components and morpho-
phenological traits as well as of overall yield offers the
possibility of detecting direct and indirect genetic
effects on yield-related traits. Epistatic interactions of
yield-related genes/QTL as well as QTL x environ-
ment interactions should also be taken into account to
better understand the complex genetic basis of wheat
yield. Previous studies, particularly on bread wheat,
were conducted to identify either QTL or genomic
regions with effects on different yield components
(Quarrie et al. 2006; Kuchel et al. 2007; Kumar et al.
2007; Hai et al. 2008; Wang et al. 2011; Wu et al.
2012; Rustgi et al. 2013).

Relatively few studies on durum wheat (Maccaferri
et al. 2008; Diab et al. 2008; Peleg et al. 2009;
Golabadi et al. 2011; Blanco et al. 2012; Patil et al.
2013; Dura et al. 2013, 2014; Graziani et al. 2014)
have reported the presence of QTL associated with
yield, yield components, and pheno-physiological
parameters in all chromosomes. These studies high-
light the importance of a major QTL located on
chromosome 3BS with effects on yield, plant height,
heading date (Maccaferri et al. 2008), canopy
reflectance (NDVI index), leaf greenness (SPAD
units), peduncle length (Graziani et al. 2014), thou-
sand-kernel weight (Blanco et al. 2012; Graziani et al.
2014), and kernel number/spike and spike weight
(Marza et al. 2006). Other key QTL were reported on
chromosome 2BL (Maccaferri et al. 2008; Graziani
et al. 2014). In addition, QTL on chromosomes 2AS,
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2BS and 4BS were associated with thousand-kernel
weight, test weight, spikelets per spike, and grain yield
(Patil et al. 2013). A high-density consensus map
constructed based on SNP and other additional
integrated markers has allowed localization of QTL
positions more precisely for different traits and was
also useful as a framework map to complement
linkage disequilibrium analysis and genome-wide
association mapping (Maccaferri et al. 2014, 2015).

The aim of this work was to identify the main
genomic regions associated with variation in grain
yield, yield components, and morpho-phenological
related traits using a durum wheat RIL population. To
explore the complexity of these traits, we also
investigated the existence of pleiotropic effects,
QTL x QTL, and QTL x environment interactions
in the durum wheat genome.

Materials and methods
Plant material

A durum mapping population consisting of 93 Fq
recombinant inbred lines (RIL) derived from a cross
between UC1113 and variety Kofa was used (Zhang
et al. 2008). Kofa is a Desert Durum® variety with
intermediate yield and high quality, selected from a
population designated ‘‘DICOCCUM ALPHA POP-
85 S-1"" by the West-Bred Company. UC1113, is a
CIMMYT-derived line (KIFS//RSS/BD1419/3/
MEXIS-CP/4/WAHAS/5/YAV79) selected by the
Wheat Breeding Program of the University of Cali-
fornia (Davis). Eight local commercial varieties were
used as controls (Buck Platino, Buck Topacio, Buck
Esmeralda, Buck Cristal, Buck Ambar, Bonaerense
INTA Facén, Bonaerense INTA Carild, and Bon-
aerense INTA Cumenay).

Experimental design and planting

Six field trials were carried out over 2 years (2006 and
2007) at different locations in the southern sector of
Buenos Aires province. RIL, parental lines (UC1113
and Kofa), and controls were all grown in Cabildo
[CA] (39°36'S 61°64'W), Barrow [BW] (38°20'S
60°13W) and Balcarce [BC] (37°45'S 58°18'W),
following a gradient of water availability from
Cabildo to Balcarce. Rainfalls in Cabildo, Barrow,

and Balcarce in the periods from July to December
were 280.6, 397.7, and 328.9 mm in 2006, and 248.4,
286.9, and 381.7 mm in 2007. The agronomic man-
agement and rainfall conditions are described in detail
in Supplementary Tables S4 and S5 of Conti et al.
(2011).

Field trials were organized in a randomized com-
plete block design with three replications (plots were
3m? with 3 rows of 5m spaced 0.20 m apart).
Planting dates ranged from July to August and harvest
dates were in December and January. An additional
experiment was carried out at Marcos Juarez [MJ]
(32°42'S 62°07'W), but only two phenological traits
(heading and flowering times) were considered
because a severe drought period caused crop loss.

Yield and yield-related trait measurements

The following data were recorded: (1) heading date
(Hd), growth (GS) stage 55 (Zadoks et al. 1974); (2)
flowering time (FIt), GS 65; (3) number of spikes per
square meter (Ssm) calculated from the number of
spikes in a2 m row section located in the middle of the
plot; (4) grain yield (Yld, kg/ha), weight of clean
grains from the entire machine-harvested plot, and (5)
thousand grain weight (Tgw, g) calculated as the
average weight of two 100 grain samples from each
plot.

At harvest time, ten plants from the middle row of
each plot (replicate x genotype x environment)
were collected for analysis of yield-related traits.
Average values by plot were also calculated. The
following traits were analyzed per plant: (6) plant
height (Ph), calculated as the distance from the edge of
separation of the stem from the root to the tip of the
spike (cm); (7) peduncle length (PdL), measured as the
distance from the last internode to the base of the spike
and calculated as the average of all tillers per plant
(cm); (8) biomass per plant (Bpp, g), obtained as the
aerial dry weight of the entire plant; (9) number of
spikes per plant (Snp); (10) grain number per ear
(Gne); (11) grain number per plant (Gnp), calculated
as the sum of the number of grains from all ears per
plant; (12) spikelet number per ear (Sne) expressed as
the average number of spikelets/ear, obtained by
counting the number of spikelets in all ears/plant; (13)
number of fertile spikelets per ear (Fse) obtained in the
same way as Sne but considering only the number of
fertile spikelets; (14) grain weight per ear (Gwe, g),
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obtained by weighing the grains from each ear of the
plant and averaged; (15) grain weight per plant (Gwp,
g), obtained as the sum of the weight of grains from all
ears per plant; (16) grain number per fertile spikelet
(Gnfs), calculated as the average ratio of Gne/Fse; (17)
grain number per spikelet (Gnts), calculated as the
average ratio of Gne/Sne; (18) harvest index (Hi),
calculated as the ratio between grain weight per plant
(Gwp) and total above-ground biomass per plant
(Bpp), and (19) spike fertility (Sf) calculated as ratio
Fse/Sne (%).

Genetic map

The genetic map used in this study consisted of 269
markers, including 230 SSRs, 23 SNPs, 10 RFLPs,
three STSs, two proteins, and one morphological
marker, arranged on 14 linkage groups covering a total
length of 2140 cM with an average 153 cM per
chromosome (Zhang et al. 2008).

Statistical analysis

The descriptive statistics (Table 1) of untransformed
variables by environment was obtained using PROC
MEANS. Normality of residuals was assessed by
modified Shapiro-Wilk test in Infostat software (Di
Rienzo et al. 2016). The LSMEANS for all traits by
environment were calculated following PROC
MIXED procedure. Pearson’s correlation coefficients
(r) of LSMEANS were estimated for RILs (n = 93) by
the PROC CORR procedure implemented in SAS 9.0
software (SAS 9.2 Procedures Guide 2010). For
ANOVA within each environment, genotype was
considered a fixed effect and replication was consid-
ered a random effect. Broad sense heritability (hz) was
calculated using the mean square values obtained from
PROC MIXED procedure in each environment as

2

h? = a5/ o3, where genotypic (ag) and phenotypic

(ag) variances were calculated as aé =

(MSg, — MS.)/r and 0'% = (aé + ag), respec-
tively. MSgy, and MS, are the mean sums of square
for genotype and residual error, respectively, and r is
the number of replications.

The criterion proposed by Cruz and Regazzi (1997)
to join environments in a combined ANOVA over all
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environments was used. Residual mean squares
(RMSs) from ANOVA of each individual environ-
ment were compared and variance was considered
homogeneous when the ratio between the larger and
the smaller RMS was lower than 7. Combined analysis
of variance (ANOVA) was carried out using a mixed
lineal model with PROC MIXED procedure in SAS
and considering genotype as a fixed effect and
environments and interactions as random effects.

QTL mapping

Arithmetic means by environment were used to map
QTL. For the combined QTL analyses, mean values
across environments were calculated. QTL were
mapped using the CIM method with software Win-
dows QTL Cartographer v.2.5 (Wang et al. 2005).
Model 6 was implemented with a walking speed of
0.5 cM and a window size of 10 cM to exclude closely
linked control markers using a forward and backward
regression method. A LOD threshold value of three
was used to consider a QTL to be significant. A
confidence interval of 95% was calculated as the two-
LOD drop from the maximum peak value (Van Ooijen
1992). QTL with LOD values between 2.0 and 3.0 that
were mapped either on or closest (into the two-LOD
interval) to significant QTL for the same or another
trait were considered to be “suggestive” and were
included in the results.

QTL were indicated as forming a cluster when they
co-localized based on overlapping confidence inter-
vals. In addition, we tested if some QTL could be
putatively pleiotropic using the Multiple-trait CIM
(MCIM) method (Jiang and Zeng 1995). To run the
MCIM, we considered the main clusters detected in
this work involving correlated traits. However, to test
the hypothesis of pleiotropy, the QTL, which had been
observed in a previous study from our group, to affect
quality traits on a RIL mapping population, were also
taken into account. Parameter settings and threshold
values were the same as those for CIM analyses.

An analysis of epistatic (QQ) and environmental
(QE and QQE) interaction was carried out with a
mixed linear model (Wang et al. 1999) using software
QTLNetwork v.2.0 (Yang et al. 2007) (http://ibi.zju.
edu.cn/software/qtlnetwork/). The parameter set to
select marker intervals was a walk speed of 0.5 cM. A
window size of 10 cM was used to consider other
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marker intervals as cofactors. The critical threshold
value of F-statistics was determined by the 1000 per-
mutation test at a significance level of 0.05 (Doerge
and Churchill 1996). QTL were indicated following
the nomenclature suggested by Mclntosh et al. (2003),
the letter x preceding DNA marker names was omit-
ted as in a previously published genetic map (Zhang
et al. 2008).

Results
Analyses of phenotypic traits

The modified Shapiro—-Wilk test showed that most of
the phenotypic data sets [79/110] were normally
distributed (Table S1). Ten traits [Ph, PdL, Yld, Snp,
Gnp, Gwe, Gwp, Gnfs, Gnts, and Tgw] were found to
be normally distributed in five environments, three

Table 1 Phenotypic variation and heritability (hﬁ) of yield-related traits in RIL, parental lines, and controls

. a b RIL RIL RIL - - uck Buck Buck BonINTA BonINTA BonINTA Buck Buck
Trait Env. N in mem  me S0 €V SE Wa Kot UCHB  pgi,  Topacio  Esmeralda Facon Carilo___ Cumenay _ Cristal __ Ambar
Hd CA2006 } } } } ; } ) } } } l ] ; } }
BW2006 279 590 647 7.0 23 36 01 087 623 643 3 7m0 673 683 73 680 9.0 703
BC 2006 . . . . . . . . . . . . . . . . . .
M1J 2006 279 62.0 66.4 71.0 2.8 4.2 0.2 0.67 64.0 67.3 69.0 70.0 69.7 67.7 68.0 69.3 69.7 70.3
CA 2007 279 67.0 73.6 77.0 2.0 2.7 0.1 0.85 70.7 74.7 75.0 75.0 75.0 75.0 75.0 75.0 75.0 75.0
BW2007 279 590 647 730 24 38 01 078 60 643 763 780 703 730 800 730 730 757
BC 2007 271 66.0 71.0 76.0 2.0 2.8 0.1 0.36 69.3 72.0 80.0 80.0 75.7 75.0 76.0 76.3 75.0 80.0
Flt CA 2006 . . . . . . . . . . . . . . . . . .
BW2006 279 670 706 770 15 22 01 08 60 707 757 763 73 73.0 783 7.0 730 750
BC 2006 279 71.0 73.5 81.0 1.6 22 0.1 0.9 71.0 73.0 79.0 80.7 75.0 76.0 80.0 75.0 75.7 78.7
MJ 2006 279 69.0 732 80.0 25 35 0.2 0.4 71.0 73.7 76.0 76.0 76.7 753 743 75.7 76.0 76.3
CA2007 279 730 780 80 23 30 01 07 747 787  9L0 930 86.0 8.0 910 853 827 903
BW 2007 . . . . . . . . . . . . . . . . .
BC 2007 200 75.0 80.9 86.0 2.8 3.5 0.2 0.5 75.3 80.5 . . . . . . . .
Ph CA2006 251 505 722 900 64 89 04 060 739 728 796 688 08 756 78 788 778 758
BW 2006 278 55.5 73.7 90.1 6.6 9.0 0.4 0.85 84.5 77.2 82.5 69.4 81.9 71.8 69.6 80.5 78.1 76.8
BC 2006 279 51.2 74.9 91.3 6.8 9.1 0.4 0.81 81.9 74.8 85.2 83.1 85.0 76.9 76.4 83.2 80.7 81.3
CA2007 272 494 688 87 57 83 03 075 703 741 816 805 822 786 777 779 722 840
BW2007 278 566 778 920 59 76 04 079 814 753 87,1 811 943 770 816 783 86.0 863
BC2007 260 637 786 943 62 19 04 084 817 796 948 881 995 810 853 88.5 86.0 916
PdL CA 2006 251 17.2 26.0 41.5 38 14.8 0.24 0.44 26.6 253 273 21.0 28.7 263 20.5 30.0 27.0 258
BW 2006 278 15.9 233 33.1 3.0 13.1 0.18 0.81 27.5 229 242 204 259 20.0 18.3 26.4 253 232
BC2006 279 193 264 349 27 102 016 072 300 287 306 271 306 267 29 288 283 281
CA 2007 272 17.9 251 36.8 2.8 11.3 0.2 0.72 26.5 26.7 252 231 28.1 26.0 215 252 254 28.0
BW 2007 278 20.6 30.2 38.1 3.0 9.9 0.2 0.78 338 29.1 28.9 32.0 38.6 273 26.0 26.6 36.2 31.1
BC2007 260 226 317 431 33 104 02 086 338 325 337 314 310 33 300 319 330 334
Yid CA 2006 267 1115.0 22933 35243 402.0 17.5 24.6 0.51 1911.9 1980.8 1977.4 1963.9 2298.8 1980.9 1785.4 1836.9 1845.7 1770.2
BW 2006 279 1003.7 2406.2 47167 683.3 284 40.9 0.44 2999.8 3099.8 3005.4 2800.0 3172.2 2145.6 2983.3 2755.6 2727.7 24339
BC2006 279 9877 27478 50050 7312 266 438 065 35459 37861 39190 27830 46083 31447 26648 36828 34320 36640
CA 2007 279 964.0 2562.8  3663.3 478.3 18.7 28.6 0.70 2515.6 3161.1 2087.8 2176.7 27922 1937.8 23244 2255.6 2402.2 2060.0
BW 2007 279 2406.3 40804 6896.7 7359 18.0 441 0.18 3956.6 4444.4 4017.9 38723 3750.7 32448 4549.2 3868.1 4386.2 3726.6
BC2007 270 16613 30550 4937.0 6752 220 411 052 26403 36747 46210 52109 49147 3768 471 408 40079 48776
Bpp CA 2006 251 1.77 434 13.00 1.88 434 0.12 0.01 7.14 6.85 . . . . B . . .
BW 2006 278 2.94 10.58 23.86 3.23 30.6 0.19 0.46 14.47 10.15 12.13 14.82 12.54 11.75 8.47 11.45 8.31 8.85
BC2006 279 309 866 2030 301 348 018 012 660 377 1L12 1374 947 7.06 814 920 851 786
CA 2007 272 3.91 7.80 13.23 1.67 21.5 0.10 0.22 8.38 7.76 7.29 8.44 9.74 11.32 9.29 7.46 8.74 8.38
BW2007 278 413 988 216l 254 257 015 019 1072 98 898 1211 1247 1132 1341 10.68 168 765
BC 2007 269 3.68 9.97 19.47 2.62 26.3 0.16 0.25 9.22 7.52 9.62 13.22 12.24 12.25 10.94 10.80 12.26 11.16
Ssm CA2006 267 780 2883 5780 7198 277 49 022 2501 2593 199.1 286.1 249.1 263.9 243.1 2704 2398 241
BW2006 276 970 2395 444 541 226 33 039 2639 2365 2907 2352 2778 180.6 2843 241 276 1852
BC 2006 279 91.0 211.1 367.0 455 215 2.7 0.10 254.6 252.8 2472 216.7 254.6 2185 236.1 211.1 214.8 195.4
CA 2007 279 155.0 282.7 495.0 543 19.2 32 0.27 261.7 245.0 2733 2725 2525 326.7 265.0 241.7 320.8 2533
BW2007 279 1300 2468 3650 473 192 28 024 2600 292 217 2458 2583 2150 2833 317 200 1875
BC 2007 270 172.5 291.7 502.5 46.4 15.9 2.8 0.09 285.8 176.7 180.0 285.8 305.0 240.8 248.3 292.5 312.5 259.2
Snp  CA2006 251 10 17 27 07 418 00 002 26 26 - B 3 3 3 - 3 3
BW2006 278 10 25 43 05 204 00 041 41 31 33 30 40 40 30 30 27 25
BC 2006 279 1.0 1.9 3.0 0.4 18.3 0.0 0.06 22 1.2 2.7 29 2.6 2.1 23 23 22 24
CA 2007 272 1.4 2.1 3.6 0.3 13.2 0.0 0.06 3.1 2.8 2.7 2.8 33 39 34 2.6 34 3.0
BW2007 278 14 22 37 03 160 00 00 33 30 27 35 37 36 4 30 36 23
BC 2007 269 1.3 23 3.9 0.4 16.5 0.0 0.11 3.3 2.1 2.7 3.2 4.6 3.6 3.2 2.5 3.7 3.0
Gne CA 2006 251 16.2 292 40.0 43 14.9 0.27 0.16 30.6 331 259 321 284 269 283 245 232 20.5
BW2006 278 199 319 438 38 119 023 060 338 326 346 362 341 206 308 304 304 318
BC2006 279 2001 339 467 45 132 03 046 297 313 358 451 382 365 371 330 371 205
CA2007 272 145 300 395 39 130 02 054 300 345 270 293 2756 307 289 2.6 200 2738
BW 2007 278 20.6 29.7 52.6 3.7 12.4 0.2 0.37 28.8 35.0 29.5 355 333 334 349 30.8 312 328
BC 2007 269 6.5 18.3 32.9 4.3 234 0.3 0.34 13.2 17.0 23.0 35.5 25.2 253 24.0 21.2 21.6 22.9
Gop  CA2006 251 198 497 1533 213 429 13 005 834 843 ) ) ) ) l } ) i
BW 2006 278 321 8.5 158.0 19.7 25.1 1.2 0.46 143.0 98.1 117.4 108.1 135.5 117.9 923 91.2 81.4 80.4
BC 2006 279 26.6 64.5 111.2 153 237 0.9 0.22 64.1 384 98.4 132.1 96.7 733 86.8 75.3 77.8 71.6
CA2007 272 254 638 985 1L 185 07 031 933 955 699 86 986 177 986 9.5 078 843
BW 2007 278 352 64.9 124.1 13.8 212 0.8 0.16 93.8 102.7 78.1 1245 124.7 121.1 147.6 91.8 112.6 76.2
BC 2007 269 10.4 43.0 96.3 13.6 31.6 0.8 0.25 44.7 41.1 58.4 112.5 115.4 95.2 75.2 53.8 76.3 71.1
She  CA2006 251 101 135 201 14 100 009 032 147 148 B8 163 [EX) 150 16.7 9 198 53
BW 2006 278 14.1 17.0 19.2 0.9 5.0 0.05 0.72 17.6 16.3 18.5 18.6 17.8 17.8 20.0 16.4 17.2 18.4
BC 2006 279 11.0 153 18.4 1.3 8.4 0.1 0.48 14.2 12.9 17.3 18.9 17.0 16.8 18.1 14.8 17.2 16.7
CA2007 272 121 153 183 09 58 01 063 151 153 180 177 174 172 193 156 167 175
BW 2007 278 14.1 16.3 18.6 0.7 43 0.0 0.79 16.4 16.3 18.8 18.9 18.0 17.5 19.7 17.6 17.9 18.8
BC 2007 269 12.5 15.8 18.2 0.8 5.1 0.0 0.50 15.4 15.2 18.0 19.4 17.8 16.9 19.0 16.4 17.4 18.2
Fse CA 2006 251 8.5 12.8 211 1.5 11.7 0.1 0.26 14.1 14.1 12.8 15.2 13.2 14.2 14.8 11.6 13.5 11.9
BW2006 278 108 155 206 LI 72 01 047 163 142 164 164 156 152 168 147 153 159
BC2006 279 74 139 166 15 ILI 01 049 130 123 158 178 154 154 165 135 1556 144
CA 2007 272 5.8 13.5 16.4 1.3 9.6 0.1 0.61 13.6 14.2 14.0 15.0 13.9 14.7 15.5 133 14.4 14.6
BW 2007 278 10.1 134 19.5 1.2 9.2 0.1 0.33 13.5 14.0 13.8 16.0 14.6 14.7 16.2 14.5 13.5 15.6
BC2007 260 41 94 157 17 182 01 030 175 92 07 157 121 124 124 103 108 1
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Table 1 continued

a b RIL RIL RIL o . Buck Buck Buck BonINTA BonINTA BonINTA Buck Buck
Trait Env. N omin mean  max 0P OV SE Bw o Koo UCHIZppil ropacio Esmeralda Facon Carilo Cumenay  Cristall  Ambar
Gwe CA 2006 251 0.45 0.89 1.69 0.20 231 0.01 0.08 0.98 0.95 0.78 0.87 0.69 0.74 0.65 0.81 0.68 0.50
BW 2006 278 0.64 1.19 1.79 0.20 16.7 0.01 0.44 1.43 1.31 1.37 1.31 1.29 1.03 1.00 1.36 1.19 1.21
BC2006 279 076 149 218 026 174 002 050 132 147 16 197 183 1.62 150 165 17 142
CA 2007 272 0.48 0.95 1.51 0.16 17.0 0.01 0.40 1.08 1.07 0.73 0.74 0.80 0.86 0.79 0.89 0.85 0.77
BW 2007 278 0.81 1.22 1.66 0.17 13.6 0.01 0.25 1.26 1.35 1.15 1.15 1.07 1.18 1.22 1.23 1.20 1.17
BC2007 260 030 096 176 024 246 00l 032 070 088 126 157 1.40 127 116 12 108 130
Gwp CA 2006 251 0.5 1.5 4.5 0.6 43.6 0.0 0.16 25 23 . . . . . . . .
BW 2006 278 1.1 3.9 9.2 1.3 325 0.1 0.43 6.1 39 4.6 4.0 5.1 38 3.0 4.1 32 3.1
BC2006 279 12 37 88 12 335 01 020 29 18 46 57 48 33 34 37 37 35
CA 2007 272 1.0 2.8 4.8 0.7 244 0.0 0.29 33 3.0 1.9 2.1 3.1 33 2.7 23 2.8 23
BW 2007 278 1.6 3.7 8.6 1.0 27.2 0.1 0.13 42 4.0 3.1 4.1 4.0 4.3 52 3.8 43 2.7
BC 2007 269 0.6 2.9 7.0 1.1 36.1 0.1 0.28 2.4 2.1 3.2 5.0 6.4 4.8 3.6 3.0 4.0 4.0
Gnfs CA 2006 251 1.7 23 3.1 0.2 10.8 0.0 0.27 22 24 2.0 2.1 22 1.9 1.9 2.1 1.7 1.7
BW2006 278 14 21 26 02 85 00 068 21 23 21 22 23 20 I8 21 20 20
BC 2006 279 1.7 24 29 0.2 8.1 0.0 0.59 23 25 23 25 25 24 22 25 24 2.0
CA 2007 272 1.7 22 2.6 0.2 7.5 0.0 0.48 22 2.4 1.9 2.0 2.0 2.1 1.9 2.0 2.0 1.9
BW2007 278 18 22 36 02 89 00 022 21 25 21 22 23 23 22 21 23 21
BC 2007 269 1.4 1.9 3.0 0.2 10.5 0.0 0.16 1.8 1.9 2.2 2.3 2.1 2.0 1.9 2.1 2.0 2.1
Gnts CA 2006 251 1.1 22 3.1 0.3 14.5 0.0 0.16 2.1 22 1.9 2.0 2.0 1.8 1.7 2.1 1.3 1.5
BW2006 278 LI 1o 24 02 11 00 067 19 20 19 19 19 17 15 19 I8 17
BC 2006 279 1.5 22 28 0.2 10.0 0.0 0.54 2.1 24 2.1 24 23 22 2.1 22 22 1.8
CA 2007 272 0.9 2.0 24 0.2 11.6 0.0 0.55 2.0 23 1.5 1.7 1.6 1.8 1.5 1.7 1.7 1.6
BW2007 278 13 18 32 02 115 00 031 18 22 16 19 18 19 18 I8 17 I8
BC 2007 269 0.4 1.2 2.0 0.2 21.5 0.0 0.34 0.9 1.1 1.3 1.8 1.4 1.5 1.3 1.3 1.2 1.3
Hi CA 2006 251 0.20 0.34 0.53 0.05 13.6 0.00 0.41 0.35 0.34 0.31 0.27 0.28 0.32 0.26 0.29 0.27 0.24
BW2006 278 021 037 048 004 107 000 045 041 038 038 030 041 033 035 036 038 035
BC 2006 279 0.31 0.44 0.63 0.0 8.1 0.0 0.27 0.44 0.47 0.42 0.42 0.50 0.47 0.43 0.40 0.43 0.44
CA 2007 272 0.18 0.35 0.44 0.0 10.9 0.0 0.35 0.39 0.38 0.26 0.24 0.31 0.29 0.29 0.31 0.32 0.28
BW 2007 278 0.28 0.37 0.50 0.0 7.9 0.0 0.16 0.39 0.41 0.34 0.34 0.32 0.38 0.38 0.35 0.37 0.35
BC2007 260 015 029 042 01 190 00 037 026 028 033 038 0.90 038 034 029 032 036
ST CA2006 251 038 004 100 01 65 000 006 096 095 093 093 095 095 0.9 097 077 089
BW 2006 278 0.62 0.91 0.99 0.0 4.7 0.00 0.53 0.92 0.85 0.90 0.85 0.87 0.85 0.83 0.90 0.87 0.84
BC 2006 279 0.80 0.93 1.00 0.0 35 0.0 0.29 091 0.94 0.91 0.94 0.90 0.91 0.90 0.90 0.90 0.85
CA2007 272 039 088 097 01 73 00 063 08 095 08l 085 080 086 079 085 085 0.82
BW 2007 278 0.60 0.82 0.94 0.1 7.6 0.0 0.19 0.82 0.86 0.73 0.84 0.81 0.83 0.82 0.82 0.74 0.82
BC2007 260 026 059 098 01 166 00 030 049 057 055 019 0.67 072 0.64 0.63 0,61 0.62
Tew  CA2006 267 230 320 405 29 92 02 06 350 317 320 300 306 307 277 328 334 264
BW 2006 279 319 41.0 50.6 34 8.4 0.2 0.42 454 40.6 41.2 41.8 422 41.2 38.1 45.0 413 41.5
BC 2006 279 36.3 47.7 56.5 34 7.2 0.2 0.74 49.5 479 48.4 46.0 50.8 44.9 453 52.7 47.2 523
CA2007 279 292 350 438 30 86 02 05 385 351 307 303 343 306 209 376 340 304
BW 2007 279 213 442 54.7 35 8.0 0.2 0.30 46.1 43.0 40.7 344 34.1 38.6 373 43.7 39.1 39.0
BC 2007 270 46.4 54.1 63.2 3.0 5.5 0.2 0.62 54.6 54.2 53.4 45.6 57.9 50.2 49.4 58.6 53.2 58.0

“Hd heading date, FIt flowering time, Ph plant height, PdL peduncle length, YId grain yield, Bpp biomass per plant, Ssm spike number
per square meter, Snp spike number per plant, Gne grain number per ear, Gnp grain number per plant, Sne spikelet number per ear,
Fse number of fertile spikelet per ear, Gwe grain weight per ear, Gwp grain weight per plant, Gnfs grain number per fertile spikelet,
Gnts grain number per spikelet, Hi harvest index, Sf spike fertility, Tgw thousand grain weight

®Env. environment, N number of samples, min. minimum, max. maximum, SD standard deviation, CV coefficient of variation, SE

standard error, h]23 broad sense heritability

[Gne, Hi, and Bpp] in four environments and only Ssm
was normal in all tested environments. Only the test
for Flt was rejected in all environments.

RIL mean values, distribution ranges, standard
deviations, broad sense heritabilities (th), and control
average values for all traits analyzed are shown in
Table 1. Transgressive segregant genotypes were
identified for all traits in each environment.

Analysis of variance

ANOVA revealed highly significant differences
among RIL (G) and environments (E) (Table S2h).
The main source of variation in all traits was the
environment. GXE was highly significant for all traits,
indicating that differences among genotypes should be
considered for each environment. Based on these
results, ANOVA by environment was performed
(Table S2a—g), considering genotype as a fixed effect

@ Springer

and replication as a random effect. The genotype
effect was significant for most traits and environments.
Only Bpp (CA 2006, BC 2006), Snp (CA 2006, BC
2006, CA 2007, BW 2007, BC 2007), Ssm (BC 2006,
BC 2007), Gwp (BW 2007), Gnp, Sf, and Gnp (CA
2006) showed no significant effects.

Correlation analysis

Correlations of LSMEANs among the 19 traits
considered were analyzed for each environment.
Higher correlation values for Ph versus PdL, Hd
versus Flt, Bpp versus Gwp, Gnp versus Gwp, Gne
versus Gnts, Bpp versus Snp, Gne versus Gwe, and
Gnts versus Gnfs were detected in all environments
(Table S3a-g). Gwe and Gne were significantly
positively correlated across all environments with
ten (Gne, Ph, Bpp, Fse, Gnp, PdL Gnfs, Gnts, Hi, and
Sf) and eight (Gnts, Gwe, Gnp, Sne, Fse, Gwp, Gnfs,
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and Sf) different traits, respectively. Grain yield
showed positive correlations with Ph, PdL, and Hi
across environments but was negatively correlated
with Hd and Flt in BW and BC 2006. YId was
significantly positively correlated with Gwp, Gwe,
Gnp, and Gnts in five of six environments analyzed.
Both crop seasons in Balcarce showed the highest
significant correlation values involving YIld, mainly
associated with Gwe, Fse, and Gne. In BC 2006, Tgw
was highly correlated with Y1d (r = 0.64), whereas in
2007 Hi showed a high association with YIld
(r = 0.61). The lowest associations between traits in
both years were at Barrow. In BW 2006, YId was
significantly correlated with Ssm (r = 0.47), Hi, and
St. However, in 2007 Y1d was slightly associated with
grain weight (Gwe, Gwp), grain number (Gne, Gnp),
Bpp, and Hi. Yld and Hi were also significantly
correlated in Cabildo (2006 and 2007). On the other
hand, FIt and Hd were significantly and negatively
associated with PdL in all environments and positively
correlated with Sne. Only Flt versus Sne in BC 2007
was not significant. Tgw showed the highest number
of positive correlations in BC 2006 with 10 traits, and
was negatively correlated either with Hd or Flt in three
environments (BC 2006, CA 2007, and BW 2007).

Identification of genomic regions associated
with yield-related traits

A total of 224 significant QTL (LOD > 3) was
identified for the 19 traits considered in the present
study. Additionally, 47 suggestive QTL (LOD > 2)
were located in the same positions, yielding a total of
271 QTL for all traits and environments (Table S4).
These results allowed us to identify 47 genomic
regions affecting yield across the complete durum
genome. Based on QTL with overlapping confidence
intervals, it was possible to define 35 QTL clusters
(C1-C35) affecting different related traits (Table 2).
The remaining 12 genomic regions were involved in
genetic control of only one trait. A summary of the
number of genomic regions identified per trait and
their locations is shown in Table 3.

The number of QTL identified per trait varied from
4 (Snp, Ssm) to 14 (Tgw, Y1d) and the percentage of
phenotypic variation (R?) explained by those QTL
ranged from 6.3 to 55.1%. The highest LOD score
(16.5) obtained in this study corresponds to the 3BS
QTL (3BS.1) mapped using plant height data (Cluster

13). This was the most important mapped genomic
region affecting a total of 11 traits. Another 20 trait-
specific QTL were mapped in three or more environ-
ments and could be considered environmentally
stable QTL, the most important ones being located
on 1AS, 1BL.1, 2BS.1, 3AL.1, 3BS.1, 3BS.2, 4AL.3,
5AL.2, 5AL.3, 6AL.1, and 6BS.1. A subset of these
QTL (1AS, 1BL.1, 2BS.1, 3AL.1, 3BS.1, 3BS.2,
4AL.3) affected more than five traits (Table 2). Two
additional regions, 4AL.2 and the centromeric QTL
4BS/4BL.1 were mapped for 6 and 7 traits, respec-
tively, but no trait was associated with a stable QTL
across environments.

The distribution of QTL between the two genomes
of durum wheat was approximately similar, with a
somewhat larger contribution of B genome (55%). The
contribution of favorable alleles from both parents for
the 271 QTL detected was approximately equal, where
Kofa contributed with 47.2% of favorable alleles, and
UCI1113 with 52.8%. The corresponding positions and
the QTL confidence intervals are shown in Supple-
mentary Table S4.

As stated above, the genomic regions affecting
yield and yield-related traits were grouped in 35
clusters (Table 2). The main clusters are described
below and shown in Fig. 1. Additional clusters are
shown in Supplementary Figure S1.

Cluster 1 (1AS)

This genomic region affected 5 phenotypic traits (Sne,
Flt, Fse, Gne, and Gwe), Sne being the main trait
detected. QTL for Sne were detected in six environ-
ments and explained 29.1% of variation in the mean
data from all environments and more than 20% in four
environments. The number of spikelets/ear (Sne)
ranged from 10.1 to 21.1 across environments. Fse,
the fertile portion of spikelets, was mapped in three
environments, but was only a suggestive QTL in the
mean data from all environments. Flt was mapped
only in the additional environment, Marcos Judrez
(LOD > 3).

Cluster 3 (1BL.1)
Eight traits were affected by this region (Yld, Bpp,
Fse, Sne, Gnp, Gwp, Gwe, and Tgw). The main

association was with grain weight measured at differ-
ent levels, from plant to spike or individual grains.

@ Springer
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Table 2 QTL analyses for yield and yield-related traits in the UC1113 x Kofa RIL population in seven environments in Argentina

Chr. arm QTL® Marker interval Closest marker P;’;:;;’“ CA 2006 ° BW 2006 BC 2006 CA 2007 BW 2007 BC 2007 MJ 2006 Mean
(clusten LOD R’%) LOD RY(%) LOD R(%)  LOD RX(%) LOD R(%) _ LOD R(%) _ LOD RX(%) _ LOD R(%)
IAS.1  OSwe.cor=IAS wme95 - barc148 wme24 UCII3 38 119 27 2001 52 206 55 201 73 229 40 158 88 291

(cluster 1) QFlt.cerz-14S wme24 - bare148 wme24 uci3 35 120
OFse.cer-14S wme95 - barc148 wme9s UCII3 32 149 56 212 235 82 33 124 @1 88
QGne.cerz-14S Bla - wme24 wme95 uctz 31 14 @7 131

QGwe.cerz-14S

Bla -wmc95

ucCl1113

22.0

1AS2  QHicer=-14S barcl48 - wg983 barcl48
TAL___ QGne.cerz-1AL barc213 - cdo393 o393 UCI113 33 201
1BS QGwe.cer=-1BS wmcd06 - wmcl93 wmcd06 UCIII3 30 107
(cluster2)  QYld.cerz-1BS wmcl93 - bare8 wmcl93 UCIII3 33 99
IBL1  QVidcer=IBL1 wmess - bar302 BE443797 436 UCI113 31 138 51 134
(cluster 3)  OBpp.cerz-1BL.1 BE443797_436 - barc302 BE443797 436 UCI113 43 156 38 124
OFse.cer=-1BL.1  BE443797 436-barc302  BE443797 436  UCIII3 (1) 15 (29 104 22 69 330113
OSne.cerz-1BL.1  BE443797 436-barc302  BE443797 436 UCIII3 40 125
QGnp.cer=-1BL.1  BE443797_436-barc302 BE443797 436 UCI113 29 123
QGwp.cerz-1BL.1  BE443797_436-barc302 BE443797 436 UCI113 42150
QGwe.cerz=-1BL.1  wmc85 - BES00714_237 wmess ucii3 47 182
OTgw.cerz-1BL.1 Wmc626 - wme83 wmess uciii3 38 129
IBL2  OFse.cer=-IBL3 psr162 - w241 psri62 Kofa 43 474
(cluster4) ~ QBpp.cerz-1BL.3 Ppsr162 - w241 psrl62 Kofa 31109
OYld.cerz-1BL.3 Ppsr162 - w241 wg241 ucii3 32 99
OTgw.cerz-1BL.3 psrl62 - ksml76 wg241 UCIII3 3.0 147 39 191 44 135
2AS OTgw.cer=-24S gwml22 - barc309 barc309 Kofa 32 137
(cluster ) QBpp.cerz-24S @wm296 - wme296 wme296 Kofa 30 116
OSnp.cer=-24S gwml22 - bare309 gwml22 Kofa 36 13
OHi.cerz-24S wm296 - wme296 wmc296 Kofa 43 234
2AL1  QPdLcerz24L.1 wmcd01 - gwm328 gwm328 Kofa @n 12
(cluster 6)  QGnfs.cerz-2AL.1 wmcd0! - gwm328 wmcd01 Kofa 37106
QGns.cerz-2AL.1 gwm71 - wmcd01 gwm7l Kofa 37105
2AL2  OSmp.cerz24L2 fd50-gwm526 gwm326 Kofa 31120
2BS.1  QVidcer:-2BS.1 fa2201 - gwm429 UCITI3 7.1 230 26 90
(cluster 7)  QHd.cerz-2BS.1 wmel54 - cfa2201 cfa2201 Kofa 100 319 38 208 @7 120 45 167
OFlt.cerz-2BS.1 wmcl54 - cfa2201 cfa2201 Kofa 40 181 47 171 61 213
OPdL.cer=-2BS.1 wmel54 - cfa2201 cfa2201 UCll3 55 206 50 157 29 94 42 104
QGnfs.cerz-2BS.1 wmel 54 - cfa2201 fa2201 ucii3 31 132 36 149
QGns.cerz-2BS.1 wmcl54 - cfa2201 fa2201 ucll3 40 179
OHi.cer=-2BS.1 fa2201 - gwmd29 cfa2201 UCHI3 54 184
OSne.cerz-2BS.1 wmel54 - gum429 cfa2201 Kofa 46 155 31158 71 218 49 195 84 321
2BS2  QYid.cer-2BS2 BMI40538 39 cnll58 BMI40538 39 UCI113 37126
(cluster 8)  QFlt.cerz-2BS.2 cnll58 - wme3s cnlls8 Kofa 39 149
2BL QTgw.cerz-2BL wme361 - barel59 barel59 Kofa 48 173
(cluster 9)  QPh.cerz.2BL wmc361 - barc159 wme361 ucii3 510 134
QGnp.cerz-2BL wme361 - barel59 barcl59 ucl3 3.0 11.7
0Gwp.cerz-2BL wmc361 - barel59 barel59 ucti3 @7n 90
OPdL.cerz-2BL wmc361 - barc159 wme3s1 ucii3 38 95
0OSf.cerz-2BL wmc361 - barcl59 barcl59 ucl1i3 33 126
3AS.____QGnfs.cer=-34S.1 wme332 - gwm369 wme332 UCI113 32 142
3AS2 OQHicer=-345.2 wmcs05 - bare336 wmes03 Uct13 33113
(cluster 10) _ QSsm.cerz-345.2 wmcS05 - barc356 wmes05 Kofa 40 173
3AL1  QGne.cer=-3AL.1 ksm28 -wmcd28 ksm28 UCI3 35 163 @4 101 39 163
(cluster 11)  OSf.cerz-3AL.1 ksm28 -wmcd428 ksm28 uci3 39 126 @5 105
OGnis.cerz-3AL.1 ksm28 -wmcd28 ksm28 uci3 30 90 26 87
OHi.corz-3AL.1 ksm28 -wmcd28 ksm28 uct3 @23 116 65 298 35 131
OVld.cerz-34L.1 ksm28 - BF293500_113 wmcd28 ucli113 39 1Ll 54150 29 130 69 180
3AL2 OBppcerz3AL2  BF293500_113-cfa2l93 fa2193 Kofa 47 242
(cluster 12)  OSnp.cerz-34L.2 BF293500_113-cfa2193 cfa2l93 Kofa 4.0 15.7
3BS.1  QPhcerz3BS1 barcI47 - gwmd93 gum493 Kofa 91 305 109 342 131 414 102 323 127 403 165 450
(cluster 13) ~ QPdL.cerz-3BS.1 barcl47 - gwm493 qum493 Kofa 510159 510157 120 360 16 349 47 143 87 270 143 407
OVid.cerz-3B5.1 qwmd93 - cfd79 w01 Kofa 107 380 112 355 @0 70 81 207
OTgw.cerz-3BS.1 barc147 - gwmd93 qumd93 Kofa 57153
OBpp.cer=-3BS.1 qwmd93 - cfd79 qumd93 Kofa 32100
0OSf.cerz-3BS.1 gwmd93 - cfd79 gwmd93 Kofa 35125
QGne.cer=-3BS.1 qumd93 - cfd79 gwmd93 Kofa 32 112 60 203
QGnp.cer=-3BS.1 qumd93 - cfd79 qwmd93 Kofa 45 165
OGwe.cerz-3BS.1 gwmd93 - cfd79 gwm493 Kofa 44 187 510183 31103
0Gnfs.cer=-3BS.1 barcl47 - gwmd93 gwmd93 Kofa 64 207 68 211 23 84
QGnts.cerz-3BS.1 barc147 - fd79 gwm493 Kofa 43 136 6.6 208 38 123 48 170
3BS2  QHdcer=-3BS2 fd79 - ksmds ofd79 ucH3 36 135 58 227 34120
(cluster 14)  QFlt.cerz-3BS.2 ofd79 - ksmd5 ksmd5 uct3 35 13.8 2.2) 74 34 14.7 4.6 12.7
ksmds - wmed3 ksmds uctz ERRES S|
ksmd5 - wmed3 ksmd5 uct3 36 143
OPh.cerz.3BS.2 cfd79 - ksmd5 cfd79 Kofa 9.3 292 6.0 245 53 21.1 59 233 53 224 7.0 253
OPdL.cerz-3BS.2 ofd79 - ksmdS ofd79 Kofa 33 114 79 245 62 237 68 269 510209 42171 72 244
OVld.cerz-3BS.2 ofd79 - ksmd5 fd79 Kofa 49 239
3BL OTgw.cerz-3BL gwm247- gwml81 gwm247 uCl13 36 119
(cluster 15)  OSf.cerz-3BL gwml81 - gwml14 gwmls] Kofa 39 153
QGnfs.cerz-3BL barc164 - gwml81 qum247 Kofa 42 140 35 283
QGnis.cerz-3BL gwm247- gwmi81 gwm247 Kofa (25 99 44 131
4AS qwml92- Lpxd3 guml92 ucH13 31 97
(cluster 16)  OPdL.cer=-4AS gwml65 - gwm192 gqwm265 uCl113 34 86
4ALI QVidcerz4AL] wmc617 - dupwd. wmc617 UCH13 @n 63
(cluster 17) _ OSfcerz4AL.1 wmct17 - dupwd winc617 uclii13 35 138
GAL2 QGnfs.cer=4AL2 dupwd - barc170 dupnd Kofa 38 124 @7 82
(cluster 18)  QGnis.cerz-4AL.2 dupwd - barcl 70 dupwd Kofa 37110
OGnp.cer=-4AL.2 dupwd - barc170 dupwd Kofa 45 166
OSnp.cerz-4AL.2 dupwd - barc1 70 dupwd Kofa 37130
OYVid.cerz=-44L.2 dupwd - barc170 dupwd Kofa 49 143
OHi.cerz-4AL.2 dupwd - barcl70 barc170 Kofa 4.0 14.4
4AL3 OPh.cerz-44L.3 wmc258 - wne718 wme258 uct3 34 11.1 34 9.1 32 9.6 35 15.0 59 133
(cluster 19)  QPdL.cerz=-44L.3 qum265 - wme718 wine258 uct3 62 153 36 112
@wm265 - wmc258 gwm263 uctiz 33 122
0Gwp.cerz4AL3 wme258 - wme718 wme2s8 uct3 39 140
OGwe.cerz-4AL.3 wmc258 - wne718 wme258 ucl3 44 14.8
QOFse.cerz-4AL.3 gwm265 - wme258 gwm265 ucl13 (2.6) 8.8 42 14.6
OBpp.cer=44L3 wmc258 - wmc718. wmc258 uclii13 39 129
4AL4 OBpp.cer=4AL4 barc343 - barc78 barc343 Kofa 37 174
(cluster 20)  QGwp.cerz-4AL4 barc343 - barc78 barc343 Kofa 35140
OVYld.cerz-4AL.4 barc343 - barc78 barc343 UCI113 4.0 11.2
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Table 2 continued
Chr. arm QTL* Marker interval Closest marker Pjﬁ:{:" CA2006° BW 2006 BC 2006 CA 2007 BW 2007 BC 2007 MJ 2006 Mean
(cluster) - - - — - - - -
LOD Ri%) LOD R(%) LOD R(%) LOD R(%) LOD R(%) LOD Ri%) LOD R(%) LOD R(%)
4BS/4BL.1 OGne.c BS ksm62 - gwmli13 gwmll3 ucCI113 4.9 19.8
(cluster21)  QGwe.cerz-4B: ksm62 - gwml 13 ol 13 ucii @8 106
QFse.cerz-4BS ksm62 - gwm113 gwmll3 ucCi3 (2.8) 124
QHi.cerz-4BS ksm62 - gwmi13 gwmll3 uci3 (2.9) 9.8
QGnp.cerz-4BL.1 gwm340 - gwm495 gwms40 uci3 34 147
OSsm.cerz-4BL.1 @m0 - gwmd9s gm0 Kofa 50190
OGnts.cerz-4BL.1 gwm540 - gwm495 gwm340 uCl1113 38 162
4BL2 QVidcerz4BL2 <fd39 —wmed7 wmed7 UCHI 3 38176
S5AS.1 QHd.cerz-54S.1 gwmd7 - gwml20 gwmd7 ucCI13 (2.6) 13.1
(cluster22)  QFlcers-54S.1 wme3s0-gwmd7 wme3so uci @n  s2 30105
QTgw.cerz-545.1 gwmd7-gwml20 gwmd7 uciin 40 175
5AS.2 QTgw.cer. gwml20-gwm293 m293 UCIn 2 152
(cluster 23)  QGwe.cerz-54S.2 gwm120-gwm293 gwm293 uci3 38 224
QG cerz-545.2 wml20-gwm293 om293 uciin 35 29
SASI/SALL__QSne.cers-AS 3/5AL 1 gwm293-barcl 182 wg3tlh UCiii3 2955 325 31 o4 %) 80
SAL2 OPh.cer- barcI51-barc35s  BGG607308_101  UCIII3 53 155 ST 177 a6 169 35 205 55 101
(cluster 24) QPdL.c barelsl - bare355 BG607308_101 ucCI113 49 14.5 5.7 338 38 8.1
0OSF.cer BG607308_101 - bare355  BG607308_101  UCI113 @8 89
QGwp.cerz-SAL2 BG607308_101 - bare355__BG607308 101 __ UCI113 30103
SAL3 wmes77 - wme727 oml79 Kofa 32 87 64 184 32 84 54115
(cluster 25) gwml79 - wme727 gwml79 Kofa 6.5 16.3 4.7 15.1 4.0 12.0 6.2 15.6
gwml79 - wme727 gwml79 ucCI13 2n 9.5
QGwe.cerz-5AL3 wmel10 - wmes77 wmes77 uciiis @8 142
5BS OVidcerz-5BS gwm234 —wmel49 23 Kofa 3685
SBL QTgw.cerzSBL BE495277 339-gumd05__ BE495277 339 UCIII3 39 147 205 148 ENRNEY)
6AL.1 OSne.ce barel165-wme353 barell3 Kofa 4.9 19.0 37 10.5 S. 18.1 5.6 174
(cluster 26) barel13-wmess3 barcl13 Kofa 45 125 60 208
barel13-wmess3 barcl13 ucii @6 63
QGwp.cerz-6AL.1 barcl13-wme553 barcl13 uciii3 32 12.8
GAL2 OSsm cer=-GAL 2 barc104-cfd2 barc104 Kofa 397143
(Cluster 27)  OGnfs.cerz-64L.2 barel04-cfd2 ofu2 uciiis 51151
6BS.1 Ofd.cerz-6BS.1 ksmd5-barcld 613 Kofa 36 551 @4 sl
(cluster 28)  OFlr.cer=6BS.1 ksmdS-barc14 gwm613 Kofa (2.1) 245
GBS2/6BLI__ Qfgw.cerz 6BS J/6BL1 _ barci95-barc3s4 wnicl05 Kofa 354 44150 2159
6BL.2 OTgw.cer=-6BL wg34la-gwm219 wg3dla Kofa 3117
(cluster20)  QGne.cerz-6BL barc79 - wgddla wgitla ucii @8 99
QGnts.cerz-6BL barc354-Bare79 bare354 uciii3 3.0 9.4
TAS.1 QHi.cerz-74S.1 gwm635-bare70 bare70 ucii3 4.1 16.1
0OSfcerz-74S.1 gwm635-barc70 barc70 ucii 28 129
(cluster 30)  QHd.cerz-74S.1 gwm635-barc70 barc70 Kofa 34101
TAS2 OSne'cerz-745.2 barc219-barc283 barc219 Kofa 507 21
(cluster 31) QHd.cerz-748.2 barc219-barc282 bare219 Kofa 2.9 14.4
AS3 OPdLcerz74S3  BQI70462_176 - barcl74 bare174 UcH3 @9 71
(cluster32)  QSwm.cer=-745.3 barc174-barc1034 barel74 ucis 61 244
QOGne.cerz-748.3 barcl74-barc1034 barc174 Kofa 3.0 9.8
Oi.cerz-745.3 barc174-barc1034 barel034 UCIII3 28) 137
7AS.4 QGnfs.cer=-74S.2__ BE471272_393-wme596 __ BE471272.393  UCIII3 31108
7BS OTgw.cerz-7BS barc279 - gwm537 bare279 ucl3 30 116
(cluster 33) QYld.cerz-7BS barc1005 - wmc606 wmc606 Kofa 39 12.2
7BL.1 OTgw.cer=-7BL.1 gwm333-BF474379_496 gwm333 uciiz 3.0 120
7BL.2 OGnfs.cerz-7BL.2 barc278-BE498985_42 BE498985_42 uclt13 35 133
(cluster34)  QGnts.cerz7BL2  barc278-BE498985 42 BE498985 42 UCI113 33115
OTgw.cer=-7BL2 wmel95-wme311 wmel95 Kofa 41 397
7BL3 Ofd.cer=-7BL 3 wme311-wmc276 wme276 Kofa 23 103
(cluster 35)  QFlt.cerz-7BL3 wme311-wmc276 wme276 Kofa 38 236
QGnfs.cor=-7BL 3 bare1073-bare340 barel073  UCII3 44 127
OSne.cerz-7BL.3 bare1073-barc340 barc1073 Kofa 43 143
QHd.cer=-7BL.3 bare1073-bare340 bare1073 Kofa 55 182
OFtcerz-7BL3 bare1073-barc340 barcl073 Kofa 26 64 33109

4cerz CERZOS-CONICET

®CA Cabildo, BW Barrow, BC Balcarce, MJ Marcos Juarez, Mean Mean value of three (Flt), five (Hd) or six environments, LOD
logarithm of the odds score, R percentage of variance explained by QTL

This region explained between 10 and 18% of the
phenotypic variation observed in the traits involved.
Five of these traits (Yld, Bpp, Fse, Gwp, and Gwe)
were mapped using the mean data for the six
environments although Gwp and Gwe were not
mapped in any individual environment. Most of the
QTL from this cluster were mapped in Barrow data
from both sampling years. Fse was detected as
suggestive in three locations in 2006.

Cluster 7 (2BS.1)

The 2BS.1 genomic region was second in importance
after 3BS.1 in terms of QTL stability and number of
traits. It was associated with eight traits (Sne, Hd, PdL,
Flt, Yld, Gnfs, Hi, and Gnts). Sne, the main trait
affected by this cluster, was mapped in four environ-
ments with R? values ranging from 15 to 22% and
explaining 32% of variance in the mean data of the six
environments. Hd and PdL were mapped in three

@ Springer
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Table 3 QTL analyses for 19 traits, co-localization, and stability among environments. (Color figure online)

Genomic region®

1BS.
1BL.1
IBL2
248
2AL.1
2AL2
2BS.1
BS.2
2BL
3AS.1
3AS.
3AL.1
3AL2
3BS.1
3BS.2
3BL
4AS

4AL.1

4AL2
4AL3
4AL4
4BS/4BL.
4BL2
5AS.1
5AS.
SAS.3/5AL.1
SAL,
SAL3
sBS
SBL
6AL.1
6AL2
6BS.1
6BS.2/6BL.1
6BL.I
6BL.
7AS.1
7AS.
7AS3
AS4
7BS
BL.I
7BL.
7BL3

eight per plant 7 ° o

ight

aEE
-

Mapped in the QTL an ents
Mapped in the QTL an

“Bold indicates a QTL with main effect on more than five traits

environments and Yld, Flt, and Gnfs, in two. A delay
in the heading/flowering stages was caused by the
Kofa allele, which was also associated with a high Sne,
whereas the UC1113 allele was responsible for higher
yield and increasing Gnfs, Gnts, Hi, and PdL. Three of
the traits (Sne, Hd, and PdL) controlled by this region
could be considered as stable QTL, and their effects
were also significantly detected using the means of the
environment dataset. Most of the QTL in 2BS.1 cluster
were mapped in CA 2006 and BW 2006.

Cluster 11 (3AL.1)

This cluster had a significant influence on 5 traits (Y1d,
Hi, Gne, Sf, and Gnts) and the QTL for Y1d, which was
detected in 3 of 6 environments as well as the mean
data, showed the highest stability. Taking into account
R? values, it was the second most important QTL for
Yld, after QYld.cerz-3BS. 1, explaining 11-18% of the
variation. This region was one of three identified as
affecting yield in the mean data. Gne, Hi, and Yld QTL
were each mapped in two to three environments and in
the mean analysis. For Hi, 30% of phenotypic
variation was explained by this QTL in BW 2007.
The positive allele for all traits mapped in this region
was provided by UC1113.

@ Springer

Cluster 13 (3BS.1)

This was the main genomic region controlling the
traits tested in this work, with effects on 11 traits (Ph,
PdL, YId, Tgw, Bpp, Sf, Gne, Gnp, Gwe, Gnfs, and
Gnts). The 3BS.1 region was mapped mainly in CA
2007, BC 2006, and BW 2006, affecting 8, 7, and 6
traits in each environment, respectively. It explained
most of the variation for Ph, PdL, and Y1d, accounting
for 45, 40, and 20%, respectively, of the variation in
the mean data for all environments. The QTL mapped
for Ph and PdL in the 3BS.1 region in five and six
environments, respectively, showed the highest sta-
bility. This region was significantly associated with
Yld only in two environments and the mean data.
However, it explained 35-38% of variation, corre-
sponding to the highest R* value for Y1d. Effects on
three additional traits (Gnts, Gwe, and Gnfs) were
detected in this cluster in individual environments (3,
2, and 2, respectively) and in the mean data for all
environments, with R? values of 10-21%. The
remaining traits (Tgw, Bpp, Sf, Gne, and Gnp) were
mapped on this cluster only in one environment. The
favorable allele for the 3BS.1 QTL cluster was from
Kofa.
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«Fig. 1 QTL associated with yield and yield-related traits
mapped on chromosomes 1A, 1B, 2B, 3A, and 3B using
UC1113 x Kofa RIL mapping population. Bars represent QTL
confidence intervals with 2-LOD drop offs; QTL and environ-
ment are indicated at the top. Centromeres are indicated by grey
squares. Peak positions are indicated by horizontal lines within
QTL bars. Major genes Ppd-B1, Rht4, and Rht5 are indicated on
the map according to the positions reported by Hanocq et al.
(2004), Mohler et al. (2004) and Ellis et al. (2005). New QTL for
yield-related traits (QTL-3AL.1) are also indicated. The genetic
linkage map was adapted from Zhang et al. (2008)

Cluster 14 (3BS.2)

A second QTL (3BS.2) mapped on 3BS was associ-
ated with Hd, Flt, Gnp, Gwp, Ph, Pd, and Y1d. For Hd,
Flt, Gnp, and Gwp; the favorable allele was provided
by UC1113, while for PdL, Ph, and Y1d, the favorable
allele was provided by Kofa, as for the 3BS.1 QTL.
The LOD confidence intervals for these linked QTL
(3BS.1 and 3BS.2) controlling PdL in BW 2007 and
Ph in BC 2006 were not overlapping. In CA 2007, both
QTL affected Gnp with opposite alleles, and the
corresponding two-LOD confidence intervals were
separated by 15 cM. 3BS.2 was the main genomic
region mapped for flowering time in the mean analysis
(R? = 16%). Flt and Hd were mapped in two and three
environments  (with  LOD > 3),  respectively
(Table 1).

QTL with effects on single traits

Twelve QTL with single-trait effects were mapped
using our RIL population (Table 2). Three QTL
(QSne.cerz-5AS.3/5AL.1, QTgw.cerz-5BL, and
QTgw.cerz-6BS.2/6BL.1) were identified in various
environments and the mean data. The QSne.cerz-
5AS8.3/5AL.1 QTL was located in the centromeric
region of chromosome 5A and was significantly
associated with Sne in BW 2007. It was mapped in
CA 2007 and was considered as suggestive in the
mean analysis. Another two QTL were associated with
Tgw, one of which was mapped on 5BL (QTgw.cerz-
5BL) and the other one in the centromeric region of 6B
(QTgw.cerz-6BS.2/6BL.1). QTgw.cerz-5BL explained
13-14% of the phenotypic variation in CA 2006, BW
2007, and the mean data. The strongest LOD value for
this region occurred in the mean QTL analysis. The
second QTL for Tgw (QTgw.cerz-6BS.2/6BL.1) was
mapped in the same two environments and the mean
across environments, where it explained 16% of

@ Springer

variation. The other nine single-effect QTL were not
consistent among environments.

QTL with epistatic and environmental effects

The environmental interaction effect on the QTL
mapped for all traits was explored and 12 of them (Hi,
Hd, Sne, Ssm, Bpp, Yld, Tgw, Gne, Gwe, Gnfs, Gnts,
and Sf) showed QE effects (Table 4). The main traits
with QE interactions were Hi and Hd, with three and
two different QTL involved, respectively. The main
clusters with QE interactions were 3BS.1 and 2BS.1,
which were also the main QTL affecting yield-related
traits in our study. The 3BS.1 QTL had the highest
number (13) of environmental interactions. Two of the
six traits showing QE interaction in 3BS.1, Yld and
Gnfs, involved the highest number (3) of environ-
ments. Taking into account the environments involved
in QE interactions, Balcarce had the majority of
interactions in both crop seasons, followed by CA
2006.

Epistatic interactions between QTL (with and
without the main effects) were analyzed. Seventeen
of the 19 traits analyzed showed QQ effects with at
least one interaction. The maximum number of
interactions was detected for Sne (four epistatic
interactions), followed by Flt and Hd with three QQ
interactions. Nine of the 14 remaining traits were
involved in two QQ interactions (Tgw, Ph, PdL, Gnfs,
Gnts, Snp, Gnp, Gwp, and Bpp) and 5 traits (Y1d, Ssm,
HI, Fse, and Gwe) showed only one interaction. The
epistatic interactions associated with Sne, Gwe, Gnts,
Ssm, Snp, Gnp, Gwp, and Bpp traits also had QQE
effects (Table 5). The majority of QQ interactions
identified per trait involved no main effect QTL.

Multiple trait mapping (MCIM) to test pleiotropy

We next aimed to distinguish genetic linkage from
pleiotropy in the different clusters by MCIM. Our
previous results from mapping quality traits using the
same population coincided with several of the clusters
identified in the present work (Table S5). MCIM was
used to formally test pleiotropy in the main clusters
detected, considering all traits involved in each
cluster, the traits mapped using mean values and the
2 or 3 main traits involved, separately or together with
the quality traits analyzed in this population. Both
negative and positive significant correlations were
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Table 5 Epistatic and QTL x QTL x environment interactions detected for all traits

Trait N ) ) Peak  QTL confidence - ) Peak  QTL confidence QiQj QQj P QQ P QQj P QQj P
a QTL Marker interval; QTL: interval; QTL Marker interval QTL; interval; effectt El value E2  value E3  value E6  value
Tew  Olgwcer=—14S.1 Bla-wmc9s 0.0 0.0-55 OTgw.cerz-1BS qwm273-wmc626 344 317381 082
Tew  QTgw.cer=-5BL.2 barc232-wme28 136.4 131.9-140.9 | QTgwicerz-7BL.1 wine396-barc278 853 83.8-92.8 0.78
Ph  QPhcers-IBL2 we241-ksm176 144.4 133.0-1454 | QPh.cer=-34S.2 Qum369-wmes0 23 17.8-282 152
Ph  QPhcerz-6BL wmc62-barc134 138.7 136.2-138.7  QPh.cerz-7BS gumd6-barc23 531 51.2:53.6 0.79
PAL | QPdLcers-SAL3  gwml79-wme727 193.5 1918-197.7 | QPdL.cerz-7BL3 Poy-Bl-cfa2257 191.0 190.5-196.0 024
PAL  QPdL.cer=-SBL gum371-barc331 511 412545 OPdL.cer=-6BS.1 Ksmd5-gwm613 0.0 0.0:0.6 028
HI  QHicer-IALI  gumi35-BMI40362_603 864 76.4-89.3 QHi.cers-7AS.1 gum635-barc70 100 0.0-15.0 -0.01
Sne  QSne.cerz-1BS Winc626-wmess 35.1 35.1-40.1 OSne.cerz-4BS BE446304_110-ksm62 222 22272 0.06 015 0.004
Sne | QSme.cers-1BLI  BE443797_436-barc302 521 46.4-57.1 OSne.cer=-64S CD491758_81-barcl4s 123 9.0-223 017
Sne  OSne.cer=-IBL.2 prl62-wg2d1 143.6 1236-1436  OSne.cer=-4BS BE446304_110-ksm62 222 22272 0.06
Sne  OSnecer=-4AL.3 wme258-wme718 578 49.8-67.8 OSne.cerz-5BL barcl42-wmel 60 1210 11531260 019
Fse  QFse.cerz-1dL cfa2129-dupw3s 106.6 102.1-112.6 | QFse.cerz-7BS wine323-bare279 10.7 75124 -0.41
Gwe  QGwe.cerz-24L wm275-gums 15 67.1 658700 | OGwe.cer=-4BL.1 um495-wmc657 489 47.4-519 0.03 2003 0037 003 0018
Gnfs  QGnfs.cerz-1BL barc181-Glu-B1 743 69.3-79.8 QGnfs.cerz-5AL 3 wmes77-gum179 1933 191.8-195.5 0.05
Gnfs | QGnfs.cerz=-6BS.1  gwmb613-barcl4 0.6 0.0-12.1 OGnfs.cer=-7AS3  barc262-B170462_176  72.6 69.9-72.6 0.04
Gnts  QGnis.cerz-24S wm275-gums1s 69.1 663710 | QGnis.cers-3BS.1 Qmd93-cfd79 13.0 118155 -0.03
Gnts  QGnis.cerz-24S wm249-gum71 73 728790 | QGuis.cerz-38S.2 ofd79-ksmds 305 245345 -0.02 004 0025
Y QVidcerz-14S wine329-wme24 244 238319 QVidcerz-64L barcl18-barc107 37 42,0467 76.96
Ssm | QSsm.cerz-14S Wme95-wme329 238 165243 OSsm.cer=-4BL cfd39-wmed? 97.8 91.3-97.8 537 142 0,000
Snp OSnp.cer=-345.2 wm369-wmes0 238 173300 OSmp.cer=-3BS.3 gwm285-ksml51 1075 97.4-109.5 -0.07 008 0008 007 002 008  0.006
Snp OSnp.cer=-34S.2 um369-wmes0 238 173300 | OSwp.cer=-385.2 ofd79-ksmds 29 22.0-41.8 0.05 007 0.021
Gop | QGnp.cer=34S.2  gwm369-wmes0 258 20.3-29.5 OGnp.cer=-3BS.3 gwm285-ksml 51 1075 98.9-109.0 279 332 0001 225 0031
Gup | QGnp.cerz34S.2  gwm369-wmcs0 258 20.3-29.5 QGnp.cerz-3BS.2 cfd79-ksm45 30 245413 253
Gwp | QGwpcerz34S2  gwm369-wmes0 263 19.3-35.5 QGwp.cerz-385.3 Qum285-ksmis1 107.5 96.9-109.0 0.13 015 0.010
Gwp | QGwpcerz34S.2 gwm369-mes0 263 19.3-35.5 QGwp.cerz-385.2 ksmds-wmed3 383 285428 0.20
Bpp  OBpp.cerz-34S.2 wmes0-cfa2163 282 183-350 | OBpp.cer=-3B5.2 Ksmd5-wmed3 408 353489 032
Bpp | OBppcers-34S2  wmeS05-barc3s9 295 163330 OBpp.cer=-3BS.3 @um285-ksmIS1 107.5 96.9-109.0 027 057 0.000
Hd  QHd.cerz-34L.1 Ksm28-wmed28 514 483-534 | QHdcers-74S.1 gum635-barc70 0 0.0-30 044
Hd  QHdcerz=34L2  BF293500_113fa2193 1307 11771307 QHd.cer=-3B5.3 Qum285-ksm151 109 86.4-112.5 -0.49
Hd | QHdcerz=3BL2  BOIS9467 233-harcl6d 1233 11881288 | QHd.cer=-4BS ksm62-gwml 13 299 26.7-33.9 -0.48
Flt  QFltcerz-14S.1 Bla-wmc9s 0.0 0.0-6.0 OFl.cer=-44L.1 winc61 7a-dupw4 28.1 258331 048
Flt  QFltcer=-14S.1 Bla-wmc9s 0.0 0.0-6.0 OFlt.cer=-1BL.2 prl62-wg24] 1136 99.1-122.1 0.70
Flt__ QFlt.cer:-2BS.2 qwmd 10-wmel 67 441 43.2:56.6  QFltcerz=4BSMBLI__ barc337-gwms40 392 36.4-45.9 047

“Hd heading date, Fit flowering time, Ph plant height, PdL peduncle length, Yid grain yield, Bpp biomass per plant, Ssm spike number
per square meter, Snp spike number per plant, Gne grain number per ear, Gnp grain number per plant, Sne spikelet number per ear,
Fse number of fertile spikelet per ear, Gwe grain weight per ear, Gwp grain weight per plant, Gnfs grain number per fertile spikelet,
Gnts grain number per spikelet, Hi harvest index, Sf spike fertility, Tgw thousand grain weight

Bold indicates a QTL with significant main effect and shaded cells correspond to QTL with main effect on another traits

°QiQj effect, epistatic additive effect between QTLi and QTLj; QiQjE, QTLi x QTLj x environment interaction, where El is CA
2006, E2 is BW 2006, E3 is BC 2006, and E6 is BC 2007. A negative number indicates decreased trait value; a positive number

indicates increased trait value due to interaction

detected for the traits involved in each cluster
(Tables S3a-g).

Twenty clusters with significant MCIM (LOD
values higher than 3.0) involving different traits and/
or the joint-trait (Table S6; Figures S2—-S8) suggested
putative pleiotropic effects for QTL mapping in the
same region. For several clusters, the use of MCIM
increased the power of QTL detection power on the
joint-trait compared to each trait separately. Four
clusters showed a MCIM with LOD > 3 involving
quality traits. In three of them, the highest LOD value
was obtained when these quality traits were included.

Discussion

Genomic analysis of complex traits requires the
discovery of genes/QTL and their validation in

@ Springer

different genetic backgrounds and environments for
further use in MAS. The stability of QTL across years
and locations determines their suitability for MAS in a
breeding program. It is also necessary to consider the
interactions among genomic regions during selection
using multiple markers. The RIL mapping population
used in this study proved to be highly useful for QTL
mapping of traits like the ones analyzed here.

Four major clusters for yield-related traits
Linked clusters 13 and 14 (3BS.1 and 3BS.2)

The main genomic region associated with yield and
related traits was represented by cluster 13 (3BS.1
region) involving 11 traits. This finding is in agree-
ment with previous reports of an important QTL on
3BS (Marza et al. 2006; Maccaferri et al. 2008; Blanco
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et al. 2012; Graziani et al. 2014). This region also
showed the highest number of QTL x environment
interactions. However, only 1 trait (Gnts) showed
epistatic effects (QTL x QTL). No epistatic effects
involving YIld, Ph, or Hd/FIt in cluster 13 were
observed as was previously detected by Maccaferri
et al. (2008). However, cluster 14, linked to cluster 13,
showed epistatic interactions for five traits (Gnts, Snp,
Gnp, Gwp, and Bpp). Cluster 14 was the second most
important QTL affecting Hd and Flt. Our results give
support to the presence of two linked genomic regions
(clusters 13 and 14) based on the simultaneous
detection of these two regions affecting Gnp (3BS.1
and 3BS.2) in the same environment, with alleles of
opposite effect and without overlapping LOD intervals
(15 cM apart). In agreement with this, Griffiths et al.
(2009) reported two QTL for heading date in 3BS
linked to wmc500 and wmc540, near the position of
cluster 14.

Markers gwm493 and barc147 flanking cluster 13
were associated with Fusarium head blight response in
bread and durum wheat populations (Buerstmayr et al.
2009) and grain yield/plant height/heading date
(Maccaferri et al. 2008). In our analyses, the QTL
for peduncle length and plant height were the main
QTL mapped in cluster 13 (explaining 40.7 and 45.0%
of phenotypic variation, respectively). Previous stud-
ies reported the presence of semi-dwarfing gene Rht5
with a large effect on plant height in the telomeric
region of 3BS linked to barc102 (Ellis et al. 2005;
Rebetzke et al. 2012). Although this marker was not
included in the UC1113 x Kofa linkage map and
taking into account two different linkage maps (Mac-
caferri et al. 2008; Sourdille et al. 2004), SSRs linked
to cluster 13 were located close to barc102. As to Rht5,
it has not yet been cloned. However, the possibility of
natural variation at the Rht5 locus in our mapping
population as a basis for the Ph QTL should not be
discarded. Further work is needed to determine if this
locus is involved.

Cluster 7 (2BS.1)

Heading date and flowering time are important traits
related to the adaptability of crops. Phenotypic
variation for these traits is controlled by the allelic
combination of genes affecting vernalization require-
ments (Vrn), photoperiod response (Ppd), and earli-
ness per se (Eps). These traits are responsible for

variation in grain yield potential, particularly in stress
environments. The Vrn-1 and Ppd genes are located in
homoeologous groups 5 and 2, respectively (Kamran
et al. 2013). Eps genes were reported on all wheat
chromosomes (Kamran et al. 2013, 2014). In line with
this, the second most important QTL cluster (cluster 7)
was detected on chromosome 2BS (2BS.1), and
affected eight traits. Previous research reported that
SSR gwm 148 is linked to Ppd-BI (Hanocq et al. 2004;
Mohler et al. 2004). Based on the bread wheat SSR
consensus map, this marker was located in the same
region as that of cluster 7 (Somers et al. 2004). We
found a QTL in cluster 7 that also affected Sne and
PdL and was strongly associated with Hd and Flt,
explaining up to 32% of the phenotypic variation. This
finding agrees with the presence of Ppd-Bl in this
region. Moreover, Maccaferri et al. (2008) found a
QTL in the gwm429-gwm148 region in chromosome
2BS with effects on Hd. Using a durum wheat RIL
population, Patil et al. (2013) found microsatellite
gwm429 linked to Tgw and Gwe QTL. In addition,
SSR gwmlI48 in durum wheat was found to be
associated with Hi (Golabadi et al. 2011).

In our study it could also be observed that among
the traits involved in cluster 7, Kofa provided alleles
responsible for increasing Sne and Hd/FIt whereas
UCI1113 provided alleles for high Yld and PdL. The
association of positive alleles for Sne and Hd/Flt
agreed with the correlation coefficients in each
environment.

Cluster 3 (1BL.1)

Another important region identified was cluster 3
(1BL.1), which affected eight traits. This cluster was
associated with Yld and seven yield components and
showed a strong effect on Fse. Blanco et al. (2012)
reported a QTL in a similar region associated with
grain yield, thousand kernel weight, and kernel
number per spike using the durum population
Svevo x Ciccio. Graziani et al. (2014) and Maccaferri
et al. (2008) mapped QTL in this region for Tgw
(TKW), leaf greenness (SPAD units), and Yld. It is
important to note that the population used in the
present work and in the studies carried out by
Maccaferri et al. (2008) and Graziani et al. (2014)
shared Kofa variety as a parent. In bread wheat, a QTL
associated with six yield-related traits (Gwp, Fse, and
Sne in common) was identified in the same region (Wu
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et al. 2012) based on the positions of SSR markers
gwmli31 and wmcl56 in the consensus map (Somers
et al. 2004). Another study also found that this region
(barc181-wmcl56) was associated with mean and
maximum grain filling rate (GFR), Gwe, and Tgw,
explaining about 20.2% of variation in the mean value
of GFR (Wang et al. 2009). In addition, two linked
QTL were mapped for earliness per se in a similar
region in bread wheat (Kamran et al. 2013).

Cluster 11 (3AL.1)

This cluster, which was the main stable region affect-
ing Yld, included 4 additional traits (Gne, Sf, Gnts,
and Hi). Marker wmc428, located at the peak of the
Y1d QTL, was found to be near the centromere on
chromosome 3A. The simultaneous detection of QTL
for Yld and Sf/Gne/Hi/Gnts suggested that the
increased yield associated with this region could be
due to the high number of florets in the spike. Gne,
Gnts, and Hi were found to be highly correlated traits
and had a common positive allele from UC1113.
Blanco et al. (2012) mapped a QTL for Tgw linked to
wmc428 in durum wheat. Several QTL for grain yield
and yield components were detected in this region
using the same mapping population of bread wheat
(Campbell et al. 2003; Ali et al. 2011; Rustgi et al.
2013). Chromosome 3AL was also found to be
associated with Flt (Ali et al. 2011; Mengistu et al.
2012), and it could be assumed that there is an Eps
gene in this region (Mengistu et al. 2012). In support of
this, we found that region 3AL.1 was involved in one
of the three epistatic interactions for Hd (QHd.cerz-
3AL.1 x QHd.cerz-7AS.1). Previous research
detected marker cfa2/93 in the peak of the adjacent
cluster 12 (3AL.2) though not as a separate region
(Mengistu et al. 2012). We found cluster 11 to be far
from cluster 12. Based on our results and on previous
evidence, we speculate that cluster 12 may correspond
to region four reported by Ali et al. (2011).

Minor clusters

Cluster 1 (1AS.1)

The most important and stable QTL for Sne was
located in cluster 1 within the interval wmc95—

barc148, with a peak position at wmc24. In addition,
cluster 1 was observed to have effects on Flt, Fse, Gne,
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and Gwe. Wang et al. (2011) mapped two linked QTL
in the wmc24 region, with effects on floret number per
spikelet, spike number per plant, spikelet number per
spike, and grain number per spike. In our study, two
peak positions were mapped, but the presence of two
different QTL was not evident due to a wide overlap-
ping confidence interval. The flanking markers of this
cluster were also involved in epistatic interactions
affecting YId (QYld.cerz-1AS x QYld.cerz-6AL) and
Ssm (QSsm.cerz-1AS x QSsm.cerz-4BL). Dura et al.
(2013) reported a Ph QTL linked to wmc24, whereas
Borner et al. (2002) detected QTL for Ph, Gwe, and
Gne at 38 cM on 1AS. Using an association mapping
strategy, Maccaferri et al. (2011) found SSR wmc24
associated with YId and test weight. In addition, a
QTL affecting Fse was mapped on 1AS in a telomeric
position (Ma et al. 2007).

The positive relationship between the favorable
alleles for Flt and Sne observed in this cluster was in
agreement with the relationship previously discussed
for Cluster 7. We therefore hypothesize that the
increased number of spikelets could be a consequence
of prolonged pre-heading time, thus allowing com-
plete development of the terminal spikelets present in
the culms. Likewise, Gonzalez et al. (2003) postulated
that an increase in the pre-heading stage during stem
elongation causes an increase in the number of fertile
florets and grains.

Genomic regions previously associated with Rht
genes

Several clusters with major or minor effects on Ph and/
or PdL identified in the present work were located in
genomic regions previously associated with Rht genes
(Rhtl, Rht4, Rht5, Rht9, Rht12) (Ellis et al. 2005). Our
results showed that clusters 9 (2BL), 16 (4AS), 19
(4AL.3), 24 (5AL.2), and 25 (5AL.3) were associated
with Ph and/or PdL, as stated above in relation to
cluster 13 (3BS.1). Each of these clusters was
coincident with known RhAt positions (Maccaferri
et al. 2008; Rebetzke et al. 2012; Ellis et al. 2002)
(for further details see the Supplementary Discussion).

Although cluster 21 (4BS/4BL.1) showed no asso-
ciation with Ph and/or PdL, it was located near the
reported position of Rht-B1 (Ellis et al. 2002). Quarrie
et al. (2005) detected a QTL for yield and yield
components in the centromeric region of chromosome
4B, between markers Rhr-BI and gwml65.1.



Euphytica (2017) 213:277

Page 17 of 20 277

For further discussion about the remaining clusters,
see the Supplementary Material section. The positions
of QTL on the remaining chromosomes are shown in
Fig. S1.

Multiple trait mapping for yield and yield-related
traits

The location of multiple QTL in the same region
affecting different traits could be indicative of the
presence of a single locus with pleiotropic effects on
several traits. The genetic effects on different traits are
not independent if genes/QTL for different traits are
either linked or pleiotropic. The MCIM method was
used to determine if some of the QTL mapped in the
same cluster represent a single gene/QTL.

The MCIM performed using mean data for traits
mapped in cluster 13 showed a significant joint-trait
QTL (LOD = 11.6) that was also significant for four
individual traits (Y1d, Ph, PdL, and Gwe; LOD > 3 to
9) (Figure S4 [4]). In addition, the analysis of cluster 7
(2BS.1) yielded a significant result for joint-trait QTL
(LOD = 7.4). In this case, a LOD score > 3.5 was
found for the individual traits Hd, Flt, and Sne (Fig. S3
[1]). For cluster 11 (3AL.1), Yld, Hi, and the joint-trait
confirmed QTL results (LOD > 3) using 2 different
trait combinations (Figure S4 [1, 2]).

The MCIM for different trait combinations was
tested in 15 clusters and showed higher LOD values
for joint-traits than for single traits in all cases. In some
cases, results showed only the joint-trait to be
significant. However, this test failed to detect QTL
for individual traits, as in the case of clusters 26
(Figure S7 [1]), 28 (Figure S7 [4, 5]), 30 (Figure S8
[2]), and 35 (Figure S8 [8]). MCIM showed that
clusters 7, 11, 13, and 35, among others, could be
explained by a single gene/QTL.

Genomic regions co-localized for quality QTL
and pleiotropy

Several regions analyzed in the present work co-
localized with QTL affecting quality traits previously
identified using the same mapping population
(UC1113 x Kofa) (Conti et al. 2011; Roncallo et al.
2012). Cluster 35 was mapped for four traits (Gnfs,
Sne, Hd, and FIt) and was involved in QQ (QPdL.cerz-
SAL.3 x QPdL.cerz-7BL.4) and QE (QHd.cerz-
7BL.4) interactions. This region was the second-most

important QTL for grain protein content (Gpc), Ypc,
and flour yellow color (Fb) (Conti et al. 2011;
Roncallo et al. 2012). The results derived from MCIM
including quality traits (Fb, Ypc, and Gpc) for cluster
35 detected a significant joint-trait QTL with a LOD
score higher than that for each individual trait
(Figure S8 [9,10,11]), suggesting the presence of a
single gene acting on these traits.

Cluster 13 was associated with Gpc (Conti et al.
2011). In the present work, MCIM was used to analyze
the pleiotropic effect of yield and protein in this
cluster. Both traits were significant (LOD > 3) and
found at the same position.

Conclusions

Yield and related traits are under complex genetic
control. Our analyses allowed us to construct a model
for the genetic network involved in yield-related traits,
as well as to catalog the number and importance of
QTL by trait and epistatic QTL and/or environmental
effect. It was possible to dissect four main genomic
regions (clusters 13, 7, 3, and 11) located on 3BS.1,
2BS.1, 1BL.1, and 3AL.1. The first three regions were
previously reported in durum wheat whereas the fourth
was observed in bread wheat. In our study, 3AL.1 was
found to affect 6 yield-related traits. Other important
regions were also found to be located on 3BS.2, 1AS,
4AL.3, 5AL.2, and 5AL.3. The most stable traits
mapped in the present study were plant height,
peduncle length, spikelet number/ear, grain yield,
heading date, and flowering time. Among these traits,
spikelet number/ear, heading date, and flowering time
were affected by the highest numbers of epistatic
interactions.

The use of MTM allowed us to confirm that the
most important pleiotropic regions (3BS.1, 2BS.1)
could be explained by single genes/QTL.

As to the usefulness of these regions for MAS in
breeding programs, it is interesting to note that the
3AL.1 region increased yield through its effect on Hi
and Gne without altering grain protein content, gluten
strength, flour yellow color, and crop phenology. 1AS,
another important region, was associated with Sne and
was consistently mapped in all environments tested as
well as in the mean of all environments. No candidate
gene(s) produced the effect described. In view of this
the 1AS region is a good candidate for future studies.

@ Springer
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An additional finding worthy of note was the
presence of several QTL coincident with the positions
reported for Rht genes, thus suggesting that it could be
fruitful for breeders to explore and exploit the effects
of these genes in obtaining higher yields.
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