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ABSTRACT

Grain yield is a major goal for the improvement of durum wheat, particularly in drought-prone areas. In
this study, the genetic basis of grain yield (GY), heading date (HD), and plant height (PH) was
investigated in a durum wheat population of 249 recombinant inbred lines evaluated in 16 environments
(10 rainfed and 6 irrigated) characterized by a broad range of water availability and GY (from 5.6 to 58.8 q
ha'). Among the 16 quantitative trait loci (QTL) that affected GY, two major QTL on chromosomes 2BL.
and 3BS showed significant effects in 8 and 7 environments, with R? values of 21.5 and 13.8% (mean data
of all 16 environments), respectively. In both cases, extensive overlap was observed between the LOD
profiles of GY and PH, but not with those for HD. QTL specific for PH were identified on chromosomes
1BS, 3AL, and 7AS. Additionally, three major QTL for HD on chromosomes 2AS, 2BL, and 7BS showed
limited or no effects on GY. For both PH and GY, notable epistasis between the chromosome 2BL and 3BS

QTL was detected across several environments.

DURUM wheat (Triticum durum Desf.) is an impor-
tant crop for the human diet (e.g., pasta, cous-
cous, bread, etc.), particularly in the Mediterranean
basin where ~75% of the world’s durum grain is pro-
duced. Durum wheat is primarily grown under rainfed
conditions where the frequent occurrence of drought
combined with heat stress is the major factor limiting
grain yield (ArRAUS et al. 2002, 2003a,b; CONDON et al.
2004). In the Mediterranean basin, durum wheat is
cultivated across a number of macroenvironments that
differ widely in the quantity of rainfall as well as in their
thermo-pluviometrical patterns during the crop cycle
(LEEMANS and CRAMER 1991; Loss and S1ipDIQUE 1994;
DuNkeELOH and JACOBEIT 2003).

As compared to hexaploid wheat, durum wheat un-
derwent a more limited selection until 1960, when more
intense breeding programs based on innovative germ-
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plasm introgressions and multienvironment testing for
wide adaptation were applied also to durum wheat. Ac-
cordingly, the genetic gains obtained after 1970 in grain
yield (GY) of durum wheat are comparable to those
obtained for hexaploid wheat. These gains have mainly
been attributed to a balanced improvement in fertility
because of higher allocation of assimilates to the growing
tillers and ears concomitant with a general increase in
total biomass production, with the harvest index remain-
ing practically unchanged (SLAFER and ANDRADE 1993;
SLAFER et al. 1996; PFEIFFER et al. 2000; DE VIiTA ef al. 2007;
SLAFER and AraUs 2007). As suggested by PFEIFFER et al.
(2000), GY components have reached a near-optimal
balance in modern elite durums. While the improvement
of GY under optimal growing conditions has prevailingly
been attributed to increased spike fertility, under Med-
iterranean-like conditions the importance of traits at the
basis of growth plasticity, such as early vigor and a finely
tuned heading date that allows the plant to escape from
terminal drought, has been wuniversally recognized
(RicHARDS 2000; SPIELMEYER et al. 2007).
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The molecular tools necessary to identify the quanti-
tative trait loci (QTL) governing GY and genotype X
environment (G X E) interaction are now available for
most crops, including wheat (TUBEROSA et al. 2002a;
BoreviTz and CHORY 2004; Q1 et al. 2004; DILBIRLIGI
et al. 2006; MACCAFERRI ef al. 2006; SONG et al. 2007). In
the past decade, microsatellite markers (simple se-
quence repeats, SSRs) have been extensively exploited
for the construction of wheat maps aligning hundreds
of SSRs (RODER et al. 1998; NACHIT et al. 2001; BLANCO
et al. 2004), the Consensus Ta-SSR-2004 map (SOMERS
et al. 2004), and the Wheat-Composite 2004 map (http:/
wheat.pw.usda.gov/ggpages/map_summary.html).

Several QTL experiments have been carried out in
cereals to unravel the genetic basis of GY and the
morphophysiological traits known to determine yield
under nonstressed and stressed conditions. Reviews
summarizing the findings of QTL studies have been
published for barley (CATTIVELLI ef al. 2002), wheat
(GupTa et al. 1999, 2006), rice (ZENG et al. 2006), and
maize (TUBEROSA et al. 2002b; SCHAEFFER et al. 2006). For
each crop, tens of QTL have been found in different
genetic backgrounds. This notwithstanding, the knowl-
edge gained so far for grain yield determinants is still
incomplete. In fact, QTL for yield and yield-related
traits most frequently account for between ~2 and 10%
of the total phenotypic variation; major QTL with R*
values =15% have seldom been described, especially
when evaluating segregating materials obtained from
elite accessions (QUARRIE et al. 2005; DILBIRLIGI et al.
2006). The identification of QTL with major and
environmentally stable additive effects is even more
desirable when targeting drought-prone environments
where the spatial and temporal phenotypic variation
(including G X E effects) is usually larger than that
observed in favorable environments (LANCERAS et al.
2004), a condition that lowers the heritability of target
traits. Under such a contrasting scenario, the identifica-
tion of major QTL characterized by a limited G X Eis
highly desirable to enhance productivity and facilitate
their cloning (BORTIRI et al. 2006; TUBEROSA and SALVI
2006). Accordingly, the stable expression of a QTL
across a broad range of agrometeorological conditions
is a critical factor when breeding for wide adaptation
and yield stability. Examples of such QTL have been
reported in bread wheat (QUARRIE et al. 2007), rice
(WAN et al. 2005, 2006), pearl millet (YADAV et al. 2002),
and maize (LANDI et al. 2007).

The genetics of GY and other agronomically impor-
tant traits (e.g., heading date, plant height, etc.) are
frequently complicated by the occurrence of epistatic
interactions among the multiple QTL/genes control-
ling the target trait (L1 et al. 1997, 2001, 2003; KUSTERER
et al. 2007). The relevance of the epistatic interactions
can reach levels comparable to those observed for the
additive QTL effects. Suggestions for planning and
conducting QTL analysis able to more accurately detect

epistatic interactions have been presented (MALMBERG
and Mauricio 2005; ZENG 2005; SticH et al. 2007). An
essential prerequisite to ensure robust inferences on the
epistatic interactions among QTL is the availability of
mapping populations with a sufficiently large number of
progenies (SCHON et al. 2004).

In this study, a durum wheat population of 249
recombinant inbred lines (RILs) was evaluated in 16
Mediterranean environments to identify QTL for grain
yield, heading date, and plant height. The RILs were
tested across a wide range of growing conditions, with
different thermo-pluviometrical patterns and especially
water availability from heading to harvest. We report on
the identification of two major QTL for grain yield and
on the importance of their epistatic interaction.

MATERIALS AND METHODS

Plant materials: A population of 249 RILs was produced by
Societa Produttori Sementi (Bologna, Italy), applying the
single-seed descent method to progenies (from Fo to Fg
generation) of the cross between the cultivars (cvs.) Kofa
and Svevo. Seeds were bulked in the F; generation. Kofa, a
Southwestern United States cv. released by Western Plant
Breeders (Arizona) was obtained from a population based on
multiple parents (dicoccum alpha pop-85 S-1) mainly related
to the American and CIMMYT germplasm, with the inclusion
of emmer accessions. Svevo, an Italian cv. released by Societa
Produttori Sementi, has been obtained from the cross between
a CIMMYT line (pedigree rok/fg//stil/3/durl/4/sapi/
teal//hui), related to the widely utilized Yavaros79 genetic
background (Jori/Anhinga//Flamingo), and the cv. Zenit
originating from a cross between Italian and American
accessions (Valriccardo/Vic). Both Kofa and Svevo are well
adapted to the Mediterranean climate and can be classified as
early-flowering genotypes in such conditions.

Field trials and phenotypic traits: Sixteen field trials were
carried out over 2 years in different Mediterranean loca-
tions (8 trials in 2004 and 8 trials in 2005) in the following
countries: Italy, Spain, Morocco, Tunisia, Syria, and Lebanon.
Abbreviations have been used to identify the field experi-
ments: the first three letters indicate the geographical
location of the trial [Italy, Itl (Cerignola); Lebanon, Lbn
(Tel Amara); Morocco, Mrc (Sidi El Aidi); Spain, Spn (Spn1l
for Granada and Spn2 for Lleida); Syria, Syr (Tel Hadya); and
Tunisia, Tns (Koudiat and Kef for the irrigated and rainfed
trials in 2004, respectively]; the fourth letter (separated by a
hyphen from the first three letters) indicates the water
regime of the trial (irrigated, i; and rainfed, r), while the
number indicates the year of the trial (2004, 04; and 2005,
05). Details on the locations and experimental conditions
of each field trial are reported as supplemental data (sup-
plemental data sets 1 and 2 at http:/www.genetics.org/
supplemental/) (Figure 1 and Table 1). The analysis of these
supplemental data indicates that a broad range of environ-
mental conditions was explored. Large differences among
trials were evident for water input (rainfall plus supplemen-
tary irrigations), particularly from heading to harvest, with
water input ranging from 8 to 281 mm. During the critical
stage of grain filling, the total water input ranged from 0 to
159 mm. Soil moisture averaged over the grain-filling stage
also varied largely among environments (from 5.7 to 23.0%).
Consequently, a wide variation in crop-cycle length was
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observed across environments (for instance, the emergence-
to-heading period ranged from 93 to 143 days).

The following phenological variables and environmental
factors have been considered: (i) phenology, with two varia-
bles, length of the periods from emergence to heading date
and from heading to harvest; (ii) water available to the crop,
including rainfall and irrigations, from emergence to heading,
from heading to harvest, and, most critical under Mediterra-
nean environments, during the grain-illing stage (from 2
weeks after heading to physiological maturity); (iii) thermal
range at heading (maximum and mean temperatures aver-
aged over the 10 days around heading) and grain filling, as
defined above; (iv) thermal time to heading, from heading to
harvest, and across grain filling, as calculated in growing
degree days (GDD) by cumulating mean daily temperatures
and considering a base temperature of 0° (GALLAGHER 1979);
and (v) average soil moisture (0- to 30-cm deep) during the
grain-filling stage.

The RILs were tested in unreplicated field trials, adopting a
modified augmented design as a field experimental scheme,
including three checks (cvs. Kofa, Svevo, and Vitron) distrib-
uted in each row of the field scheme. Vitron is a high-yielding
cv. developed from CIMMYT germplasm (cross Jori/Anhinga//
Flamingo), released in 1985, and characterized by high-yield
stability in the Mediterranean basin (PFEIFFER et al. 2000).
Seeds of the RILs and checks used in the field trials were
increased in a single location (Lucera, Italy).

Before planting, seed viability was determined on a sample
of 100 seeds/RIL. On the basis of these results, sowing was
carried out with 400 viable seeds m™®. To prevent attacks
from seed-transmitted fungal diseases, seed was treated with
Vitavax FLO NF (Carboxin plus Thiram). Plot size was 4 m?
(eight 2.5-m-long rows, spaced 0.20 m apart). Trials were
fertilized following the standard agricultural practices for each
location and were treated with fungicides to avoid the devel-
opment of fungal pathogens; weeds were chemically and
mechanically controlled. To ensure an adequate protection
against the various diseases and weeds affecting wheat, chemical
treatments were carried out as necessary with the fungicide and
herbicide active compounds recommended by the standard
agriculture practices in each location and country.

Field data: The following traits were considered: GY (in
quintals per hectare, adjusted at 14% moisture), heading date
(HD) (in days), and plant height (PH) (in centimeters).
Heading date was recorded as the number of days from the
emergence to the time when the ears of ~50% of the tillers
had emerged from the flag leaf sheaths for approximately half
of their length (stage 55 in the Zadoks scale; ZADOKS et al.
1974). At maturity, PH was measured from the ground to the
tip of the ear (excluding awns) on five main culms per plot.

Genetic map: The SSR markers publicly available in
GrainGenes (http:/wheat.pw.usda.gov) were used to search
for parental polymorphisms. The SSR probe sets used were
BARC (Xbarc marker loci), CFA (Xcfa), CFD (Xcfd), CNL,
KSUM, WMC (Xwmc), and WMS (Xgwm). A WMS primer set
not publicly available was provided by Martin Ganal, TraitGe-
netics, Gatersleben, Germany. Preference was given to markers
included in the wheat SSR consensus maps [the Ta-SSR-2004
(SoMmERS et al. 2004), the Ta-Synthetic/Opata-BARC (SonG
et al. 2005), and the Wheat-Composite 2004 (see http:/
wheat.pw.usda.gov/)]. More than 800 markers were tested to
detect polymorphisms between Kofa and Svevo. SSR profiles of
the two parents were evaluated in high-resolution agarose gels
(2% SeaKem LE agarose plus 1% MetaPhor agarose gels, both
from Cambrex Bio Science Rockland, Rockland, ME), 6 mm in
thickness, or in 5% polyacrylamide manual sequencing gels
(45 cm long and 0.4 mm thick) and stained according to the
silver-nitrate method. A unique thermocycling protocol was

used for all probes: 94° for 3 min; 20 cycles of touchdown PCR
including 94° for 45 sec, 61°/51° for 45 sec (—0.5° sec™ '), and
72° for 60 sec; followed by 23 cycles including 94° for 45 sec,
51° for 45 sec, and 72° for 60 sec, with a final extension at 72°
for 10 min. SSRs selected on the basis of base pair differences
between the two parental alleles were profiled on the entire
RIL population using either 3% agarose gel electrophoresis or
the automated Li-Cor (Lincoln, NE) 4200 IR* System with
forward primers labeled with IR700/IR800 fluorochromes
and 25-cm-long, 0.4-mm-thick polyacrylamide gels.

Only SSRs with a percentage of missing marker data points
<8% were considered. After inspecting the grouping results
obtained with LOD thresholds from 2 to 8, markers were
grouped using a minimum conservative LOD threshold of
5.0. The majority of groups was then assigned to the A and B
wheat chromosomes using the information from the publicly
available wheat SSR maps and from an updated version of the
WMS map (M. GaNAL, unpublished results). Linkage groups
assigned to each chromosome were rechecked for association
using relaxed LOD thresholds (from 2 to 5) and then merged
accordingly.

Haldane’s mapping function was used to calculate map
distances. Linkage groups were constructed with the linkage
software JoinMap 3.0 on the basis of a regression mapping
procedure with a weighted least-squares method that sequen-
tially adds markers into the map (Stam 1993). Briefly, only
data with recombination frequency <0.45 and LOD >1.0 were
used; the “jump in goodness-of-fit” threshold for locus re-
moval was set to 3.0; and the “ripple” command was used each
time after adding a locus to the linkage group and three
“mapping rounds” were performed for each linkage group.
The graphical genotype of each RIL was then inspected for the
presence of suspect data points (double-recombination events
within short distances) and the original data were checked
accordingly. Subsequently, a second round of mapping with
JoinMap 3.0 was performed to obtain the final map distances.
Marker order was also checked with the program “Cartha-
gene,” using all the available computational options (SCHIEX
and GasPIN 1997). In some cases with reliable linkage groups
but high recombination frequencies among markers (e.g.,
chromosomes 2B, 3A, 5B, and 7A), the LOD threshold for
mapping was lowered and the recombination threshold was
increased. In some cases, the “fixed marker order” function of
Joinmap was used to produce the map of each linkage group
on the basis of the consensus SSR published data and of
the most probable marker order output from Carthagene
(I. JURMAN et al., unpublished results). A total of 254 SSRs were
profiled on the complete RIL set and grouped into 23 linkage
groups. Cosegregating markers mapping within a 1-cM in-
terval were excluded from the final map used to perform QTL
analysis and only one marker for each cluster was retained.
The final molecular map used for the QTL analysis was based
on 232 SSRs distributed on 23 linkage groups, covering in total
2347 ¢cM (Haldane’s mapping function), with an average
marker distance of 10.2 cM. On the basis of the Ta-SSR-2004
map (SOMERS et al. 2004) for the A and B genomes, we estimate
that our map covers ~70% of the durum genome. All SSR
markers assayed in the remaining portion of the genome
(mainly at the distal regions of chromosomes 1AS, 2AL, 2BS,
3AS, and 5BS) were found monomorphic; itis conceivable that
the lack of polymorphism at these regions is prevailingly due
to identity by descent. In this respect, it is interesting to note
that a low marker density is observed in the most distal
regions, where a high recombination rate is a general feature
of the wheat chromosomes (SOMERS ef al. 2004); the number
of SSRs mapped in these distal and highly recombinogenic
regions was relatively low, as compared to the hundreds of
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SSRs mapped in the proximal regions of the wheat
chromosomes.

Statistical analysis of phenotypic data and QTL analysis:
Phenotypic data were analyzed by restricted maximum likeli-
hood (REML) to fita mixed model with checks as a fixed effect
and rows, columns, and unreplicated entries as random effects
(LiTTEL et al. 1996). The REML model produced best linear
unbiased predictors (BLUPs) for the phenotypic data of each
genotype at each environment to be used in subsequent
analyses. The analysis was performed using the MIXED pro-
cedure of the SAS statistical package (SAS 2001).

The heritability value (4*) was calculated for each trait
across environments as

M= 0'2, (02 +0'§><e/n)7

where nis the number of environments,
2 _
o, = (MSriL. — MSgux.)/ 7,
a2, =MS
gxe = RILX¢)

and MS is the mean square. Correlations between environ-
mental factors and phenotypic traits as well as among traits
and/or among environments for each trait and their signifi-
cance levels were calculated as Pearson’s correlation coeffi-
cient values using Minitab v. 14.0 (Minitab statistical software;
RyAN et al. 1985).

Composite-interval mapping (CIM) (ZENG 1994) was used
to search for QTL using the BLUP data of each trait separately
for (i) each of the 16 environments, (ii) the average value
across environments in each year (2004 and 2005), and (iii) the
average value across all the environments. CIM analysis was
performed in Windows QTL-Cartographer version 2.5 (http:/
statgen.ncsu.edu/qtlcart/ WQTLCart.htm; BASTEN et al. 2005;
WANG et al. 2005). The parameter setup of “model 6 standard
analysis” in QTL Cartographer was used: a walk speed of a 2-cM
step, “forward” regression for the selection of the markers to
control for the genetic background (control markers or cofac-
tors), up to 10 control markers, and a blocked window size of 10
cM to exclude closely linked control markers at the testing site.

The threshold for declaring the presence of a significant
QTL for each trait-environment combination was defined by
1000 permutations at P = 0.10 (CHURCHILL and DOERGE
1994) and the minimum LOD score of 2.9 was chosen.
Additionally, the QTL with a LOD score reaching a lower
threshold of 2.5 have been reported as “suggested QTL”,
provided that their peaks map approximately at the same
position in at least two environments.

The QTL were identified adopting the nomenclature
suggested by the catalog of gene symbols for wheat (http:/
wheat.pw.usda.gov/ggpages/wgc/98).

The value of the additive effect at each QTL was computed
as half of the difference between the mean phenotypic values
of the two groups of RILs, which, based on the information of
the flanking markers, were assumed to be homozygous for one
or the other of the parental alleles at that QTL region. In par-
ticular, the additive QTL effect (a) was defined as % (Svevo —
Kofa); therefore a was positive when the Kofa allele showed
the lower value. QTL detected in different environments were
considered to be the same if the estimated map position of
their peaks was positioned within 20 cM. To obtain more
precise information on QTL effects and positions and to
evaluate for the presence of digenic epistatic interactions
across the QTL pairwise combinations, multiple-interval
mapping (MIM) (Kao et al. 1999; ZENG et al. 1999), as imple-
mented in WinQTLCart, was used by considering as initial
QTL models the CIM results obtained for each trait and

environment. Thus the initial CIM-derived QTL models were
subjected to a refinement of the CIM-QTL positions and to a
forward, stepwise-regression search for significant epistatic
interactions among all pairwise combinations of QTL. Both
main additive effects and their epistatic interactions were
tested for significance using the Bayesian information crite-
rion (BIC) with the penalty function ¢(n) = log(n), with n =
249 (SCHWARZ 1978; ZENG et al. 1999); the final main additive
and epistatic QTL effects, the variance components, and the
R*values of the models were then estimated.

Epistatic effects were also calculated according to CHEVERUD
and RouT™maN (1995). The two-locus genotypic values (Gyy) are
defined as the average phenotypic values of the RILs homo-
zygous for the i (Svevo, S) or the j (Kofa, K) allele at the first
marker locus (referred to as A) and the % (S) or the [ (K) allele
at the second marker locus (referred to as B). The single-locus
genotypic values (Gj; and G ) are defined as the unweighted
average of the two genotypic classes at each locus irrespectively
from the other locus; thus atlocus A G;;. = (Gjiss + Gyjkk) /2 and
at locus B G j; = (Ggsy + Grxuy) /2. The additive (a) effects
were calculated as follows: a4y = (Ggs. — Ggk.)/2 and ag =
(G.ss — G kx)/2. Assuming no interaction between the con-
sidered QTL, the nonepistatic two-locus genotypic values can
be estimated as ne;z; = G, + a4 + ap; the deviation of the two-
locus genotypic values from the nonepistatic ones represents
the epistatic effect: ¢, = Gy — nejj.

Multiple-trait composite-interval mapping (JIANG and ZENG
1995) was used to test for the presence of QTL X environment
(Q X E) interaction at the main chromosome regions affecting
the target traits. The Q X E interaction was tested using a
likelihood-ratio statistic developed for the null hypothesis that
a = ag = ... = a, where g;is the additive effect of a QTL in the
jth environment and implemented in WinQTLCart. The
significance of this statistic for a few chromosome regions
harboring major QTL was obtained utilizing the xf,fl
distribution. Tests were carried out by using the data from ali
the environments as well as from only those environments with
significant additive effects at the main QTL regions.

RESULTS

Variation among environments and RILs: The mean
values of the two parents and RILs across the 16 envi-
ronments are shown in Table 1. The two parents showed
a high and rather similar productivity, as expected in
the case of elite cvs. well adapted to Mediterranean
conditions. Their average performance was similar to
that observed for cv. Vitron, chosen as common check in
all trials (data not shown) due to its high yield potential
and adaptation across Mediterranean environments
(PFEIFFER et al. 2000). The broad variation among RILs
(Figure 1) and their wide transgressive segregation are
in keeping with the rather different pedigree/genetic
background of the two parental cvs. Heritability values
calculated across environments (Table 1) were similar to
or higher than those reported in a similar experiment
carried out in hexaploid wheat (HUANG ef al. 2006).
However, it should be noted that in both cases the
heritability values were obtained on the basis of an
unreplicated experimental design and were thus likely
overestimated because the adopted unreplicated exper-
imental design does not allow for a proper estimate of
the experimental error.

202 Yote 0z uo 1senb AQ 9G£2909/681/1/8. 1/0101e/S018UaB 00 dNo"olWapeo.//:SARY WOl PaPEOjUMOQ



QTL for Yield in Durum Wheat

TABLE 1

Mean phenotypic values of parents and RILs and heritability
values across environments

Parental cvs.” RILs®
Trait Svevo Kofa Mean Mean 5
Grain yield (q ha™') 39.6 39.0 39.3 359 0.67
Heading date’ (days) 114.3 114.2 1143 1153 0.95
Plant height (cm) 79 76 78 76 0.91

Means of the parental cultivars (Svevo and Kofa) and means
and heritability values (%*) of the 249 RILs for grain yield, head-
ing date, and plant height are shown. The summary statistics
were calculated using the data from the 16 environments.

“Statistics calculated from the average of 20 replicated plots
per experiment, as in the augmented design experimental
scheme adopted in this study.

"Statistics calculated from the best linear unbiased predic-
tor data (field experiments with unreplicated plots).

‘Days from emergence.

The detailed statistics on a single-environment basis
are reported in Table 2; the environments are listed on
the basis of a decreasing order of GY values. The
environments can be classified as high yielding (GY >
50 q ha' in Lbn-i05, Syr-i04, 1tl-r04, Syr-i05, and Itl-r05),
medium yielding (GY comprised between 25 and 50 q
ha™' in Syr-05, Syr-04, Spnl-r04, Mrc-i05, Tns-i04, Lbn-
r05, and Lbn-i04), and low yielding (GY < 25 q ha™' in
Tns-r04, Lbn-r04, Spn2-r05, and Mrc-r05). The average
PH of the RILs approached ~90 cm in the most fa-
vorable conditions, while it was reduced to ~55 cm in
water-stressed conditions.

Relationships between phenotypic traits and environ-
mental factors and among traits across environments:
The analysis of the relationships between phenotypic
traits and environmental variables across environments
showed the marked influence of the environmental
conditions during the critical period from heading to
harvest on GY and PH. Correlation coefficients between
the mean phenotypic values of the RILs in each environ-
ment and the phenological and environmental factors
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are reported in supplemental Table 2 (supplemental
data set 2) at http:/www.genetics.org/supplemental/.
Grain yield and PH showed a positive association with
the total crop-cycle length (from emergence to harvest)
and particularly with the duration of the phase from
heading to harvest (r= 0.64 and 0.62, respectively; P =
0.01); conversely, the duration of the emergence to HD
was not associated with GY and PH. Thus, GY was mostly
affected by environmental conditions around heading
time and from heading to maturity.

Surprisingly, no significant correlation was observed
between water input (including rainfall and irrigations)
and the investigated traits; nonetheless, a weak, positive
association was present between water input from
heading to harvest and PH (r = 0.42, P = 0.10) but
not with GY. Conversely, positive correlations were
evidenced between average soil moisture at grain filling
and GY (r= 0.50, P = 0.05). Mean and maximum tem-
peratures at heading and during grain filling showed no
association with the investigated traits.

The correlations among phenotypic traits on a single-
environment basis for the 249 RILs are reported in
supplemental Table 3 (supplemental dataset2) at http:/
www.genetics.org/supplemental /. The correlation coef-
ficients were often of low magnitude even when statisti-
cally significant. PH showed a positive correlation with
GY in 13 of 16 environments (r from 0.27 to 0.56, P <
0.001). The correlation between HD and GY was sig-
nificant (P = 0.001) in only six environments with the
r values consistently negative (r from —0.25 in Lbn-r04
to —0.49 in Syr-i05).

QTL results: Figure 2 reports the map position and
main features of the QTL detected in this study. The QTL
characterized by LOD scores >3.0 and R?values >10% in
at least one environment and also based on the mean of
the 16 environments (Figure 2 and Table 5) are referred
to as “major” QTL. Sixteen, 15, and 11 distinct QTL re-
gions were detected for GY, HD, and PH, respectively
(Table 3). As compared to GY, both HD and PH showed
a considerably higher number of QTL with significant ef-
fects across more than three environments (two QTL for
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£
30 RiLs K S 20
Z 5 10 Ju 3 0 @
1 2 Ll MY L L= == T ||
32 30 08 16 U3 BI B BT T4 B2 W0 11151123 113 1138 1146 1153 1161 1169 1176 1184 1191 35 852 670 698 06 T24 742 B 7T M5 813
Grain yield (g ha'") Heading date (days) Plant height (cm)

FrGure 1.—Frequency distributions of grain yield (GY), heading date (HD), and plant height (PH) of the Kofa X Svevo RILs based on
the mean values across 16 Mediterranean environments. Means for RILs, Kofa (K), and Svevo (S) are indicated with arrows.
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TABLE 2

Mean phenotypic values of parents and RILs for each environment

Grain yield (q ha™')

Heading date (days)“ Plant height (cm):

Parents* RILs’ RILs”
Environment Svevo Kofa Mean Range Mean Mean
Lbn-i05 58.6 71.1 58.8 53.6-62.8 105.3 78.8
Syr-i04 58.9 58.0 57.4 54.1-59.9 108.7 81.3
1tl-r04 66.4 61.8 57.3 42.2-66.9 107.6 82.6
Syr-i05 58.9 57.4 56.8 44.7-65.9 109.6 89.4
Itl-r05 57.9 57.9 54.0 44.8-60.7 143.2 83.1
Syr-r05 46.5 42.7 43.1 39.3-45.2 133.8 82.2
Syrr04 44.8 444 41.7 37.0-45.8 112.9 77.9
Spnl-r04 42.0 44.5 34.8 24.7-45.1 135.4 84.9
Mrc-i05 36.0 31.2 30.9 29.1-32.3 106.4 84.4
Tns-i104 38.0 31.1 29.6 26.4-33.2 101.6 88.9
Lbn-r05 29.6 31.4 28.1 26.1-30.5 105.7 67.4
Lbn-i04 31.0 32.6 26.5 7.7-46.0 934 56.7
Tns-r04 24.1 15.5 17.6 10.9-26.9 126.4 86.5
Lbn-r04 17.5 21.2 16.7 4.2-30.3 94.6 53.4
Spn2-r05 17.0 16.4 15.3 14.1-16.9 140.2 53.6
Mrcr05 7.0 6.4 5.6 1.1-16.0 100.8 64.0
Mean 39.6 39.0 35.9 30.9-38.7 115.3 75.9

Mean values of parents and RILs for grain yield, heading date, and plant height in the 16 field trials carried
out in 2004 and 2005 are shown. Environments are listed according to the decreasing mean grain yield values of
the RILs. Environments are indicated by acronyms where the first three letters indicate the locations, followed
by the water regime indicated with either i (irrigated) or r (rainfed) and the year 04 (2003,/2004) or 05 (2004/
2005). Location: Itl, Cerignola, Italy; Lbn, Tel Amara, Lebanon; Mrc, Sidi El Aidi, Morocco; Spnl, Granada,
Spain; Spn2, Lleida, Spain; Syr, Tel Hadya, Syria; Tns-i04, Koudiat, Tunisia; Tns-r04, Kef, Tunisia.

“Mean values of 20 replicated plots per experiment, as in the augmented design experimental scheme

adopted in this study.

"Mean and range of the best linear unbiased predictor data (field experiments with unreplicated plots).

“Days from emergence.

GY, five for HD, and six for PH), characterized by rather
sizeable R? values (up to 17.3,27.5, and 15.8%, respectively).

The total number of QTL detected for each trait and
environment, together with the corresponding R?
values and their significant digenic epistatic interactions
(calculated in the CIM and/or MIM analysis), is
reported in Table 4. In general, on a single-environment
basis, both the total number of significant QTL identi-
fied and the multiple-R?® value (comprising the signifi-
cant additive QTL effects and their significant epistatic
interactions) were higher in environments character-
ized by medium- to high-GY values, compared to those
with low yield (i.e., <25 q ha™).

QTL for grain yield: A total of 16 different QTL were
detected, 14 of which were found to be specific for a
single environment (Figure 2; Table 3), with additive
effects and R? values ranging from 0.1 to 1.1 q ha™"' and
from 4.1 to 13.5%, respectively. Both parental cultivars
contributed the favorable alleles at these QTL (6 and 10
by Kofa and Svevo, respectively). The LOD profile was
always <2.5 in Syr-r05, Lbn-r05, Lbn-i04, and Mrc-r05;
thus no significant GY QTL was evidenced in these
environments, all of which were characterized by medium-

to low-GY values (from 5.6 q ha™' in Mrcr05 to 43.1 g ha™!
in Syrr05).

Two major GY QTL (QYld.idw-2B and QYld.idw-3B)
with multiple R® values (including also their significant
epistatic interaction) up to 44.7% (Itl-r04) were iden-
tified across several environments showing a broad
range of mean productivity (from 15.3 to 58.8 q ha™';
Tables 4a and 5). It is interesting to underline that both
QTL reached a LOD > 3 in five environments as well
as when considering the mean GY values across
environments.

QYld.idw-2B, located in the distal region of chromo-
some (chr.) 2BL, had a LOD value >2.5 in eight envi-
ronments with LOD peaks positioned within a 19-cM
interval between Xgwm846/Xgwml1027 and Xwmc361,
R? values from 3.5 to 12.4%, and additive effect from
0.38 to 1.70 q ha™' (MIM analysis; Table 4a). This QTL
was thus detected across environments with an approx-
imately threefold range in yield values (from 17.6 to 58.8
q ha'). Additionally, in the same chromosome region,
peaks of LOD score for GY comprised between 2.0 and
2.5 (indicative of the presence of a putative QTL effect)
were observed in two additional environments (Syr-r05
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and Lbn-i04, data not reported). In all environments,
including those with LOD peaks between 2.0 and 2.5,
Svevo contributed the favorable allele.

The second major GY QTL (QYd.idw-3B), located on
the distal region of chr. 3BS and flanked by Xbarcl33
and Xgwm493, was detected in seven environments with
R? values ranging from 4.8 to 18.1% (Table 4a). In
addition, the putative presence of this QTL for GY was
detected in the Syr-r05 trial (LOD peak of 2.0). In all
environments, the increasing allele was consistently
contributed by Kofa (additive effects from —0.13 to
—1.73 q ha™).

QTL analysis on the mean GY values of 2004 (eight
environments), 2005 (eight environments), and across
both years (Figure 2 and Table 5) evidenced significant
effects at both QYld.idw-2Band QYld.idw-3B. A third chr.
region (QYld.idw-7B between Xgwm569 and Xbarc1005)
was detected when using 2005 and all the 16-environment
mean data; however, this QTL showed LOD, R? and
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FiGure 2.—Position of
QTL detected in the Kofa X
Svevo RIL mapping popula-
tion, tested in 16 Mediterra-
nean environments. The
QTL with R? value >1% de-
tected with composite-interval
mapping (CIM) analysis are
shown. QTL peak positions
are reported (from left to
right) for grain yield (GY),
heading date (HD), and plant
height (PH). QTL identified
in asingle environmentare in-
dicated with narrow triangles,
and QTL identified on the ba-
sis of the mean values of 2004,
2005, and both years (i.e., all
16 environments) are indi-
cated with wide triangles
(open, shaded, and solid tri-
angles, respectively). Horizon-
tal black bars indicate the
(LOD — 1) supporting inter-
vals of QTL. QTL found in
two or more environments
with LOD peaks within a
20-cM interval are indicated
with vertical bars of three dif-
ferent thicknesses based on
their R? values. For QTL de-
tected in single environments
the environment code, the
R? value, and the parent con-
tributing the increasing allele
(Kofa, K; Svevo, S) are re-
ported, while for QTL found
in two or more environments,
the number of significant en-
vironments, the range of R*
values, and the parent contrib-
uting the increasing allele are
indicated.
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o

additive values lower than those of QYld.idw-2B and
QYld.idw-3B.

Considering the results of the CIM analysis carried
out using the GY mean values across the 16 environ-
ments (Table 5), the chr. 2BL and 3BS major QTL
(QYld.idw-2B and QYld.idw-3B, respectively) showed,
respectively, peak LOD values of 8.9 and 10.0, R* values
of 15.6 and 15.3%, and additive effects of similar mag-
nitude (0.55 q ha™'), although of opposite sign. MIM-
based QTL analysis confirmed the QTL peak positions,
evidenced additive effects of 0.69 (chr. 2BL) and —0.52
(chr. 3BS) q ha™', and revealed a strong, significant
epistatic interaction between these two QTL (Table 5).

QTL for heading date: Although this trait showed a
transgressive segregation in both directions (Figure 1),
~50% of the RILs headed within 2 days. This result
indicates that no major gene with large effects for HD
segregated in the Kofa X Svevo population, an impor-
tant feature when evaluating different genotypes in
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FIGURE 2.—Continued.

Mediterranean environments where variation in HD
usually shows, on an adaptive basis, significant and
negative association with GY in both bread and durum
wheat (RicHARDS 1996; ArRAUS et al. 1998, 2003a,b; DEL
MORAL et al. 2003), thus requiring its adoption as a
covariate if the objective is the identification of QTL for
GY on a per se (i.e., constitutive) basis, rather than on a
more adaptive basis.

Three to four QTL per environment (Table 4b) were
most frequently observed (3.6, on average), with multi-
ple R? values ranging from 22.2 to 64.9%. Major HD
QTL with significant effects in several (six or more)
environments as well as on the mean values across en-
vironments were detected on chr. 2AS (QHd.idw-2A.2),
chr. 2BL (QHd.idw-2B.2), and chr. 7BS (QHd.idw-7B).
Interestingly, these three major QTL for HD mapped in
positions (Figure 2; Tables 4b and 5) other than those
influencing GY. QHd.idw-2A.2, located on the proxi-
mal region of chr. 2AS, was detected in 13 of 16 en-
vironments, with R? values from 3.7 to 34.7% (Table
4b), as well as when considering the mean values of
2004, 2005, and across all 16 environments (Figure 2),
where this QTL accounted for 32.2% of the phenotypic
variation among RILs, with a very narrow LOD — 1 sup-
porting interval (4 cM) located between XwmcI77 and
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Xc¢fa2201 (Table 5, CIM analysis). On a single-environment
basis, LOD profiles for GY on the chromosome region
underlying QHd.idw-2A.2 did not support the pres-
ence, even putatively, of a QTL for GY. A second
QTL (QHd.idw-2A.1) that maps near QHd.idw-2A.2
reached the significance threshold in two environ-
ments. On chr. 2BS, in the homeologous position
corresponding to QHd.idw-2A.2, a QTL (QHd.idw-2B.1,
flanked by Xgwm429 and Xgwml48) with significant
effect on HD was detected in three environments (LOD
from 3.3 to 4.1).

A second major QTL for HD (QHd.idw-2B.2) was
located on the proximal region of the 2BL chr. within
the Xgwml300-Xwmc332 interval. Although this QTL
was detected in almost all environments (14 of 16), the
associated R?values and additive effects were lower than
those of QHd.idw-2A.2 (Table 4b). QHd.idw-2B.2showed
no concomitant effect on GY and PH. In the Lbn-i04
trial, the LOD and R? values of the two major QTL for
HD (QHd.idw-2A.2 and QHd.idw-2B.2) were consider-
ably lower than the average and in the Syr-i05 trial the
LOD peaks were <2.0.

A third major QTL for HD (QHd.idw-7B), located on
chr. arm 7BS (flanked by Xgwm569 and Xbarc1005),
was detected in 12 environments with R* values ranging
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FIGURE 2.— Continued.

from 6.5 to 24.3%. This QTL was not detected in Syr-i04,
Syr-i05, Lbn-r04, and Lbn-i04.

The two major GY QTL on chrs. 2BL and 3BS
significantly affected HD in only three and two environ-
ments, respectively (QHd.idw-2B.3 in Syr-i05, Lbn-i04,
and Lbn-r04 and QHd.idw-3B in Syr-i05 and Lbn-i04),
with Svevo contributing the allele for earliness at the
first chr. region and Kofa at the second (Table 4b).

QTL for plant height: The number of QTL detected
per environment (Table 4c) ranged from zero to seven,
with three to four QTL most frequently identified and
multiple R? values up to 60.0% (Syr-i05).

As compared to GY and HD, PH showed the lowest
number of QTL detected in one environment only (14,
7, and 4 for GY, HD, and PH, respectively; see Figure 2
and Table 3). Conversely, PH was the trait influenced by
the highest number of major QTL (5 in total, Table 4c)
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that were consistently detected also on the basis of the
mean values of 2004, 2005, and across both years (Figure
2 and Table 5).

Five major QTL for PH were detected on chr. 1BS
(proximal region, QPht.idw-1B.1in 7 environments), chr.
2BL (distal region, QPht.idw-2B in 9 environments),
chr. 3AL (proximal, QPht.idw-3A in 10 environments),
chr. 3BS (distal region, QPht.idw-3B in 11 environ-
ments), and chr. 7AS (proximal region, QPht.idw-7A in
6 environments). At each QTL, the sign of the additive
effect was consistent across all the significant environ-
ments and both parents contributed QTL alleles in-
creasing PH.

Itisinteresting to note that QPht.idw-2Bwas located in
the same chr. region (between Xgwm1027and Xwmc361)
where the chr. 2BL. GY major QTL mapped; for both
traits, the plus allele was contributed by Svevo. On a
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single-environment basis, QPht.idw-2B showed R values
from 4.4 to 14.8% and additive effect from 0.4 to 2.4 cm
(Table 4c).

Another major QTL for PH (QPht.idw-3B; chr. 3BS
region between Xbarcl33 and Xgwm493) was coincident
with the chr. 3BS major QTL for GY. QPht.idw-3B was
identified in all seven environments where significant
effects for GY were evidenced plus four additional ones,
1tl-r05, P7r05, Lbn-i04, and Tns-r04, with the last two
trials characterized by rather low GY (26.5 and 17.6 q
ha™', respectively). As for GY, the increasing allele was
consistently contributed by Kofa (additive effects from
—0.3 to —2.8 cm).

Excluding the chr. 2BL and 3BS QTL, none of the
three remaining major QTL for PH overlapped with
QTL for GY.

Considering the results of the MIM analysis on the
mean values of the 16 environments, QPht.idw-3B had
the highest R? value (15.7%) and additive effect (—1.3
cm); the other four major QTL showed similar R? values
that ranged from 5.2 to 10.6% (Table 5).

Epistasis and QTL X environment interaction at the
two major QTL on chrs. 2BL and 3BS: The epistatic
interactions detected by MIM together with their av-
erage effects and contributions to genetic variances (R*
values) are reported in Tables 4 and 5. Most of the
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epistatic effects detected with the MIM procedure and
retained in the MIM models were due to the interaction
between the chr. 2BL and 3BS major QTL. In this case,
significant epistatic interactions with a magnitude of
R? values and effects comparable to those estimated for
the additive QTL effects were detected for both GY and
PH across 13 of the 14 trait-environment combinations
where both QTL were significant and also when consid-
ering the mean values across all 16 environments (see
Tables 4, a and ¢, and 5). In the latter case, the R? values
and the additive effects of the epistatic interaction be-
tween the chr. 2BL and 3BS QTL were, respectively, 14.0%
and 0.57 g ha™' for GY and 10.0% and 1.1 cm for PH.

The additive and additive X additive interaction ef-
fects computed according to a linear two-marker model
using the marker more highly associated to each QTL
peak are reported together with the phenotypic values
of the parental and recombinant genotypic classes in
Table 6a and Figure 3.

For both GYand PH, the epistatic interaction between
the chr. 2BL and the 3BS QTL was positive for the
two parental (nonrecombinant) genotypic classes (i.e.,
KKop1 KKsps and SSop;.SSsps), hence increasing GY and
PH, and negative for the recombinant classes (KKopy SSsps
and SSep1 KK3ps) , as reported in Table 6a. Syr-i05 and Lbn-
104 were the only two environments where both QTL
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significantly affected HD on a single-QTL basis (Table 4b)
and also on an epistatic basis (additive X additive in-
teraction effect of 0.5 days in both environments; Table
6a). In both environments, the parental genotypes were
characterized by an earlier heading and the recombi-
nant genotypes by a delayed heading.

The significant epistatic interactions observed for HD
and PH between other QTL pairs are reported in Table 6b.
In general, both their magnitude and the number of
environments showing these interactions were lower
than those observed between the two chr. 2BL and
3BS regions. For PH, each of the two major QTL on
chrs. 2BS and 3BS showed a significant interaction
with QPht.idw-7A, a major QTL for PH only, in two
environments.

Notable LOD peaks for QTL X environment (Q X E)
interaction were detected for GY and PH at the two
major QTL on chrs. 2BL and 3BS (Figure 4). In both
regions, Q X E LOD peaks for GY and PH, estimated
over all 16 environments as well as on subsets of en-
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FIGURE 2.— Continued.

Mrc-io5 (8.5) SI
[

vironments with significant QTL additive effects at these
chromosome regions, were highly significant and were
located close to those of the additive QTL effects. For
GY, Q X ELOD peaks ranged from a minimum of 8.5
(chr. 2BL; Q X E computed on the subset of 6 environ-
ments with LOD > 2.5 atboth chr. 2BL and 3BS QTL) to
a maximum of 15.8 (chr. 3BS; Q X E computed across
all environments). For PH, Q X E LOD peaks ranged
from 6.0 (chr. 2BL; subset of nine environments with
LOD > 2.5 in at least one of the two QTL) to 12.8 (chr.
2BL; all environments) (Figure 4). The Q X E inter-
action effects associated with the two major QTL were
sizeable (data not reported) when evaluated across all
environments and on the selected subset of environ-
ments. Importantly, it should be noted that in all cases
the Q X Einteractions were determined by fluctuations
in the magnitude of the effects rather than by their
direction, as shown by the sign of the additive effects
that were always consistent across environments (Tables
4a and 4c¢).
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F1GURE 2.— Continued.

DISCUSSION

The detection of few major QTL with relatively large
effect and acting together with a plethora of minor
QTL highly affected by environmental conditions has
emerged as a common feature of quantitative traits in
plants and animals (TANKSLEY 1993; YANO and SASAKI
1997; Mackay 2004; HorLAND 2007). Additionally, the
comparative analysis of QTL data for different traits and
from different crops/genetic backgrounds indicates the
presence of QTL clusters, particularly for complex traits
that affect plant growth, response to environmental
conditions, and yield (KHAVKIN and CoE 1997; Car and
MorisHIMA 2002; TUBEROSA ¢t al. 2002b; SAWKINS et al.
2004). Our results highlight the presence of this QTL
type on chrs. 2BL. and 3BS in the Kofa X Svevo durum
population, where LOD peaks for GY and PH obtained
from the mean data of the 2 years were located in rather
short intervals (<10 cM).

The evaluation of this RIL population for additional
morpho-physiological traits relevant for wheat produc-
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W ¥
v A
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S 3
w —
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11.3 Xcfa2040 -
12.5 Xbarc32 —] k1
15.0 Xbarc50 -
16.7 Xbarc182 5 -
21.1 Xgwm146 N
26.5 Xcfa2257

tivity on a per se and/or adaptive basis (e.g., root archi-
tecture, osmotic adjustment, photosynthetic capacity,
assimilate relocation from the stem, etc.; BLum 1988,
2005; LuprLow and MucHow 1990; TuBEROSA 2004;
SANGUINETI et al. 2007) will provide important clues on
the functional basis of the effects that the chr. 2BS and
3BL QTL exert during the crop phenology stages more
critical for final yield (e.g., early growth, tiller prolif-
eration, spike development, anthesis, and particularly,
grain filling).

Comparative analysis with the known major QTL for
yield in wheat: A survey of the literature reporting QTL
for GY and related agronomic traits in both tetraploid
and hexaploid wheat (L1 et al. 2002; PENG et al. 2003;
ErLouarr and NacHiT 2004; HUuANG et al. 2004, 2006;
MCcCARTNEY ¢t al. 2005; QUARRIE et al. 2005, 2007;
MARzA et al. 2006; NARASIMHAMOORTHY et al. 2006;
KucHEL et al. 2007; KUMAR et al. 2007; Ma et al. 2007) re-
vealed rather different scenarios for the two major GY
QTL identified in our study.
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TABLE 3

QTL number and R? range in the 16 environments

Unique QTL QTL common to different environments
One environment  R? (range) Two environments  R? (range) Three or more R? (range)
Trait (no.) (%) (no.) (%) environments (no.) (%)
Grain yield 14 4.1-13.5 0 — 2 4.1-17.3
Heading date 7 3.4-6.7 3 3.8-53.9 5 4.1-27.5
Plant height 4 3.9-6.0 1 3.6-4.8 6 3.1-15.8

The number and R?® range of QTL identified in the 16 environments for grain yield, heading date, and plant height are shown.
The number of QTL identified in a single environment, in two environments, and across three or more environments is sum-
marized. Results from the CIM (LOD > 2.5) are reported. Only QTL with the R? value >1% were considered. QTL were con-
sidered common to different environments when the corresponding chromosome peak positions were located within 20 cM.

The presence of QTL clusters for GY and related traits
has been reported in (i) the International Triticeae
Mapping Initiative (ITMI) population mainly on chr.
groups 2 (short arms), 4, 5, and 6 (BORNER et al. 2002);
(ii) the cross Chinese Spring X SQI on all chr. groups,
with particularly strong effects on chrs. 7AL and 7BL
(QUARRIE ¢t al. 2005, 2007); and (iii) crosses among
Canadian wheats on chr. groups 4, 5, and 7 (MCCARTNEY
et al. 2005; HUANG et al. 2006).

Our comparative analysis was carried out by relating
the (LOD — 1) supporting interval of the QTL to the
Ta-SSR-2004 consensus map (SOMERS et al. 2004). For
the Xgwm846-Xgwm1027 interval on chr. 2BL, shown to
harbor a major QTL for GY in our study, no QTL for GY
was previously reported. QTL for GY and PH have been
assigned to the proximal region of chr. 2BL. (BORNER
et al. 2002; MARzA et al. 2006), and QTL for GY, kernel
weight, and number of kernels per spike have been
reported on chr. 2AL (BORNER et al. 2002; PENG et al.
2003; HUANG et al. 2004; McCARTNEY et al. 2005), but
not in the distal region. Conversely, major QTL for GY
have been identified in two different genetic back-
grounds (BORNER et al. 2002; CAMPBELL et al. 2003) on
the short distal regions of chr. group 3. One study
(CAMPBELL et al. 2003; DILBIRLIGI et al. 2006) dissected
the genetic basis of GY and yield components using a set
of recombinant inbred chromosome lines (RICLs)
obtained from the introgression of chr. 3A segments
from Wichita into the genetic background of Cheyenne
(CNN(WI3A)). Among the four major QTL on chr. 3AS
that have been shown to influence GY and yield com-
ponents, one was precisely located in the distal region
homeologous to that herein reported for GY and PH on
chr. 3BS (Xbarc133-Xgwm493). In the ITMI mapping
population (BORNER et al. 2002), a QTL specific for PH
but with no effect on GY or yield components was found
in the distal portion of chr. 3BS.

The chr. 3BS QTL for GY evidenced in our study
and also by CAMPBELL el al. (2003) and BORNER et al.
(2002) is located on the deletion bin 3BS8 0.78-1.00
(SOURDILLE et al. 2004; Liu et al. 2006), one of the
regions with the highest density of mapped ESTs (gene-

rich region 3S0.9 in the consensus physical map of
chr. group 3) among those defined by deletion bins
(MUNKVOLD et al. 2004; DILBIRLIGI et al. 2006). In both
ITMI and RICLs—(CNN(WI3A)) populations, an addi-
tional major QTL for GY and PH was located on a prox-
imal region of chr. 3AS thatin Kofa X Svevo underlined a
major QTL for PH (QPht.idw-3A) with a high and consis-
tent effect across environments. In our case no concur-
rent effect on GY was observed at this chr. region.

QTL for heading date: HD has long been considered
as a major adaptive trait with a particularly relevant role
also in domestication (SNAPE et al. 2001; PENG et al. 2003;
LAURIE et al. 2004; HANOCQ et al. 2006). Adaptation of
wheat to a range of environments with very different
photoperiod conditions and winter temperatures is
mainly accomplished by combinations of natural alleles
at major genes for vernalization requirements and pho-
toperiod sensitivity (WORLAND 1996). As compared to
hexaploid wheat, the major elite durum wheat gene
pools show no major vernalization requirements (spring
wheat), while functionally variant alleles are present at
main loci for the photoperiod-sensitive response (CLARKE
et al. 1998). Nonetheless, durum types with various ver-
nalization requirements have been described (MARQUE
et al. 2004; MoTtzo and GrunTa 2007).

In Mediterranean environments, early and medium-
early, photoperiod-insensitive genotypes have been se-
lected by breeders to escape the combined burden of
terminal drought and heat stress that frequently occurs
in the cultivation areas of durum wheat; terminal heat
stress is also typical of the southwestern United States
where Kofa was selected. However, this feature cannot
be generalized to all environments suitable for durum
wheat cultivation.

Considering the major homeologous gene series
controlling the photoperiod response in tetraploid
and hexaploid wheats (Ppd-Al on chr. 2AS and Ppd-Bl
on chr. 2BS), the position of a major QTL for HD
(QHA.IDW-2A.2; Xwmcl77-Xgwm1198) detected in our
population under field conditions across most environ-
ments suggests Ppd-Al as a feasible candidate for this
QTL. However, due to the relatively lower relevance in
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TABLE 5

Features of QTL for grain yield, heading date, and plant height based on the averaged data of 16 environments

CIM QTL analysis MIM QTL analysis

LOD-1
Peak support Peak
position  R? interval  position  R?
Trait QTL Flanking markers LOD (cM) (%) Effect” (cM) (cM) (%) Effect
Grain yield QYld.idw-2B’ Xgwml1027-Xwmc361 8.9 155 15.6 0.55  147-161 155 21.5 0.69
QYld.idw-3B' Xbarcl33-Xgum493 10.0 8 15.3 —0.55 2-13 8 13.8 —0.52
QYld.idw-7B Xowm569-Xbarc1005 3.0 0 4.1 0.29 0-10 0 3.2 0.26
Q.idw-2B X Q.idw-3B 14.0 0.57
Multiple R* 525
Heading date  QHd.idw-2A.2" Xwmcl77-Xcfa2201 21.4 46 32.2 0.9 44-48 45 32.7 0.9
QHd.idw-2B.2°  Xgwml300-Xwmc332 7.3 95 9.2 0.5 91-103 93 11.5 0.5
QHd.idw-7B’ Xgwm569-Xbarc1005 9.9 25 178  —0.7 19-33 25 178  —-0.7
Multiple R? 62.0
Plant height QPht.idw-1B.1°  Xbarcl19-Xgwm413 7.1 41 8.7 0.9 40-45 42 9.1 0.9
QPht.idw-2B’ Xowm1027-Xwme361 5.4 149 7.4 0.9 136-157 148 10.6 1.1
QPht.idw-3A° Xgwml159-Xgwml0 4.8 73 56 0.7 68-88 74 52 08
OPht.idw-3B' Xbarcl33-Xgum493 10.3 10 142 -1.2 8-17 10 157 -1.3
QPht.idw-7A° Xcfa2028-Xbarcl 74 4.4 78 7.3 0.9 68-90 78 6.6 0.8
Q.idw-2B X Q.idw-3B 10.0 1.1
Multiple R? 57.3

QTL for grain yield, heading date, and plant height were identified from the averaged data of 16 environments using the CIM
(LOD > 2.5) and MIM analyses. For each QTL, the flanking markers, the peak LOD score, the chromosome position of the LOD
peak, the R® value, the additive effect, and the (LOD-1) QTL supporting interval from the CIM analysis are reported. For each
QTL, the chromosome position of the LOD peak, the R* value, and the additive effect from the MIM analysis are also reported.
The significant epistatic interactions between QTL and the corresponding additive X additive effect as estimated in the MIM

analysis are indicated in italics.

“Additive effect for grain yield (q ha™'), heading date (days), and plant height (cm) computed as half of the difference between
the mean phenotypic values of the RILs homozygous for the Svevo and Kofa alleles [(Svevo — Kofa)/2].
"QTL influencing more than one trait in a range of environments.

“Trait-specific QTL present in a range of environments.

bread wheat germplasm of Ppd-Al compared to both
Ppd-BI and Ppd-DI (HANOCQ et al. 2006), its position on
chr. 2AS has not yet been clearly defined. The map
position of QHd.IDW-2A.2 coincides with the most
probable position of Ppd-Al on the basis of published
observations and the homeologous relationships with
Ppd-B1and Ppd-DI1 (SOURDILLE et al. 2003; HANOCQ et al.
2004; MOHLER et al. 2004; KUCHEL ef al. 2006).

It is worth noting that one of the major QTL detected
in our study on chr. 2BS (QHd.IDW-2B.1; Xgum42%
Xgwml148) is located on the same chromosome region
where Ppd-Bl was originally mapped (near XgwmlI4S;
HaNocQ et al. 2004; MOHLER et al. 2004; KUCHEL et al.
2006). The role of this QTL in our study appears rather
marginal, as shown by the fact that its effect was sig-
nificant only in Syria and Lebanon (Syrr05, Lbn-i04,
and Lbn-r05).

On the same chromosome harboring Ppd-B1, a major
effect on HD was detected in the proximal region of
the long arm of chr. 2BL (QHd.idw-2B.2; Xgwm47-
Xgwm1070); this region did not overlap with any major
QTL for HD previously described in tetraploid and

hexaploid wheat as well as in barley. However, earliness
per se genes have been mapped on chrs. 2BL and 2DL
(ScarTH and Law 1983; WorLAND 1996) and a vernal-
ization QTL was positioned near the QTL region de-
tected in our population (Hanocq et al. 2006).

In general, the QTL for HD showed a weak associa-
tion with GY and PH. This finding suggests that a nearly
optimum balance between earliness and yield potential
has been attained in this particular genetic background.
Possible cause—effect relationships between HD and GY
were evidenced for QHd.idw-7B and the two main QTL
clusters on chrs. 2BL and 3BS in a few environments
only; in these cases, earliness was positively associated
with GY as expected in Mediterranean environments
(ARrAUS et al. 2003a,b). On the basis of the definition of
escape mechanisms (BLum 1988; LupLow and MucHOW
1990), constitutive earliness in cereals adapted to Med-
iterranean environments can be considered as one of the
beststudied examples of effective escape from drought
constraints (ZAHARIEVA et al. 2001). However, excessive
earliness in the elite materials has often been correlated
with constitutively low biomass and low GY potential
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TABLE 6

Epistatic interactions between QTL

Lbn-i05“ Itlr04  Syr-i05  Syrr04 Spnl-r04 Tns-i04 Lbn-i04 Tnsr04 Mean
Epistatic effects 58.8" 57.3 56.8 41.8 34.8 29.6 26.5 17.6 35.9
a. Epistatic interactions between the two major QTL for grain yield on chromosomes 2BL and 3BS
Grain yield (q ha™')
QYld.idw-2B X QYld.idw-3B
a (Xguml1027) 0.48 1.54 1.14 — 1.52 0.35 — — 0.57
a (Xbarcl33) —0.36 -149 —-148 — -1.11 —0.23 — — —0.52
a X a parental genotypes’ 0.39 1.57 1.00 — 0.77 0.16 — — 0.47
a X arecombinant genotypes* —-0.39 —-157 —1.00 — —0.77 —0.16 — — —0.47
Heading date (days)
QHd.idw-2B.1 X QHd.idw-3B
a (Xguml027) — — -0.5 — — — —0.4 — —
a (Xbarcl33) — — 0.5 — — — 0.5 — —
a X a parental genotypes — — -05 — — -0.5 — —
a X a recombinant genotypes — — 0.5 — — — 0.5 — —
Plant height (cm)
QPht.idw-2B X QPht.idw-3B
a (Xguml027) 1.3 1.7 2.9 1.3 1.8 2.1 1.0 2.2 1.3
a (Xbarcl33) -1.2 -1.7 -2.9 -1.1 -19 -1.6 -0.9 —2.1 -1.2
a X a parental genotypes 1.4 1.8 2.4 1.2 1.4 1.9 1.1 1.8 1.2
a X a recombinant genotypes —1.4 —-1.8 —24 —-1.2 —14 —-1.9 —1.1 —1.8 —-1.2
Lbn-i05“ Itl-r04 Syr-i05 Itl-r05 Syr-r05 Tns-r04
Epistatic effects 58.8" 57.3 56.8 54.0 43.1 17.6
b. Epistatic interactions between other major QTL
Heading date (days)
QHd.idw-2A.2 X QHd.idw-7B
a (Xgwml1198) — 1.0 — — — 1.2
a (Xbarc1005) — —0.6 — — — —0.6
a X a parental genotypes* — -0.2 — — — —0.4
a X arecombinant genotypes* — 0.2 — — — 0.4
QHd.idw-2A.2 X QHd.idw-2B.1
a (Xwmcl77) — — — — 0.8 —
a (Xgwm429) — — — — —-0.4 —
a X a parental genotypes — — — — —0.4 —
a X a recombinant genotypes — — — — 0.4 —
Plant height (cm)
OPht.idw-2B X QPht.idw-7A
a (guml1027) 1.0 — 1.8 — — —
a (¢fa2028) 0.9 — 2.3 — — —
a X a parental genotypes —0.6 — —1.0 — — —
a X a recombinant genotypes 0.6 — 1.0 — — —
QPht.idw-3B X QPht.idw-7A
a (Xbarcl33) — — —-2.5 —2.0 — —
a (Xcfa2028) — — 2.1 1.2 — —
a X a parental genotypes — — 0.5 0.2 — —
a X a recombinant genotypes — — —-0.5 -0.2 — —

Additive and epistatic effects for the QTL with a significant epistatic interaction are shown. For each environment with a sig-
nificant epistatic effect and for the mean data across all environments, the additive (regular font) and epistatic (italic font) values
were calculated according to a linear two-marker model using the marker most associated to each QTL peak.

“Environments are listed according to the decreasing mean grain yield value of the RILs.

’Mean grain yield (q ha™') of each environment.

‘Parental genotypes: KK]S[QTLKKVQndQ_TL and SSlstQTI,SSQndQTIJ

¢ Recombinant genotypes: KK]SIQTLSSQndQTL and SSlstQTLKKQndQTL-
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Ficure 3.—Additive and epistatic effects for grain yield (GY) (a) and plant height (PH) (b) calculated on the data averaged
across 16 environments. A two-marker model including Xgwm1027 for the QTL on chr. 2BL and Xbarc133 for the QTL on chr. 3BS
was adopted. For each trait, from left to right the first diagram shows the mean phenotypic values observed at the four genotypic
classes, the diagram in the center shows the phenotypic values expected under the additive model only, while the third diagram

depicts the epistatic effects, which are either positive or negative, but equal in magnitude, under the unweighted model.

(REYNOLDS ¢t al. 2007). This is not the case for the Kofa X
Svevo population as shown by the lack of correlation of
HD with GY and PH in the highestyielding environ-
ments. Therefore, in this population the overall role of

escape in supporting grain productivity in environments
subjected to terminal stress was limited, though signif-
icant in some cases (Lbn-i04, Lbn-r04, Syr-i05, Syr-r05,
Itl-r05, and Spn2-r05).

18
—— markers
16 - GY (6 envs.)
------- GY (9 envs.)
14 - GY (16 envs.)

12 1

10 1

LOD

0 A A A
§ §8%
N
>§, R RR
14
—&— markers
PH (9 envs.)
L8 | EEPPPP PH (11 envs.)
PH (16 envs.)

10 1

LOD

F1GURE 4.—LOD score plots of the QTL X en-
vironment interaction (G X E) for grain yield
(GY) and plant height (PH) in the chromosome
regions harboring the two major QTL clusters
(chrs. 2BL and 3BS). A G X E significance test
was carried out for the combined analysis of the
subset of environments showing significant QTL
effects (LOD > 2.5) at both chromosome regions
(thin line), of the subset of environments showing
QTL effect (LOD > 2.5) in at least one of the two
chromosome regions or in both of them (dashed
line), and of all environments (thick line). The
chromosome positions of the markers flanking

the QTL peaks are shown.
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Epistasis at the main QTL on chrs. 2BL and 3BS:
Epistasis has great relevance for the outcome of marker-
assisted breeding (ZENG et al. 1999; L1 et al. 2003; BLANC
et al. 2006). Nevertheless, notable epistatic effects in
wheat have been validated and analyzed in detail only
for vernalization requirement (YAN et al. 2006; Szucs
et al. 2007), a trait with a genetic basis less complex than
that of GY. Overall, negative epistatic effects prevailed in
the RILs in comparison to the average performance of
the two parental cvs. The presence of negative epistatic
interactions in the nonparental genotypes is a common
feature for GY, particularly in mapping populations
derived from inbred elite materials (Lt ef al. 1997, 2001;
Luo et al. 2001; MELCHINGER e¢f al. 2003). In the Kofa X
Svevo population, the two major QTL for GYand PH on
chrs. 2BL and 3BS showed a significant and sizeable
epistatic interaction in the five environments where
both QTL were concomitantly detected. This result
differs in part from those reported in rice (L1 et al. 1997;
MEI1 et al. 2005, 2006) and maize (BLANC et al. 2006),
where numerous digenic interactions with rather lim-
ited effects and not coincident with the locations of the
major QTL effects were evidenced.

Conclusions: To the best of our knowledge, this is the
most extensive study reporting QTL results for grain
yield in durum wheat grown in a range of environments
broadly different for the amount of water available to
the crop. The approach followed in our study allows for
the detection of QTL with a consistent effect across
different environments as shown for the major QTL on
chrs. 2BL and 3BS. Of these two QTL, the one on chr.
2BL has not been previously described in wheat, while
the one on chr. 3BS confirms the importance of this
region as reported by other studies. These results warrant
additional work to fine map these two major QTL and to
elucidate their functional basis. Isogenization of QTL is
an important prerequisite toward their fine mapping
and, eventually, positional cloning (SALvI and TUBEROSA
2005, 2007). In our case, because both QTL also affected
plant height, their fine mapping and positional cloning
will be greatly facilitated if based on the measurement of
plant height rather than grain yield, with the assumption
being that pleiotropy and not linkage is the genetic cause
of the concurrent effects of these QTL on plant height
and grain yield. Additionally, the fine mapping of the two
QTL will allow more markers to be precisely mapped in
the two underlying chromosome regions, thus enabling a
more detailed investigation of the haplotype variation
present in wheat at these QTL regions (HE et al. 2007;
Mackay and PoweLL 2007). We have also identified a
number of QTL highly interactive with the environments
explored in our study. These QTL could provide insight
into understanding the factors crucial for the adaptation
of durum wheat to specific environmental conditions.
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