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Abstract Grain protein content (GPC) of durum wheat
(Triticum turgidum L. var. durum) is an important trait
for the nutritional value of grain and for influencing the
technological property of flour. Protein content is a
quantitative trait negatively correlated with grain yield,
thus increase in protein quantity usually results in yield
reduction. This study was initiated to introgress alleles
for high GPC from var. dicoccoides into durum wheat
germplasm by the backcross inbred line (BIL) method
and to identify molecular markers linked to high GPC
alleles not associated with depressing effects on yield.
The backcross line 3BIL-85 with high GPC and similar
grain yield to the recurrent parent was backcrossed to
Latino, and the generations F», F3 and F,; were evalu-
ated for GPC and yield per spike (GYS) in three field
trials. Three QTLs with major effects on GPC were de-
tected on chromosome arms 2AS, 6AS and 7BL, iden-
tified by the markers Xcfa2164, XP39M37>59) and
Xgwm577, respectively. Multiple regression analysis
indicated that the three QTLs explained all the genetic
variances of the trait. The high GPC parental line 3BIL-
85 was not significantly different from the recurrent
parent Latino for GYS, but the phenotypic correlation
coefficient between GPC and GYS had negative values
(from —0.02 to —0.28) in each trial, although it was
statistically significant only in the F3 progeny trial. No
co-located QTL for GYS was detected, excluding the
hypothesis that the putative QTLs for GPC were indi-
rect QTLs for low grain yield. The negative protein-yield
response could be due to: (a) co-location of grain yield
per spike QTLs with reduced phenotypic effects not
detectable by the experimental design or statistical
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procedures, or to (b) opposite pleiotropic gene effects
due to the major bio-energetic requirements for syn-
thesis of protein then carbohydrates. Mapping loci by
BILs should enable the production of near-isogenic lines
in which the individual effects of each QTL can be
examined in detail without confounding variations due
to other putative QTLs.

Introduction

Grain protein content (GPC) and gluten quality of
durum wheat (Triticum turgidum L. var. durum) are the
most important factors affecting pasta-making technol-
ogy characteristics. In general, good cooking quality is
related to a high level of protein and gluten content or
an intermediate content of protein but high gluten
quality. Considering the different pasta drying methods
applied, D’Egidio et al. (1990) indicated that, at a low
drying temperature, GPC and gluten quality were both
important factors in determining pasta cooking quality,
whereas at a high temperature only GPC was essential.
Under normal cropping conditions, wheats show a low
GPC, ranging between 10 and 14%. During the past
20 years, a rise in GPC has been achieved mainly
through increased nitrogen fertilization. Any genetic
improvement in GPC has been restricted by the negative
correlation between productivity and GPC found in
segregating populations in all cereals [see review by
Simmonds (1995)]. As a result of this generally inverse
relationship, high yielding cultivars have low GPC.
Grain protein quantity is a typical quantitative trait
controlled by a complex genetic system and influenced
by environmental factors and management practices
(nitrogen and water availability, temperature and light
intensity). An extensive review by Konzak (1977) and
more recent investigations (Levy and Feldman 1989;
Stein et al. 1992; Snape et al. 1995; Blanco et al. 1996,
2002; Sourdille et al. 1996; Joppa et al. 1997; Perretant
et al. 2000; Dholakia et al. 2001; Zanetti et al. 2001;
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Borner et al. 2002; Groos et al. 2003; Prasad et al. 2003)
have indicated that the factors influencing grain protein
concentration in cultivated and wild wheats are located
on all chromosomes.

The lack of sufficient genetic variation for useful
traits within the cultivated wheats has limited the ability
of plant breeders to improve grain yield and grain
quality. A good source of genetic variation has been
found in wild wheats and related species. The wild
tetraploid wheat T. turgidum L. var. dicoccoides shows
particular promise as a donor of useful genetic variation
for several traits, including disease resistance, drought
tolerance, and grain protein quality. However, wild
germplasm contains both favorable traits and many
commercially unacceptable characteristics. Backcrossing
has been extensively used in self-pollinating crops to
transfer simply inherited characteristics to cultivars
which are deficient only in the characteristics being
transferred. The application of backcrossing to the
improvement of quantitative characteristics has been
limited mainly because of the low heritability of these
characteristics and the difficulty of transferring, simul-
taneously, relatively large numbers of genes. In contrast
to more traditional procedures of wheat breeding, the
backcross inbred line (BIL) method, first described by
Wehrhahn and Allard (1965), produces BILs that can be
tested in replicated trials over environments prior to
selection. The development of molecular markers and
molecular maps, and the recent strategies for molecular
breeding, referred to as advanced backcross QTL anal-
ysis (Tanksley and Nelson 1996), have shown that the
backcrossing method has considerable potential for the
genetic analyses of quantitative traits and as a method of
breeding higher yielding and quality crop varieties.

This study was initiated to: (a) introgress high GPC
loci from var. dicoccoides into more adapted and agro-
nomically acceptable durum wheat germplasm by means
of the BIL method; (b) identify molecular markers
associated to high protein content QTLs without
depressing effects on yield and to be used in marker-
assisted selection; and (c) study the relationship between
QTLs for GPC and grain yield per spike (GYS).

Materials and methods
Plant materials and field evaluation

A population of 92 BILs was developed using a procedure
similar to that of Wehrhahn and Allard (1965). The semi-
dwarf and high-yielding cultivar Latino of durum wheat
was used as a recurrent parent, and the accession
MG29896 of T. turgidum L. var. dicoccoides was used as
donor parent because of its high GPC and the acceptable
seed size, respectively. Three successive backcrosses were
made to Latino followed by four generations of self-
pollination. After the first backcross, 120 random BC;
plants were chosen to initiate the backcross program. No
selection was applied in any generation, and plants were

chosen randomly for additional backcrossing or selfing.
However, some plants were lost in the subsequent
generations and a total of 92 BC;F5 lines were obtained
and multiplied to have sufficient seeds for use in repli-
cated trials. The complete series of BILs and the recur-
rent parent Latino were evaluated for grain quality and
grain yield components in replicated trials in southern
Italy at two locations over 2 years (Blanco et al. 2003).
The line 3BIL-85 showed a significantly higher GPC and
grain yield not significantly different than the recurrent
parent in three of the four trials. To detect and map
QTLs for high GPC, the line 3BIL-85 was backcrossed to
Latino and the F, population grown with plants 10 cm
apart per row and 30 cm between rows at Valenzano
(Bari) in 2000. The parental lines and 142 F; or Fu
progenies were evaluated for GPC and GYS at Valenz-
ano in 2001 (F3) and Valenzano and Gaudiano in 2002
(F4) by using a randomized complete block design with
three replications. Seeds for F4 progeny trials were ob-
tained from all plants of each F; progeny. In all the
experiments, each progeny was planted with 3 g of seeds
in a single row 1 m long with 30 cm between rows.
During the growing season, standard cultivation prac-
tices were used. Plots were hand harvested at maturity
and GYS for each progeny was obtained by grain yield
per row on the number of spikes per row (about 50-60
spikes). GPC, expressed as a percentage of protein on a
dry weight basis, was directly obtained on a 2-g sample of
whole-meal flour using near-infrared reflectance spec-
troscopy.

DNA extraction and molecular marker analysis

On the basis of the F; trial data, ten high and ten low
GPC progenies with similar GYS were selected for
making two separate DNA bulks with extreme pheno-
types to be screened with microsatellite (SSR) and AFLP
markers according to the bulked segregant analysis
(Michelmore et al. 1991). Primers detecting polymor-
phisms between the bulks were then used to test each
progeny of the segregant population.

Total DNA was extracted from 15 to 18 F3 plants
derived from each F, plant as described by Sharp et al.
(1988). SSR markers representing chromosomes of the A
and B genome of hexaploid wheat were chosen for
analysis. The development of the SSR markers, primer
sequences, chromosome location, and annealing tem-
perature were reported by Roder et al. (1998) for GWM,
Gupta et al. (2002) for WMC, Somers et al (2004) for
BARC, and in the web site http://www.graingenes.gov
for CFA. DNA amplifications were carried out in 25-pl
reaction mixtures, each containing 100-ng template
DNA, 2 um of SSR primer, 200 um of dANTP, 2.5 mm
MgCl,, 1x PCR buffer (10 mm Tris—HCI, pH 8.3, 10 mm
KCI), and 1 unit of Tag DNA-polymerase. The follow-
ing PCR profile in a Perkin Elmer DNA Thermal Cycler
was used: initial denaturation at 95°C for 3 min, fol-
lowed by 35 cycles of 95°C for 1 min, 50°C/65°C for



1 min, 72°C for 2 min with a final extension at 72°C for
10 min. The amplification products were resolved on 6%
polyacrylamide gels and stained with ethidium bromide.

AFLP assays were performed essentially as described
by Vos et al. (1995). Total DNA was digested with Pst1
and Msel, and the adaptors were ligated to the end of
the restriction fragments. A total of 20 cycles of PCR
were performed for pre-amplification. Selective amplifi-
cation was performed using PstI and Msel primers that
contained three selective nucleotides at the 3’ end. The
amplification product was labeled using **P-labeled PstI
primer and visualized using Kodak X-OMAT film
(exposure for 3-5 days at room temperature). Initially,
37 AFLP primer combinations (PCs) were tested on the
two parental lines. From these, the best ten PCs were
selected on the basis of the number of bands, clarity of
pattern, and distribution on the gel. These were tested
again on the parental lines and the high and low GPC
bulks. The polymorphic PCs P39M37 and P39M40
between the bulks (PstI primer selective bases: P39
AGA; Mse primer selective bases: M37 ACG, M40
AGC) were tested on the 142 progenies.

Statistical analysis and QTL detection

Standard procedures for analysis of variance of GPC
and GYS were used for each trial. Least significant
differences at P=0.05 were used to compare means of
GPC and GYS values of the different genotype groups.
Genetic variance ( o) and broad-sense heritability ( h3)
were obtained using the variance component estimates.
Pearson phenotypic correlation coefficients were calcu-
lated between GPC and GYS in each experiment. The
QTL detection was based on regression analysis of
progeny mean values in individual experiments on
polymorphic markers. The presence of a QTL near a
marker locus was judged to be likely if (1) a significant
effect was observed for a single marker—trait combina-
tion in at least one trial with P < 0.001 or (2) significant
effects were observed, in the same direction, for a
marker—trait combination at two or more trials with

Table 1 Analysis of variance for grain protein content (GPC)
and grain yield per spike (GYS) of F; and F,4 progenies derived
from crossing the cv. Latino of durum wheat and the backcross
inbred line 3BIL-85 (=var. dicoccoides acc. MG29896xcy.
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P £0.01. The proportion of the phenotypic variance
explained by segregation of each significant marker
locus was determined by the R® value. Linkage of the
molecular markers was analyzed by using MapMaker,
version 3 for PC (Lander et al. 1987).

Results
Phenotypic variation

The analysis of variance for GPC and GYS revealed
highly significant differences between F3 and F,4 proge-
nies in each of the field trials carried out at Valenzano in
2001 and at Valenzano and Gaudiano in 2002 (Table 1).
When combined over environments, progenies, and
progenyxenvironment effects were significant for both
traits (data not shown). The means of parental lines and
means and ranges of F , F; and F, populations, variance
components, and broad-sense heritability estimates for
each trait and for each experiment are presented in
Table 2. The line 3BIL-85 was always significantly
different from the recurrent parent Latino for GPC in
each trial, while GYS was similar. Differences in mean
values and variances of parental lines and of F3 and F4
progenies were observed among the trials carried out in
different years and locations, very likely due to the dif-
ferent climatic conditions. The mean values for GPC of
the F5 and F4 progeny populations ranged from 13.25 to
14.59% in different environments and were always close
to the parental means, suggesting only weak epistatic
effects. Both GPC and GYS of the F,, F; and F4
progenies showed normal distribution frequencies typi-
cal of quantitative traits. Broad-sense heritability, as
estimated on progeny mean basis, ranged from 0.13 to
0.26 for GPC and from 0.14 to 0.29 for GYS among
environments. GPC was significantly negatively corre-
lated with GYS only at Valenzano 2001 (r=-0.28,
P £0.001). The phenotypic correlation coefficients for
GPC between the different generations were always
highly significant (P < 0.01 or P <0.001) and ranging
from 0.24 to 0.49.

Latino, BC5Fs). Data from a randomized complete block design
of F; progenies grown at Valenzano in 2001 and F, progenies
grown at Valenzano and Gaudiano in 2002

Source of variation DF Mean square

F; progenies F,4 progenies F,4 progenies

(Valenzano 2001) (Valenzano 2002) (Gaudiano 2002)

GPC GYS GPC GYS GPC GYS
Replications 2 29.102%** 0.161 0.274 0.147 2.896%** 0.642%**
Progenies 141 1.426%** 0.134%** 0.931%* 0.101** 0.813%** 0.090%**
Error 279 0.695 0.060 0.641 0.069 0.406 0.062

**Significant differences at 0.01P
***Significant differences at 0.001P
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Table 2 Means, ranges, genetic variances ( %), and heritability
(h3) for grain protein content (GPC) and grain yield per spike
(GYS) in the F,, F5 and F, generations derived from crossing the
cv. Latino of durum wheat and the backcross inbred line 3BIL-85
(=var. dicoccoides acc. MG29896xcv. Latino, BC3Fs). The mean

values of the selected ten progenies for low GPC (LP progenies)
and for high GPC HP progenies) are reported. Data from F, plants
grown at Valenzano in 2000 and from a randomized complete
block design of F3 and F4 progenies grown at Valenzano in 2001
and at Valenzano and Gaudiano in 2002, respectively

F, progenies
(Valenzano 2000)

F; progenies

(Valenzano 2001)

F,4 progenies
(Gaudiano 2002)

F, progenies
(Valenzano 2002)

GPC GYS GPC GYS GPC GYS GPC GYS
Latino 14.05 3.05 12.65 2.23 13.83 1.60 12.14 1.80
3BIL-85 16.65 3.12 14.36 2.27 15.25 1.92 13.73 1.90
Progenies: means 15.55 3.07 13.59 2.31 14.59 1.77 13.25 1.86
(Ranges) (11.3-20.8) (1.1-4.4) (11.2-16.4) (1.3-2.9) (13.2-16.0) (1.0-2.3) (11.7-14.9) (1.3-2.3)
LP progenies 13.90 3.23 12.6 2.30 12.95 1.75 14.01 1.97
HP progenies 16.80 3.27 14.8 2.30 13.80 1.74 14.70 1.79
LSD (0.05P) 1.34 0.39 1.29 0.42 1.02 0.40
CV (%) 6.14 10.63 5.49 14.83 481 13.37
o3 0.244 0.025 0.097 0.011 0.136 0.009
o} 0.695 0.060 0.641 0.069 0.406 0.062
h 0.26 0.29 0.13 0.14 0.25 0.13

QTL detection

As many as 235 SSR primer pairs were used for
detecting polymorphisms between the parents of the BIL
population (cv. Latino and var. dicoccoides acc.
MG29896). SSR markers were selected on the basis of
published maps (Roder et al. 1998; Korzun et al. 1999)
to identify from six to eight polymorphic markers for
each of the 14 chromosomes of the A and B genomes of
durum wheat. The analysis detected 138 polymorphic
markers, with a polymorphism value (52.7%) higher
than those usually observed among cultivated wheats
(25-30%) because of the genetic distance between the
parents. The marker analysis on Latino and 3BIL-85
identified 25 polymorphic markers and detected the
introgression of several segments of the var. dicoccoides
located on eight different chromosomes. The 3BIL-85
genome resulted constituted by 91.6% of the recurrent
parent Latino and 8.4% of the wild donor parent var.
dicoccoides, compared with the theoretically expected
values of 93.75 and 6.25%, respectively.

On the basis of F3 data, ten high and ten low GPC
progenies with similar GYS (Table 2) were selected for
making two DNA bulks of extreme phenotypes to be
screened according to the bulked segregant analysis
(Michelmore et al. 1991). The selected 25 polymorphic
SSR primer pairs were used to amplify bulked and
parental DNA simultaneously. Two SSR markers
(Xc¢fa2164-2A and Xgwm577-7B) showed amplification
profiles in the high and low GPC bulks similar to the
high and low GPC parents, respectively. Such markers
were considered potentially linked to QTLs for GPC and
then screened on the 142 progenies. The linkage with
protein content QTLs was tested by regression analysis
of each marker locus on the F,, F5 and F, progeny data
and on the mean over the F3 and F4 progenies. Each
marker was also tested for linkage to QTLs for GYS in

order to take into account the factors contributing to the
negative correlation of GPC and GYS. The marker
Xcfa2164-2A4 was found to be significantly associated at
0.01P or 0.001 P with GPC in each trial and negatively
associated at 0.05P with GYS only in the F3 progeny
trial. The marker Xgwm577-7B was significantly associ-
ated with GPC in both the F4 progeny trials (P < 0.01)
and on the F3 and F4 progeny mean (P < 0.001) and
negatively associated with GYS in the F3 progeny trial
at P <0.01 and over the F; and F,; progeny mean at
P £0.05 (Table 3). In order to have a detailed map of
the 2A chromosome segment(s) of 3BIL-85 carrying the
interesting high GPC QTL(s), 19 SSR informative
markers (i.e., polymorphic between Latino and the var.
dicoccoides) located on chromosome 2A were analyzed.
Ten markers were found to be polymorphic between
Latino and 3BIL-85 and between the high and low
protein bulks. Such markers were subsequently analyzed
with the 142 progeny DNA and found to be significantly
associated with GPC in each trial. The linkage analysis
with MapMaker indicated that the ten SSR markers
constituted a linkage group (LOD score > 3) spanning a
39.9 ¢cM chromosome segment (Fig. 1).

With the objective of detecting any other introgressed
dicoccoides segment influencing the GPC of 3BIL-85, 37
AFLP PCs were analyzed between Latino and 3BIL-85.
A total of 212 AFLP polymorphic markers out of 2.590
markers were detected, indicating a polymorphism value
(8.1%) similar to that found for SSR markers (10.6%).
Ten PCs were used to amplify bulked and parental DNA
simultaneously. Two AFLP loci (XP39M37 259, and
XP39M405;9)), polymorphic between the bulks, were
screened on the 142 progenies. The marker
XP39M37,559) was found to be significantly associated
with GPC in the F3 and F,; (Gaudiano 2002) progeny
data and over the F3 and F4 progeny mean (P < 0.01 or
P <£0.001) and negatively associated at P < 0.05 with



Table 3 Regression coefficients (b) of molecular markers associated
to QTLs for grain protein content (GPC) and grain yield per spike
(GYS) in F, plants, in F5 and F, progenies and mean F3—F, derived
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from crossing the cv. Latino of durum wheat and the backcross
inbred line 3BIL-85 (=var. dicoccoides acc. MG29896xcv. Latino,
BC;Fs)

Marker Trait F, progenies F3 progenies F4 progenies F4 progenies Mean F3;-F,
(Valenzano 2000) (Valenzano 2001) (Valenzano 2002) (Gaudiano 2002 progenies
Xcfa2164-24 GPC 1.50%* 0.51%** 0.39** 0.57%%* 0.50%**
GYS 0.04 —0.10* —0.05 0.05 -0.04
XP39M37 1550)-6A GPC 0.41 (.84 0.23 0.32%* 0.46%**
GYS 0.26 —0.07 —0.02 —0.10* —0.06*
Xgwm577-7B GPC 0.77 0.45% 0.42%* 0.40%* 0.42%%%
GYS 0.40 —0.15%* —0.02 —0.07 —0.10*

*Significantly different at 0.05P
**Significantly different at 0.01P
***Significantly different at 0.001P

GYS at Gaudiano 2002 and over the F; and F, progeny
mean (Table 3). The chromosome location of
XP39M37 559, on the short arm of chromosome 6A was
obtained by using a mapping population developed by
Blanco et al. (2004).

The GPC frequency distributions of F; and Fy4
progenies from the three genotype groups for each
marker showed continuous distribution and covered the
entire range of GPC, but the distribution patterns varied
somewhat with genotypes (see Fig. 1 for Xcfa2164-2A4).
‘1’ refers to the marker allele associated with the 2AS
chromosome segment from the low GPC parent
(Latino), and ‘2’ refers to the marker allele associated
with the 2AS chromosome segment from the high GPC
parent (3BIL-85). Variation within a genotypic class
results from the genetic effects of other QTLs, environ-
mental variation, interactions between the 2A QTL and
other QTLs, and variability in the phenotypic evalua-
tions (experimental error). The ¢ test applied to homo-
zygote genotypes based on the SSR markers confirmed
the regression analysis, i.e., the substitution of the low
GPC parent alleles with the high GPC parent alleles
resulted in a significant increase of the GPC (Table 4).

The amount of phenotypic variation for GPC
explained by each QTL, estimated by the coefficient of
genetic determination (R?), ranged from 4.2 to 21.7% in
individual trials. The R* value was 16.8% for Xcfa2164-
24, 14.4% for XP39M37 55964 and 9.1% for
Xgwm577-7B, respectively, over the F; and F4 progeny
mean data.

Discussion
QTLs for grain protein content

The present study was initiated to introgress high GPC
loci from var. dicoccoides into more adapted and agro-
nomically acceptable wheat germplasm and to identify
novel alleles for high GPC not associated with depress-
ing effects on yield. In order to investigate QTLs as
single Mendelian factors, we used a set of BILs
according to the advanced backcross QTL analysis
(Tanksley and Nelson 1996). BILs are characterized by a

low proportion of the donor parent genome in each of
the population members and therefore are ideally suited
for mapping intervarietal and interspecific variation.
QTLs can be broken down in different lines so that each
line carries only one or few QTLs that can be easily
analyzed. Recent studies have indicated that a QTL can
be a single locus as demonstrated with some QTLs
mapped or cloned in tomato (Frary et al. 2000; Fridman
et al. 2000), rice (Takahashi et al. 2001), Arabidopsis
(El-Assal et al. 2001), and durum wheat (Olmos et al.
2003). We evaluated the Latino-dicoccoides BlLs for
grain quality and grain yield components in four repli-
cated trials (Blanco et al. 2003). Six superior BILs for
increased GPC were selected, while retaining the desir-
able agronomic characteristics of the recurrent parent
and without other undesirable characteristics of the
donor parent, such as fragile spikes, hard glumes, late
maturity, and tallness. The marker analysis on the six
high GPC lines detected the introgression of several
segments of the var. dicoccoides located on eight differ-
ent chromosomes, but no clear evidence of marker-QTL
association was obtained. One of the high GPC lines
(3BIL-85) was then backcrossed to Latino, and the
generations F,, F5 and F4 were used for QTL detection.
Three QTLs with major effects on GPC were detected on
chromosome arms 2AS, 6AS and 7BL, identified by the
markers  Xcfa2164-2A,  XP39M37,550)-6A4, and
Xgwm577-7B, respectively. The favorable effects on
GPC were due to alleles from the 3BIL-85 parent with
high GPC. The phenotypic effect of each QTL was
variable across locations, thus indicating that individual
QTLs seem to be sensitive to environmental factors. The
multiple regression analysis indicated that the three
putative QTLs explained 27.3, 12.1, 25.3% of the phe-
notypic variance of GPC in F;3, F4 (Valenzano 2001),
and F,; (Gaudiano 2001), respectively. Taking into
account the heritability values observed in each trial
(Table 2) and the genotypic coefficient of determination
(R%& = Rp/I%), the three QTLs explained all the genetic
variance of the segregant population analyzed.

We compared the genomic regions involved in the
quantitative expression of GPC found in the Latino-
3BIL-85 backcross population with the map location of
QTLs found in different genetic materials. The protein
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content QTL detected on chromosome arm 2AS
(Fig. 2), which explained about 16.8% of phenotypic
variance, appeared to be the most promising because of
lack of association with low GYS. The influence of
group-2 chromosomes on GPC control was already
reported by Joppa and Cantrell (1990) using durum
wheat—var. dicoccoides chromosome substitution lines.
More recently Groos et al. (2003) and Prasad et al.
(2003) reported a protein content QTL on chromosome
arm 2AS. Based on some markers in common on the
reported maps, the QTL detected in the present study
should be considered different as it is localized on 2AS
near the centromere, while Groos et al. (2003) and
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Prasad et al. (2003) mapped the QTL in the distal region
of 2AS more then 50 cm distant from the common
markers Xgwmi22-24 and Xgwm515-2A.

The protein content QTL identified by the AFLP
marker XP39M37,559)-6A4, localized on chromosome
arm 6AS close to the centromere, explained about 14.4%
of phenotypic variance of the trait. Blanco et al. (2002)
found a significant protein content QTL marked by the
same XP39M37 559, locus in a recombinant inbred line
(RIL) population derived from crossing the cv. Messapia
and the acc. MG4343 of the var. dicoccoides. Perretant
et al. (2000) were able to identify a major QTL on
chromosome arm 6AS, close to the AFLP locus



Table 4 Mean values of grain protein content (GPC) and grain
yield per spike (GYS) of homozygote genotypes based on micro-
satellite markers in F3 and F4 progenies and mean Fs;—F,4 derived
from crossing the cv. Latino of durum wheat and the backcross
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inbred line 3BIL-85 (= var. dicoccoides acc. MG29896xcv. Latino,
BCsFs). 11=marker alleles from cv. Latino (low grain protein
content) and 22 =marker alleles from 3BIL-85 (high grain protein
content)

Marker F; progenies F4 progenies F4 progenies Mean Fs-F4
(Valenzano 2001) (Valenzano 2002) (Gaudiano 2002) progenies
Genotypes trait 11 22 11 22 11 22 11 22
Xcfa2164-24 GPC 1327 13.76* 14.31 14.74%% 1294  13.48" 13.51 14.00%
GYS 2.37 2.28%* 1.78 1.72 1.89 1.83* 2.14 2.11
XP39M37 550)-6 4 GPC 13.20 14.01% 14.52 14.64 13.04 13.42%*%* 13.59 14.05%
GYS 2.36 2.25%* 1.74 1.73 1.90 1.79%* 2.16 2.06%*
Xgwm577-7B GPC 13.43 13.95%** 14.43 14.84%** 13.07 13.445%%* 13.64 14.08*
GYS 2.37 2.20%** 1.77 1.76 1.88 1.80 2.18 2.07%**

#Significantly different at 0.10P
*Significantly different at 0.05P
**Significantly different at 0.01P
*"Significantly different at 0.001P

XE38560599), which explained about 17% of pheno-
typic variance of GPC. These QTLs could be allelic as
they appear to be at similar positions on the proximal
region of 6AS between the centromere and the G/i-42
locus.

The third QTL for GPC detected in the present study
was located on chromosome arm 7BL close to the SSR
marker Xgwm577 that explained 9.1% of the phenotypic
variance of the trait. Blanco et al. (1996, 2002) and
Sourdille et al. (1999) reported QTLs for GPC on 7AS
and Stein et al. (1992) and Zanetti et al. (2001) on 7A
without arm information.

The present study confirms that some of the protein
content QTLs appear to be at similar positions in dif-
ferent genetic backgrounds, indicating a similar genetic
control in different germplasms. In most cases popula-
tion sizes used for mapping QTLs are between 100 and
200 genotypes (the present study analyzed a population
of 142 progenies), therefore analytical approaches to
QTL analysis provide poor precision about QTL loca-
tion. The process of first identifying linkage between
markers and traits in a mapping population and subse-
quently testing the effects of markers in near-isogenic
lines (NILs) seems to provide strong evidence for QTL
position and effect. We are developing a set of substi-
tution lines, recombinant for the 2AS region of 3BIL-85,
in which the location of the 2A QTL can be determined
more accurately. A combination of QTL mapping and
substitution mapping provides the basis for a realistic
approach of identifying and locating a QTL to a smaller
region, a prerequisite for marker-assisted selection and
for isolating genes via positional cloning (Lecomte et al.
2004).

Relationship between QTLs for grain protein content
and grain yield

One of the major objectives of wheat breeding programs
has been to increase GPC while maintaining or

increasing grain yield of lines released for commercial
production. Simultaneous improvement in both traits
has been limited by the generally negative relationship
between GPC and grain yield components in wheats, as
well as in barley, maize, oat and sorghum, with reported
correlations ranging from —0.2 to —0.8 (see review by
Simmonds 1995). As a result of these inverse relation-
ships, high yielding wheat cultivars have generally low
increase GPC, especially when grown under fertile areas
or under irrigation and where nitrogen is not a limiting
factor. The negative yield—protein correlation can be
attributed to environmental factors, genetic compo-
nents, dilution of grain nitrogen with a much larger
grain biomass accumulation, or to bio-energetic
requirements for synthesis of carbohydrates and pro-
teins (Bathia and Rabson 1987). The genetic basis of
trait correlations may include single genes with pleio-
tropic gene effects or the tight linkage of several genes
controlling different traits. The extensive review by
Konzak (1977) and more recent investigations (Levy and
Feldman 1989; Stein et al. 1992; Snape et al. 1995;
Blanco et al. 1996, 2002; Sourdille et al. 1996; Joppa
et al. 1997; Perretant et al. 2000; Dholakia et al. 2001;
Zanetti et al. 2001; Borner et al. 2002; Groos et al. 2003;
Prasad et al. 2003) have indicated that factors influenc-
ing protein concentration in cultivated and wild wheats
are located on all chromosomes. However, only a few
studies have included results for GPC and yield com-
ponents obtained on the same population (Zanetti et al.
2001; Blanco et al. 2002; Borner et al. 2002; Groos et al.
2003) to determine whether the GPC-yield negative
relationship resulted from opposite pleiotropic gene ef-
fects and/or co-location of different QTLs. Zanetti et al.
(2001) determined QTLs for GPC and thousand-kernel
weight and found both positive and negative genetic
relations, depending on the QTL. However, yield was
not evaluated in their cross between wheat and spelta.
Blanco et al. (2002) detected seven independent genomic
regions involved in the expression of high GPC in a
tetraploid RIL population, six of which were associated
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Fig. 2 Linkage map of the 2A chromosome segment introgressed
from var. dicoccoides 21 in the backcross inbred line 3BIL-85 (black
region). Map distances (cM) and 22 microsatellite markers
significantly associated to grain protein content are shown on the
23 left and right sides. The centromere (filled triangle) and the
introgressed segment were positioned 24 according to previously
published maps (Réder et al. 1998; Blanco et al. 2004)

with QTLs for low grain yield. Borner et al. (2002) found
two QTLs for GPC co-located with QTLs for low GYS
on chromosome arms 2DS and 7AS in the ITMI map-
ping population. Groos et al. (2003) found co-location
of QTLs for GPC, 1,000-kernel weight and grain yield
on five different chromosomes, but in some cases the
favorable alleles came from the same parental line. Only
one important QTL for yield was however found in their
bread wheat RIL population.

The primary components of grain yield per area are
GYS and number of spike per area. The latter is
strongly affected by environmental factors and by agro-
technique practices. The components of GYS are the
number of kernels per spike and the kernel weight
which are negatively correlated each other and should
not be considered separately for detecting grain yield
QTLs. In the present study, we considered GYS taken
on plants grown at normal field density. Although the
high GPC parental line 3BIL-85 was not significantly
different from the recurrent parent Latino for GYS, the
phenotypic correlation coefficient between GPC ¢ GYS
had negative values (from —0.02 to —0.28) in the F,,
F; and F4 progeny trials, but it was statistically sig-
nificant only in the F; progeny trial. The presence of a
QTL near a marker locus was judged to be likely if a
significant effect was observed for a single marker—trait
combination in at least one environment with
P <£0.001 or at least two environments with P < 0.01.
The regression analysis detected three putative QTLs
for GPC explaining all the genotypic variation of the
trait. No co-located QTL for GYS was detected by
using the same or less stringent criteria. These evi-
dences excluded the hypothesis that the detected QTLs
for GPC were indirect QTLs for low grain yield due to
dilution of grain nitrogen with a much smaller grain
biomass accumulation. The correlated response on
GYS was a decrease of the trait not significant or close
to statistical significance. Such a negative protein—yield
response could be due to: (a) co-location of GYS QTLs
with reduced phenotypic effects not detectable by the
experimental design or statistical procedures; or to (b)
opposite pleiotropic gene effect due to the major bio-
energetic requirements for synthesis of protein then
carbohydrates. Under the same soil nitrogen supply, a
GPC increase should produce a GYS decrease. If the
‘opposite pleiotropic effects’ occur, the breeder should
simply accept the need for compromises between high
grain yield and high GPC which will be determined by
economic factors. In all cases, a more detailed genetic
analysis of linkage groups on large populations is
needed to distinguish between clusters of tightly linked
genes and single genes with pleiotropic effects.

Conclusions

The relatively low heritability of quantitative traits
makes it difficult to select for useful alleles from wild or
cultivated germplasm based on phenotypic evaluation of
single plants and/or in single environments. The pro-
duction of backcrossing lines is a laborious and some-
times expensive procedure, but the availability of BILs
for quantitative traits facilitates identification of the
genes involved in the inheritance of continuous variation,
as BILs can be evaluated in replicated trials to identify
those which deviate significantly from the recurrent
parent. Mapping loci by BILs should enable the pro-
duction of NILs in which the individual effects of each



QTL can be examined in detail without confounding
variations due to other putative QTLs. The NILs for
GPC could also be useful to conduct physiological
studies aimed at investigating the potential mechanisms
leading to high protein content and to elucidate if the
high protein concentration of low-yielding genotypes is
primarily due to genes for high GPC and not to loci for
low grain yield. Combining QTLs for GPC with those for
high yield and other agronomically important traits will
require information on the QTLs controlling all of these
traits in the genetic material under study. The implica-
tion for marker-assisted selection in breeding programs is
that in the QTL analysis aiming to determine which
regions are to be transferred using markers, it is of
utmost importance to examine whether those regions
contain QTLs for other traits that will affect the total
performance of the genotypes.
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