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ABSTRACT

Variation for wheat (Triticum aestivum L.) grain
yield and agronomic traits was used to map
quantitative trait loci (QTL) in a ‘Cheyenne’
(CNN) x [CNN (‘Wichita® 3A)] recombinant
inbred chromosome line (RICL) population con-
sisting of 223 CNN(RICLs3A) and 7 check culti-
vars that were evaluated in six environments in
Nebraska during 2005-2007. A chromosome 3A
linkage map spanning 106 cM was constructed
using 32 microsatellite markers. Composite
interval mapping detected 19 QTL for seven
agronomic traits that individually accounted for
4.6 to 16.8% of the phenotypic variation. Three
small genomic segments, spanning 3.4, 5.3,
and 5.3 cM, contained most of the QTL. Two
yield QTL were detected in two environments
and in data pooled over environments. For grain
volume weight, a QTL was detected in five of
the six environments while a plant height QTL
was detected in all environments. Wichita (WI)
alleles contributed to the increased trait values
for yield, spikes per square meter, and grain vol-
ume weight, while CNN contributed alleles to
the increased 1000-kernel weight, plant height,
and anthesis date. Both CNN and WI contained
alleles for increased number of kernels per
spike. The 223 CNN(RICLs3A) set had greater
power to detect QTL than the two smaller sub-
sets—128 CNN(RICLs3A) developed using dou-
bled haploids and 95 CNN(RICLs3A) developed
using recombinant monosomic lines. Neither of
the subsets performed consistently better than
the other in detecting QTL.
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DENTIFICATION OF GENETIC FACTORS influencing grain vyield

(GYLD) in wheat is of great interest to many breeding programs,
especially for improving yield across environments. Grain yield
improvement is difficult using traditional breeding methods because
grain yield is a complex quantitative trait controlled by many genes
that are affected by the environment. The advent of molecular mark-
ers has greatly facilitated mapping and genetic dissection of complex
quantitative traits and improvement of crop varieties. The mapping
of quantitative traits in wheat is complicated due to polyploidy and
large genome size, estimated to be around 16,000 Mbp/1C (Aru-
muganathan and Earle, 1991), about 85 to 96% of which represents
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repeated sequences mainly comprised of known retrotrans-
poson-like sequences (Sidhu and Gill, 2004).

The availability of chromosome substitution lines and
recombinant inbred chromosome lines (RICLs) has been
used to overcome the challenges of genetic analysis of
complex traits in wheat. While chromosome substitution
lines are suitable to study the genetic and phenotypic effect
of whole chromosomes individually, RICLs allow genetic
analysis of specific chromosome regions. Recombinant
inbred chromosome lines can be used to identify and map
gene(s) controlling agronomic traits by genetic approaches
(Law, 1966; Law et al., 1976; Yen and Baenziger, 1992;
Berke et al., 1992b; Shah et al. (1999a,b); Paterson et al.,
1990; Joppa et al., 1997; Kato et al., 2000; Campbell et al.,
2003). Recombinant inbred chromosome lines are more
desirable than recombinant inbred lines (RILs) for study-
ing the effect of a specific chromosomal region, because
RICLs have a more uniform genetic background and thus
reduce potential epistatic variation. Further, targeting a
chromosome, RICLs simplify construction of genetic
linkage maps. In a simulation study, Kaeppler (1997) dem-
onstrated that a RICL population provided greater power
than a RIL population of similar size to detect QTL.

Capitalizing on the reciprocal chromosome substitu-
tion lines (Morris, 1964-1984) involving two historically
important Great Plains cultivars, ‘Cheyenne’ (CNN) and
“Wichita’ (WT), a series of studies was initiated in Nebraska
in the 1980s to study the genetic architecture of GYLD
and agronomic traits. Initially, Berke et al. (1992a,b) evalu-
ated a set of reciprocal chromosomal substitution lines for
grain yield and other agronomic traits and reported that
WI chromosome 3A increased GYLD by 19% when placed
in a CNN background. Quantitative trait loci were iden-
tified for plant height (PHT), kernels per spike (KPS),
1000-kernel weight (TKWT), and spike number per square
meter (SPSM) but not for GYLD and grain volume weight
(GVWT) in a RICL population of 50 lines derived from
the cross CNN X CNN (WI 3A) [hereafter referred to as
CNN(RICLs3A)] (Shah etal., 1999a,b). Subsequently, in an
attempt to increase QTL detection precision, a larger popu-
lation of 95 CNN(RICLs3A) was evaluated for GYLD and
other agronomic traits in multiple environments (Camp-
bell et al., 2003). A number of QTL for GYLD and other
agronomic traits were detected using a linkage map com-
prised of 20 markers (15 restriction fragment length poly-
morphisms [RFLPs| and 5 simple sequence repeats [SSRs|)
(Campbell et al., 2003). Although the larger population
size of 95 did improve the ability to detect and localize
QTL, there were several large gaps in the map and some
QTL were positioned distantly from the flanking mark-
ers. A larger mapping population reduces bias in estimation
of QTL effects by reducing the chance of sampling bias
(Melchinger et al., 1998) and provides a more accurate and
higher resolution of marker-trait association (Keurentjes et

al., 2007; Bernardo, 2004; Robin et al., 2003; Darvasi et al.,
1993), thus allowing detection of QTL with smaller effects
(Haley and Andersson, 1997; Vales et al., 2005). Mapping
resolution can also be improved somewhat by increasing
marker density (Darvasi et al., 1993).

In the present research, we used a larger population of
CNN(RICLs3A) with the addition of doubled haploid-
derived lines and more markers with a goal of making a more
precise evaluation of the traits to uncover additional QTL,
improve resolution of the QTL, and make a more accurate
estimate of QTL effects. Recombinant inbred chromosome
lines can be created using recombinant monosomic lines
(RMLs) methods as described by Shah et al. (1999a,b) and
Yen and Baenziger (1992), or by using wheat by maize (Zea
mays L.) doubled haploid (DH) line methods (Lizarazu et
al.,, 1992). The development of RICLs through doubled
haploids is a simpler approach than through RMLs, which
is lengthy and involves tedious cytogenetic techniques. A
study in barley (Hordeum vulgare L.) reported QTL detection
differences between RICL and DH populations derived
from the same cross combination (Hori et al., 2005). Simi-
larly, some QTL detection differed between two popula-
tion types, RILs and DH lines derived from the same cross
in rice (Oryza sativa L., He et al., 2001). However, there is
no report available in wheat on the comparative behavior
of these two RICL population types (i.e., RMLs vs. DH
lines) in the mapping of QTL, and thus, a knowledge of the
comparative performance of these population types will be
helpful for future QTL mapping efforts.

To better understand the genetic architecture of agro-
nomic performance attributed to chromosome 3A, the pri-
mary objective of this study was to map and evaluate more
precisely the effects of QTL for GYLD, SPSM, KPS, TKWT,
GVWT, PHT, and anthesis date (AD) with a population of
223 CNN(RICLs3A). The second objective was to compare
the performance of 95 RML-derived CNN(RICLs3A),
128 DH-derived CNN(RICLs3A), and the combined 223
CNN(RICLs3A) on the detection of QTL.

MATERIALS AND METHODS

Plant Materials and Trait Evaluation

A population of 223 3A recombinant inbred chromosome lines
[CNN(RICLs3A)] developed from a cross between CNN and
CNN (WI 3A), check cultivars (‘Goodstreak’, ‘Pronghorn’,
‘Arapahoe’, ‘Jagger’, and “Wichita’) and the two parents [CNN
and CNN(WI3A)] were evaluated in six environments. The
CNN(RICLs3A) lines were developed in three phases: the first 50
RML-derived RICLs [hereafter referred to as CNN(RICLs3A)-
RML] were previously described by Shah et al. (1999a,b), the
second 45 RML-derived RICLs [CNN(RICLs3A)-RML] were
described by Yen and Baenziger (1992), and the third 128 DH-
derived RICLs [hereafter referred to as CNN(RICLs3A)-DH]
were developed using the methods of Lizarazu et al. (1992) at the
DH facility at CIMMY T, Mexico.
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The CNN(RICLs3A) population was evaluated in three
locations in Nebraska (Lincoln, Mead, and Sidney) during the
growing season of 2005, in two locations (Lincoln and Mead)
during 2006, and only in Mead during 2007 for GYLD (¢t ha™),
SPSM, KPS, GVWT (kg hL™"), TKWT(g), PHT (cm), and AD
(d after Jan. 1), as described by Campbell et al. (2003). Briefly,
each entry was grown in a four-row plot 2.4 m long with 30-cm
row spacing in a randomized complete block design (RCB) with
four replications. Traits were measured following the procedures
outlined by Shah et al. (1999a) and Campbell et al. (2003). For
the 2005 Lincoln trial, data were not recorded for GYLD, SPSM,
KPS, and TKWT because some of the plots were partially affected
by soilborne wheat mosaic virus. However, the other two traits,
the AD and PHT, were recorded on the healthy plants grown
in the unaffected portion of these plots. The plots were sprayed
at heading with Headline fungicide (pyraclostrobin, ceramic
acid,  [2-[[[1-(4-chlorophenyl)-1H-pyrazol-3-yl|methyl]phenyl]
methoxy, methyl ester; BASF, Research Triangle Park, NC) at the
recommended rate to control fungal diseases in all experiments.
Though diseases were present in nearby untreated plots, minimal
to no fungal diseases developed in these experimental plots.

DNA Marker Analysis and Map Construction
A sap extraction method was used to isolate genomic DNA from
fresh leaf tissues of each RICL and the parental lines (Kuleung
et al., 2004). About one gram of fresh leaves from 3—4 wk-old
seedlings were placed in between the two rollers of a sap extrac-
tion apparatus (Ravenel Specialties, Seneca, SC) and 5 mL of the
extraction buffer (50 mM Tris-HCL, 25 mM EDTA, 1 M NaCl,
1% CTAB, 1 mM of 1, 10-phenanthroline, 0.15% 2-mercapto-
ethanol) was slowly added to the rollers. The solution mixed with
extracted sap was collected in a 15-mL Falcon tube, incubated at
65°C for 2 h, then equal volume of chloroform/isoamyl alcohol
(24:1) was added and mixed for 20 min on a rotary shaker followed
by spinning at 3400 rpm for 15 min. The supernatant was trans-
ferred to a new tube and precipitated with cold isopropanol and the
DNA pellets were washed with 70% ethyl alcohol. The extracted
DNA was then resuspended in 500 uL of TE buffer and the
DNA concentration quantified by spectrophotometry (TKO100
Fluorometer, Hoefer Scientific Instruments, San Francisco, CA).
Primer sequence information of SSR markers with prefixes ‘barc’,
‘wmc’, ‘gwm’, ‘cfa’, and ‘psp’ were obtained from the GrainGenes
website (http://wheat.pw.usda.gov/GG2/index.shtml [verified 2
Dec. 2010]) while those with an ‘hbg’ prefix were from Torada et
al. (2006). Sequence information of STM (Sequence-tagged mic-
rosatellite) primers was obtained from Hayden et al. (2006). All
primers were synthesized by Operon Technologies (Huntsville,
AL). The polymerase chain reaction (PCR) mix preparation, PCR.
conditions, gel electrophoresis, and gel staining were performed as
described by Kuleung et al. (2004). Annealing temperature varied
from 50 to 60°C, which was determined after an initial ampli-
fication and polymorphism test with all the primers on the two
parents. The gel was photographed using Bio-Rad Gel Doc 2000
gel documentation system (Bio-Rad, Hercules, CA) and the allelic
composition was scored manually.

The linkage map was constructed using MAPMAKER/
EXP version 3.0b (Lander et al., 1987) with the Kosambi map-
ping function (Kosambi, 1944). Initial linkage groups were
identified using the “Group” command with a logarithm of

odds (LOD) score of 5.0 and recombination of 0.4. The order
of the markers of the linkage group was determined using the
commands “Compare,” “Order,” and “Ripple.” The “Try”
command was used to add ungrouped or new markers to the
initial linkage group. The chromosome was oriented as per the
International Triticeae Mapping Initiative (ITMI) map (Song et
al., 2005a) and Wheat Microsatellite Consortium (WMC) map
(Somers et al., 2004) with the short arm at the top.

Phenotypic Data Analysis

Analysis of variance (ANOVA) was conducted for each environ-
ment using the Proc Mixed method of the SAS program (SAS
Institute Inc, Cary, NC) to test the significance of variation
among the CNN(RICLs3A), and between the parents, CNN and
CNN (WI3A). Variance components were estimated by consid-
ering the genotypes and replications as random effects. To assess
the genotype (G) X environment (E) interaction (GEI), analyses
of variance were performed for all genotypes, CNN(RICLs3A)
X E, Parent X E, and check cultivars X E using the GLM proce-
dure of SAS (SAS Institute, 1999). Correlation analyses among
the evaluated traits were conducted using data pooled over envi-
ronments with PROC CORR method of SAS (SAS Institute).

QTL Analysis

Composite interval mapping (CIM) was conducted using QTL
Cartographer version 2.5 (Wang et al., 2006) to identifty QTL
affecting each trait. For CIM, forward and backward stepwise
regressions were performed to select five markers as cofactors,
and the analysis was conducted using model 6 (standard model)
with a moving window size of 10 cM. At each interval, the
significance of the QTL-trait association was tested by the like-
lihood ratio statistics (LRS; Haley and Knott, 1992). For all
traits, QTL analyses were performed using the LSMEANS data
for individual environments, as well as the pooled data averaged
over all environments. A significant threshold was estimated by
1000 permutations at P < 0.01 (Churchill and Doerge, 1994)
by QTL Cartographer for each trait in each environment and
for data combined over all environments for the combined 223
CNN(RICLs3A) set, 128 CNN(RICLs3A)-DH set and 95
CNN(RICLs3A)-RML set. The estimated significant thresh-
old LOD values were used as thresholds to declare the presence
of putative QTL. Phenotypic variance explained by a QTL (R?)
was calculated at the peak LOD value of the plot. Confidence
intervals (CI) were estimated by marking positions + 1 LOD
from the peak (Hackett, 2002; Lander & Botstein, 1989).

RESULTS

Linkage Maps, Marker Segregation,
and Recombination

Out of 90 SSR markers mapped to chromosome 3A, 31 (34%)
were found to be polymorphic between the parents, CNN
and CNN (WI3A). Only one STM primer pair produced
clear polymorphic bands. These 32 polymorphic markers
were used to construct linkage maps for the entire set of 223
CNN(RICLs3A) as well as for the subpopulation sets, 95
CNN(RICLs3A)-RML and 128 CNN(RICLs3A)-DH.
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Figure 1. Genetic linkage maps of wheat chromosome 3A of 95

CNN(RICLs3A)-RML (1999-2001 evaluation set, RFLPs + SSRs),

95 CNN(RICLs3A)-RML (2005-2007 evaluation set, SSRs + STM), 128 CNN(RICLs3A)-DH set (SSRs + STM), and combined 223

CNN(RICLs3A) set (SSRs + STM). Marker names are on the right

side of the chromosome while the marker positions (cM) from the

first marker (from the top) are on the left side. Five SSR markers of 95 CNN(RICLs3A)-BML (RFLPs + SSRs) are common with 95
CNN(RICLs3A)-RML (SSRs + STM), 128 CNN(RICLs3A)-DH, and the combined 223 CNN(RICLs3A) maps. The positions of the common
SSR markers between the two 95 CNN(RICLs3A)-RML maps (RFLPs + SSRs and SSRs + STM) are connected by solid lines. The

locations of QTL for GYLD, SPSM, KPS, TKWT, GVWT, PHT, and

AD detected by composite interval mapping are shown on the 223

CNN(RICLs3A) map only. The position of the LOD peak of each QTL on the linkage map is indicated by an arrowhead. Out of 19 QTL
shown on the figure, 12 (bold and underlined) were detected in the analyses with data combined across environments while 7 other QTL

were detected in individual environments only (Table 3).

The linkage map constructed for the combined 223
CNN(RICLs3A) population spanned 106 ¢cM with an
average spacing of 3.31 ¢cM between the markers (Fig. 1).
All 32 markers followed an expected Mendelian 1:1 seg-
regation ratio at a probability of 0.01. In general, the order
of the SSR markers was in good agreement with that on
the maps developed by Song et al. (2005a) and Somers et
al. (2004), as was the map length of 106 ¢cM. The mark-
ers were uniformly distributed along the chromosome
except for three gaps that were larger than 10 ¢cM. Despite
screening all the available SSR markers for these gaps, we
failed to identify polymorphic markers for these regions,
a possible indication that these regions were conserved in
CNN and WI.

The linkage map constructed for the 95
CNN(RICLs3A)-RML spanned a length of 121.7 ¢cM
(Fig. 1). Six markers on the distal short arm of chromosome
3A showed distorted segregation and skewed in favor of
the CNIN(WI3A) parent. The 128 CNN(RICLs3A)-DH
set produced a linkage map with a length of 98.1 ¢cM (Fig.
1). For this subpopulation, 10 markers located at the mid-
dle region of the chromosome deviated from the 1:1 seg-
regation and also were skewed toward the CNN(WI3A)
parent. Comparing the maps of the 95 CNN(RICLs3A)-
RML set and the 128 CNN(RICLs3A)-DH set, a
recombination difference was observed between the two
populations primarily in one region of the chromosome
between the markers Xbarc1060 and Xgwm497. In the
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Table 1. Analysis of variance of grain yield (GYLD), spike number m-2 (SPSM), kernels per spike (KPS), and 1000-kernel weight
(TKWT) over five environments and grain volume weight (GVWT), plant height (PHT), and anthesis date (AD) over six environ-
ments from 2005 to 2007 for CNN, CNN (WI3A), and 223 CNN(RICLs3A).

GYLD SPSM KPS TKWT GVWT PHT AD (d after Jan. 1)
Source df MS MS MS MS df MS MS MS

tha g kg hL' cm
Environment (E) 4 394682* 6401595.0* 19125.2** 1333.3* 5 7054.3**  77700.8" 26677.4*
Rep (E) 15 156261.3** 178123.5** 219.8** 186.6 18 31.9* 798.6™* 57.7**
Genotypes (G) 229 673.4** 20459.2** 23.0" 23.8** 229 5.9 129.7** 42.4**
CNN(RICLs3A) 222 5056.1** 18696.5** 20.1* 22.9" 222 4.7 114.9* 35.7
Checks 4 3432.8** 56773.9" 88.9** 61.7 4 24.0** 997.1** 59.7**
Parents 1 4555.5"  170050.6* 28.0 1.8 1 191 121.0* 106.8**
GxE 916 345.4* 14957.7** 16.6™ 7.3 1145 2.9" 42.7** 22"
CNN(RICLs3A) x E 888 317.2* 14729.2** 16.2* 7.2 1110 2.5" 42.0* 2.2*
Checks x E 16 1215.3** 24658.2** 30.6™* 10.4** 20 5.1 78.8" 3.9
Parents x E 4 732.5 27067.5* 1241 2.6 5 2.6™ 73.8" 5.4
Pooled error 3359 2051 11066.5 12.8 5.8 4115 1.5 26.2 0.9
Mean CNN(RICLs3A) 3.67 465.2 25.9 31.50 75.4 102.6 146.8
Mean CNN (WI3A) 3.89 519.7 28.3 31.10 76.4 102.0 145.2
Mean CNN 3.42 380.3 29.5 30.15 751 1056.9 147.7
Mean parents 3.58 452.0 28.9 30.61 75.7 103.9 146.4
CV (%) 12.30 22.6 13.8 7.65 1.6 5.0 0.7

*Significantly different from zero at the 0.05 level of probability.
**Significantly different from zero at the 0.01 level of probability.

RML-derived map, this interval spanned 35.8 cM (34
recombinants) while in the DH-derived map, the same
interval spanned 12.9 ¢M (22 recombinants). On the com-
bined 223 CNN(RICLs3A) set map, the distance was 21.2
cM (56 recombinants) for the same interval.

Phenotypic Trait Evaluation
The two parents, CNN and CNN (WI3A), were sig-
nificantly different for GYLD, SPSM, GVWT, PHT, and
AD (Table 1), but not significantly different for KPS and
TKWT. The mean CNN(RICLs3A) population scores
were close to the midparent values for all the traits except
for KPS where the population value was lower than the
midparent value. Significant differences were observed
among all the genotypes, CNN(RICLs3A), and the check
cultivars for all of the seven traits. The CNN(RICLs3A)
X E, check cultivars X E, and parents X E interactions
were significant for all the traits except for GYLD, KPS,
and TKWT for parents X E interactions (Table 1).
Correlations among the pooled trait data were evalu-
ated to predict associations among the traits (Table 2). Grain
yield was found to be positively correlated with GVWT,
SPSM, and TKWT while negatively correlated with PHT
and AD. The negative correlation of GYLD with PHT and
AD indicated that early maturing, shorter plants produced
higher GYLD. Kernels per spike was not correlated with
GYLD based on the pooled data. As expected, the two
traits, AD and PHT, that showed negative correlation with
grain yield, were found to be positively correlated. Spikes
per square meter had a negative correlation with KPS and
TKWT. Both SPSM and TKWT were positively correlated

with GYLD. Based on the standardized path coefhicients,
Dhungana et al. (2007) observed a highly significant direct
positive effect of GEI of SPSM on grain yield GEI, which
ultimately increased grain yield.

QTL Identification in the 223

CNN(RICLs3A) Population

A total of 19 QTL corresponding to the seven traits
including GYLD were identified using composite inter-
val mapping (Fig. 1). The results of the QTL analysis for
individual environments and combined environments are
summarized in Table 3. To facilitate description of the
QTL and their comparison among the population sets,
chromosome 3A was arbitrarily divided into 5 regions
containing the detected QTL (Fig. 1). Region 1 spanned
the segment within Xbarc310-Xgwm218, Region 2 within
Xbarc86—Xstm99, Region 3 within Xhbg284—Xgwm497,
Region 4 within Xc¢fa2193—Xgwm155, and Region 5 within

Table 2. Phenotypic correlations of 223 CNN(RICLs3A) for grain
yield (GYLD), spikes per square meter (SPSM), kernels per
spike (KPS), 1000-kernel weight (TKWT), grain volume weight
(GVWT), plant height (PHT), and anthesis date (AD) based on
data pooled across Nebraska environments (n = 223).
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SPSM KPS TKWT GVWT PHT AD

GYLD 0.64** -0.06 0.18** 0.29** -0.39"* -0.45"
SPSM -047* -018* 0.31"* -0.38" -0.213*
KPS -0.30"* -24** 0.20** 0.32**
TKWT 013 -015* -0.63**
GVWT -0.35"* -0.35"
PHT 0.50**
*Significantly different from zero at 0.05 level of probability.
**Significantly different from zero at 0.01 level of probability.
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Table 3. Quantitative trait loci (QTL) for grain yield, spikes per square meter, kernels per spike, and 1000-kernel weight in indi-
vidual environments and combined across five environments, and for grain volume weight, plant height, and anthesis date in
individual environments and combined across six environments detected by composite interval mapping in 223 CNN(RICLs3A).

Distance from

Position the nearest
Trait Environment’ QTL Marker interval* (cM)S  marker (cM)! Var (%)* Add. effect! LOD#*
Grain yield Mead 2005 QGyld.unl.3A.1 Xwmchb32-Xgwm218 4.5 0.1 12.6 +163 Kgha' 6.8
Mead 2006 QGyld.unl.3A.1 Xwmch532-Xgwm218 8.0 3.6 10.6 +63 4.6
QGyld.unl.3A.4 Xhbg491-Xgwm155 87.1 0.0 5.3 +45 2.9
Lincoln 2006  QGyld.unl.3A.2 Xhbg284-Xwmc428 52.1 2.0 7.5 +135 3.3
Mead 2007 QGyld.unl.3A.2 Xpsp3047-Xbarc356 44.5 1.1 1.4 +101 6.7
Combined QGyld.unl.3A.1 Xwmch32-Xgwm218 4.4 0.0 121 +61 7.2
QGyld.unl.3A.2 Xwmc664-Xbarc67 45.4 0.1 5.2 +47 3.2
Spikes per square meter Mead 2005  QSpsm.unl.3A.1 Xbarc12-Xwmc11 2.8 0.0 15.4 +31.2 spikes 8.5
Lincoln 2006  QSpsm.unl.3A.2  Xpsp3047-Xbarc356 43.6 0.5 1.4 +19.3 6.1
Mead 2006 ~ QSpsm.unl.3A.4  Xwmc559-Xhbg491 85.5 16 5.6 +9.5 2.6
Combined  QSpsm.unl.3A.1 Xbarc12-Xwmc11 2.8 0.0 8.6 +8.2 5.4
QSpsm.unl.3A.2  Xwmc664-Xbarc67 45.4 0.1 10.6 +10.9 6.5
Kernels per spike Lincoln 2006  QKps.unl.3A.1 Xbarc310-Xbarc321 1.8 0.0 4.7 +42 kernels 2.5
QKps.unl.3A.3 Xhbg284-Xwmc428 531 1.9 8.5 -0.71 3.8
Mead 2005 QKps.unl.3A.3  Xcfa2262- Xbarc1060 56.4 0.0 6.3 -0.42 3.2
Mead 2006 QKps.unl.3A.3 Xbarc1060-Xhbg227 64.0 3.7 7.7 -0.66 3.3
Combined QKps.unl.3A.1 Xbarc310-Xbarc321 1.0 0.8 9.7 +0.38 5.1
QKps.unl.3A.3 Xwmc428-Xcfa2262 56.1 0.3 7.0 -0.31 3.9
1000-kernel weight Mead 2005  QTkwt.unl.3A.2  Xbarc1044-Xbarc324 46.8 0.1 6.9 -0.709g 3.6
Mead 2006  QTkwt.unl.3A.1 Xbarc57-Xbarc12 2.8 0.0 6.4 -0.33 3.3
Lincoln 2006  QTkwt.unl.3A.1 Xbarc57-Xbarc12 2.8 0.0 10.7 -0.41 5.6
Combined QTkwt.unl.3A.1 Xbarc321-Xbarchb7 1.8 0.0 8.0 -0.31 4.3
Grain volume weight Lincoln 2005  QGvwt.unl.3A.2  Xbarc356-Xwmc664 44.5 0.1 8.5 +0.40KghLt 541
Lincon 2006  QGvwt.unl.3A.2  Xpsp3047-Xbarc356 44.2 0.1 10.8 +0.17 6.3
Mead 2005  QGvwt.unl.3A.2  Xbarc356-Xwmc664 441 0.0 5.8 +0.31 3.4
QGvwt.unl.3A.4  Xgwm155-Xcfa2183 90.8 0.3 4.6 +0.35 2.6
Sidney 2005  QGvwt.unl.3A.2 Xbarc67-Xbarc1044 45.7 0.0 5.0 +0.42 3.0
Mead 2007  QGvwt.unl.3A.2  Xbarc1044-Xbarc324 457 0.0 10.1 +0.25 5.3
Mead 2006 ~ QGvwt.unl.3A.3  Xgwm497-Xcfa2193 80.8 0.0 6.4 +0.18 3.8
Combined QGvwt.unl.3A.2  Xpsp3047-Xbarc356 441 0.0 8.3 +0.20 6.7
QGvwt.unl.3A.3  Xhbg227-Xgwm497 73.7 4.6 10.0 +0.20 5.2
Plant height Lincoln 2005 QPht.unl.3A.1 Xwmcb32-Xgwm218 8.0 3.6 7.3 -1.50cm 3.1
Lincoln 2006  QPht.unl.3A.1 Xwmc11-Xwmc532 4.4 0.0 6.2 -0.97 3.2
Mead 2006 QPht.unl.3A.1 Xbarc310-Xbarc321 1.8 0.0 5.8 -0.57 3.0
Mead 2007 QPht.unl.3A.1 Xbarc57-Xbarc12 2.8 0.0 51 -0.74 2.5
Mead 2005 QPht.unl.3A.1 Xwmc532-XgwmZ218 10.0 5.6 12.2 -113 6.0
QPht.unl.3A.2 Xbarc324-Xwmc489 47.3 0.1 9.3 -1.0 6.2
Sidney 2005 QPht.unl.3A.1 Xwmc532-XgwmZ218 7.5 3.1 12.6 -1.53 7.7
QPht.unl.3A.2 Xbarc86-Xgwm5b 42.0 0.0 14.6 -1.86 9.4
Combined QPht.unl.3A.1 Xwmc11-Xwmcb32 4.3 0.1 16.8 -0.92 10.9
QPht.unl.3A.2 Xbarc67- Xbarc1044 455 0.0 5.4 -0.60 3.8
QPht.unl.3A.4 Xwmc559-Xhbg491 87.1 0.0 3.9 -0.56 2.8
Anthesis date Sidney 2005 QAd.unl.3A.2 Xgwm5-Xpsp3047 42.0 0.0 13.5 -0.32d 7.2
Mead 2007 QAd.unl.3A.4 Xhbg491-Xgwm155 87.1 0.0 5.2 -0.43 2.8
QAd.unl.3A.5 Xwmc388-Xbarc1021 106.3 0.7 5.8 +0.46 3.0

T Environment specifying the location and year under which field evaluation of CNN(RICLs3A) was conducted.
¥ Markers flanking a QTL located at the highest LOD peak.

§ Position of a QTL from the first marker on the linkage map.

T Distance of a QTL location from the nearest flanking marker.
# Phenotypic variance (R?) accounted for by a QTL, estimated based on the additive effect only.
Tt Additive genetic effect, a positive sign means that Wichita allele increased the trait value while a negative sign means it decreased the trait value.

# Logarithm of odds score was recorded at the highest peak of a QTL LOD plot. The underlined LOD scores are below the estimated threshold value but > 2.5 (the average

value of the entire data set) and shown only if the same QTL was detected significantly in any other environment or combined across environments.
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Xcfa2183—-Xbarc1021. Region 1 contained five, Region 2
six, Region 3 two, Region 4 five, and Region 5 one QTL
affecting different traits. The number of QTL identified
for an individual trait ranged from one to three. The iden-
tified QTL individually accounted for 3.9 to 16.8% of the
total variation for the seven agronomic traits (Table 3).

Grain Yield

Three QTL were found to be associated with GYLD of
which QGyld.unl.3A.1 was localized in Region 1, QGyld.
unl.3A.2 was in Region 2, and QGyld,unl.3A.4 was in
Region 4 (Fig. 1, Table 3). QGyld.unl.3A.1 was detected
in two individual environments as well as in the analy-
sis with the data combined over environments explaining
10.6 to 12.6% of the total phenotypic variation. Similarly,
QGyld.unl.3A.2 was detected in two environments and
in the analysis with data combined across environments,
and explained 5.2 to 11.4% of the phenotypic variation.
The QTL QGyld.unl.3A.4 was detected only in one envi-
ronment, Mead 2006. All these QTL were located at a
distance of 0.0 ¢cM to 3.6 ¢cM from the nearest flanking
markers. For all the QTL, the WT alleles provided favor-
able additive effects ranging from 45.0 to 163 kg ha™'.

Spikes per Square Meter

Three QTL for SPSM were detected in three individual
environments; two also were detected in the combined data
across the environments and explained 5.6 to 15.4% of the
total phenotypic variation (Table 3). The first QTL QSpsm.
unl.3A.1 located in Region 1 (Fig. 1) was detected in the
Mead 2005 trial and in the data combined across environ-
ments with high LOD scores of 8.5 and 5.4, respectively.
The second QTL QSpsm.unl.3A.2 located in Region 2 (Fig.
1) was detected in the Lincoln 2006 environment and in the
combined analysis with high LOD wvalues of 6.1 and 6.5,
respectively. The third QTL designated QSpsm.unl.3A.4
was detected only in the Mead 2006 environment and was
localized in Region 4 with a LOD score of 2.9. Each of the
detected QTL was located very close to the nearest flanking
markers at a distance of 0.0 to 1.6 ¢M. For all three QTL,
favorable alleles were donated from WI and demonstrated
additive effects resulting in an increase of 8.2 to 31.2 SPSM.

Kernels per Spike

For KPS, only two QTL were identified in three out of the
five environments and in the data combined across environ-
ments, and accounted for phenotypic variation of 6.3 to 9.7%
(Table 3). The QTL QKps.unl.3A.1 located in Region 1 was
detected only for the data combined over environments. The
QTL QKps.unl.3A.3 located in Region 3 was detected in
three environments (Mead 2005, Lincoln 2006, and Mead
2006) as well as in the combined data across environments.
Both of the KPS QTL were localized within 0.8 ¢cM of the
nearest flanking markers in the combined analyses (Table 3).

The allele for increased KPS for QTL QKps.unl.3A.1 was
contributed by WI whereas for QTL QKps.unl.3A.3 it was
contributed by CNN. The favorable alleles of these QTL
resulted in an increase of 0.31 to 0.71 KPS.

1000-Kernel Weight

Of the two QTL associated with TKWT, only one
(QTkwt.unl.3A.1) was detected consistently in two envi-
ronments (Mead 2006 and Lincoln 2006) and in data
combined across environments. These QTL explained 6.4
to 10.7% of the total phenotypic variation (Table 3, Fig. 1).
The other QTL QTkwt.unl.3A.2 (Region 2) was detected
only in one environment and accounted for 6.9% of the
phenotypic variation and was not detected in the com-
bined analysis. For both QTL, CNN contributed to the
increase of seed weight, meaning that the substitution of
W alleles for CNN alleles resulted in a decrease of 0.31 to
0.70 gin TKWT. The detected QTL were localized 0.0 to
0.1 ¢cM from the nearest flanking markers.

Grain Volume Weight

A total of three QTL affecting GVWT were detected in
three genomic regions of chromosome 3A accounting for
4.6 to 10.8% of the phenotypic variation (Table 3). Out of
the three, QTL QGuwt.unl.3A.2 located in Region 2 in
the interval that spanned 44.1 to 45.7 ¢cM from the first
marker was detected in five individual environments as
well as in the combined analysis (Fig. 1). Another QTL,
QGuvwt.unl.3A.3, was located in Region 3 within the
interval 73.7 to 80.8 ¢cM and was detected only in one
environment (Mead 2006) and in the combined environ-
ments data. The third QTL (QGuwt.unl.3A.4) was located
at the 90.8 ¢cM position in Region 4 and was detected only
in a single environment (Mead 2005). All of the GVWT
QTL were localized within 0.3 ¢cM from the nearest flank-
ing markers in all analyses except one (QGuwt.unl.3A.3 in
combined analysis). For all these QTL, W1 alleles contrib-
uted to the increase of grain volume weight, providing
additive effects from 0.15 to 0.42 kg hL ™.

Plant Height

Out of three QTL associated with PHT, QTL QPht.
unl.3A.1 (Region 1) was detected with significant LOD
scores (ranging from 3.0 to 10.9) in five out of the six envi-
ronments and in the data combined across environments.
We also detected this QTL in the sixth environment (Mead
2007) with a LOD score of 2.5 that fell just below the sig-
nificant threshold of 2.6. This QTL explained 5.8 to 16.8%
of the total phenotypic variation (Table 3). The second QTL
(QPht.unl.3A.2) was localized in Region 2 and was detected
in two environments (Mead 2005 and Sidney 2005) and in
the data combined across environments accounting for 9.3
to 14.6% of the total phenotypic variation. The third QTL
(QPht.unl.3A.4) was detected in the combined analysis
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only and accounted for 3.9% of the phenotypic variation.
All the PHT QTL were localized within 5.6 ¢cM from the
nearest flanking markers, but in most analyses within 0.1
cM (Table 3). At all QTL, WTI alleles contributed to the
decrease of plant height and provided additive effects from
0.57- to 1.86-cm reduction in plant height.

Anthesis Date

A total of three QTL influencing AD were detected in
two environments and accounted for 5.2 to 13.5% of
the phenotypic variation (Table 3). None of these QTL
was detected in the combined analysis. The QTL QAd.
unl.3A.2 (Region 2) was detected only in Sidney 2005
with a LOD score of 7.2 while QTL QAd.unl.3A.4 (Region
4) and QAD.unl.3A.5 (Region 5) were detected only in
Mead 2007 with LOD scores of 2.8 and 3.0, respectively.
All of these QTL were localized at 0.0 to 0.7 ¢cM from
the nearest flanking markers (Table 3). The alleles of the
QTL QAd.unl.3A.2 and QAd.unl.3A.4 that decreased AD
were derived from W1 with additive effects of 0.32 to 0.43
d, respectively. On the contrary, the WI allele at QAd.
unl.3A.5 locus contributed to the increase of AD with an

additive effect of 0.46 d.

Comparison among the

CNN(RICLs3A) Populations

Quantitative trait loci detection efficiency was compared
among the combined 223 CNN(RICLs-3A), the 128
CNN(RICLs3A)-DH and the 95 CNN(RICLs3A)-R ML
populations. QTL analyses for the 95 CNN(RICLs3A)-
RML were conducted using phenotypic data collected
from the 20052007 evaluation as part of the combined 223
CNN(RICLs3A) population. Data collected by Campbell et
al. (2003) from their 1999-2001 evaluation also was used.
The QTL analysis for 95 CNN(RICLs3A)-RML 1999—
2001 evaluation was repeated using the original marker data
(15 RFLPs and 5 SSRs) and following the current QTL anal-
ysis conditions of 1000 permutations and a 0.01 significance
level. In the previous report by Campbell et al. (2003), less
stringent threshold LOD values were used as they were gen-
erated using 300 permutations at a significance level of 0.05.
Only 5 SSR markers (Xbarc57, Xbarc12, Xbarc86, Xbarc67, and
Xgwm155) of the map of 95 CNN(RICLs3A)-RML 1999—
2001 evaluation set were common with the current linkage
maps, and based on these five anchor markers we tried to
make a reasonable comparison. The CNN(RICLs3A) link-
age map for 20052007 covered a greater genomic region of
chromosome 3A compared with the 95 CNN(RICLs3A)-
RML 19992001 set map because the last common marker
Xgwm155 was located at the distal end of the long arm on
the map of the 95 CNN(RICLs3A)-RML 1999-2001 set
while it was 17 ¢cM proximal to the long arm end on the 223
CNN(RICLs3A) map (Fig. 1) and also at similar positions in
other two subpopulation maps.

For GYLD, three QTL were detected in the combined
223 CNN(RICLs3A) set (Regions 1, 2, and 4), two GYLD
QTL in the 128 CNN(RICLs3A)-DH set (Regions 1 and 2),
and one QTL was evident in both the 95 CNN(RICLs3A)-
RML (20052007 and 19992001 evaluation) sets (Region
2; Table 4). For SPSM, three QTL were detected in the 223
CNN(RICLSs3A) set (Regions 1, 2, and 4), two QTL were
evident in the 128 CNN(RICLs3A)-DH set (Regions 1
and 2) and in the 95 CNN(RICLs3A)-RML (20052007
and 19992001 evaluation) sets (Regions 2 and 3; Table 4).
For KPS, two QTL were identified in the combined 223
CNN(RICLs3A) set and in the 128 CNN(RICLs3A)-
DH set (Regions 1 and 3), while only one QTL was evi-
dent in the 95 CNN(RICLs3A)-RML sets (Region 3 for
the set evaluated in 20052007 and Region 1 for the set
evaluated in 1999-2001; Table 4). For TKWT, two QTL
were detected in the combined 223 CNN(RICLs3A) set
(Regions 1 and 2), while only one QTL was detected in
the 128 CNN(RICLs3A)-DH set and in both sets of 95
CNN(RICLs3A)-RML (Region 1; Table 4). For GVWT,
three QTL (Regions 2, 3, and 4) were detected in the com-
bined 223 CNN(RICLs3A) set of which the Region 2 QTL
was detected in five individual environments. Three GVWT
QTL were also detected in the 128 CNIN(RICLs3A)-DH set
(Regions 2, 3, and 4), while only two QTL were detected in
each of the 95 CNN(RICLs3A)-RML sets (Regions 2 and
3 for the 20052007 set and Regions 3 and 4 for the 1999—
2001 set; Table 4). For PHT, three QTL in the combined
223 CNN(RICLs3A) set and in the 128 CNN(RICLs3A)-
DH set were detected (Regions 1, 2, and 4), while 4 QTL
were evident in the 95 CNN(RICLs3A)-RML 20052007
set (Regions 1, 2, 3, and 4) and two QTL were evident in
the 95 CNN(RICLs3A)-RML 19992001 set (Table 4).
For AD, three QTL were detected in the combined 223
CNN(RICLs3A) set (Regions 2, 4, and 5), while two AD
QTL were evident in the 128 CNN(RICLs3A)-DH set
(Regions 2 and 3), and no QTL were evident in either of
the 95 CNN(RICLs3A)-RML sets (Table 4). For every
trait except PHT, the combined 223 CNN(RICLs3A) set
detected the most QTL.

DISCUSSION
QTL-Rich Regions and Pleiotropic Effects

Three small genomic segments of Region 1, Region 2, and
Region 4 clearly harbor most of the agronomic trait QTL
identified in this study (Fig. 1) based on the combined 223
CNN(RICLs3A) set. Region 1 contains QTL, QGyld.
unl.3A.1, QSpsm.unl.3A.1, QKps.unl.3A.1, QTkwt.unl.3A.1,
and  QPht.unl.3A.1 influencing GYLD, SPSM, KPS,
TKWT, and PHT, respectively. Based on the analyses of the
combined data across environments, these QTL were local-
ized on a segment spanning 3.4 cM (position 1.0—4.4 cM)
(Table 3, Fig. 1). Region 2 contains QTL, QGyld.unl.3A.2,
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Table 4. Comparative quantitative trait loci (QTL) detection for grain yield and other agronomic traits in the combined 223
CNN(RICLs3A) set, 128 CNN(RICLs3A)-DH set and 95 CNN(RICLs3A)-RML set evaluated in 2005-2007 and 95 CNN(RICLs3A)-
RML set evaluated in 1999-2001 in individual environments and data combined across environments.

2005-2007 Evaluation 1999-2001 Evaluation

223
CNN(RICLs3A) 128 95
(Combined set) CNN(RICLs3A)-DH CNN(RICLs3A)-RML 95CNN(RICLs3A)-RML
Trait Environmentt QTL* LODS LODS LODS Environment’ QTL* LODS
Grain yield
Mead 2005 QGyld.unl.3A.1 6.8 41 - Lincoln 2000  QGyld.unl.3A.2 31
Mead 2006 QGyld.unl.3A.1 4.6 31 - Lincoln 2001 QGyid.unl.3A.2 3.5
QGyld.unl.3A.2 - - 27 Mead 2001 QGyld.unl.3A.2 6.9
QGyld.unl.3A.4 2.9 - - Combined QGyld.unl.3A.2 4.2
Lincoln 2006 QGyld.unl.3A.2 3.3 - 3.6
Mead 2007 QGyld.unl.3A.2 6.7 3.4 3.6
Combined QGyld.unl.3A.1 7.2 3.0 -
QGyld.unl.3A.2 3.2 - 45
Spikes per square meter
Mead 2005 QSpsm.unl.3A.1 8.5 5.5 - Lincoln 2001 QSpsm.unl.3A.2 3.0
Lincoln 2006 QSpsm.unl.3A.2 6.1 2.9 5.6 Mead 2001 QSpsm.unl.3A.2 2.7
QSpsm.unl.3A.3 - - 3.9 Combined  QSpsm.unl.3A.3 4.0
Mead 2006 QSpsm.unl.3A.4 2.6 - -
Mead 2007 QSpsm.unl.3A.3 - - 3.3
Combined QSpsm.unl.3A.1 5.4 2.9 -
QSpsm.unl.3A.2 6.5 4.8 3.5
Kernels per spike
Lincoln 2006 QKps.unl.3A.1 2.5 - -
QKps.unl.3A.3 3.8 - 3.1 Sidney 2001 QKps.unl.3A.1 3.3
Mead 2005 QKps.unl.3A.3 3.2 - 3.2 Combined QKps.unl.3A.1 2.8
Mead 2006 QKps.unl.3A.3 3.3 - -
Combined QKps.unl.3A.1 51 3.4 -
QKps.unl.3A.3 3.9 27 -
1000-kernel weight
Mead 2005 QTkwt.unl.3A.2 3.6 - -
Mead 2006 QTkwt.unl.3A.1 3.3 - - Lincoln 2001 QTkwt.unl.3A.7 3.1
Lincoln 2006 QTkwt.unl.3A.1 5.6 3.1 4.4
Combined QTkwt.unl.3A.1 4.3 3.6 -
Grain volume weight
Lincoln 2005 QGvwt.unl.3A.2 51 3.21 4.2 Lincoin 1999  QGvwt.unl.3A.3 31
Lincon 2006 QGvwt.unl.3A.2 6.3 - - Lincoln 2001 QGvwt.unl.3A.3 4.2
Mead 2005 QGvwt.unl.3A.2 3.4 - 3.5 QGvwt.unl.3A.4 3.9
QGvwt.unl.3A.3 - 3.0 - Combined QGvwt.unl.3A.3 5.8
QGvwt.unl.3A.4 2.7 - -
Sidney 2005 QGvwt.unl.3A.2 3.0 - -
QGvwt.unl.3A.4 - 3.2 -
Mead 2007 QGvwt.unl.3A.2 5.3 - -
QGvwt.unl.3A.3 - 5.9 -
Mead 2006 QGvwt.unl.3A.3 3.8 4.6 4.1
Combined QGvwt.unl.3A.2 6.7 - 5.9
QGvwt.unl.3A.3 5.2 12.8 4.8
Plant height
Lincoln 2005 QPht.unl.3A.1 341 - - Sidney 2000 QPhtunl.3A.2 4.3
Lincoln 2006 QPht.unl.3A.1 3.2 - 4.6 QPht.unl.3A.3 4.3
QPht.unl.3A.3 - 4.8
Mead 2006 QPht.unl.3A.1 3.0 - -
Mead 2007 QPht.unl.3A.1 2.5 - -
Mead 2005 QPht.unl.3A.1 6.0 6.4 -
(cont’d)
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Table 4. Continued.

2005-2007 Evaluation

1999-2001 Evaluation

223

CNN(RICLs3A) 128

(Combined set) CNN(RICLs3A)-DH CNN(RICLs3A)-RML

95
95CNN(RICLs3A)-RML

Trait Environmentt QTL* LODS LODS LODS Environment?t QTL* LODS

QPht.unl.3A.2 6.2 3.2 3.3
QPht.unl.3A.4 - - 3.6

Sidney 2005  QPht.unl.3A.1 7.7 - 3.7
QPht.unl.3A.2 9.4 8.5 6.1

Combined QPht.unl.3A.1 10.9 5.1 5.9
QPht.unl.3A.2 3.8 4.6 3.8
QPht.unl.3A.4 2.8 3.2 4.2

Anthesis date

Sidney 2005 QAd.unl.3A.2 7.2 5.6 - No QTL was detected

Mead 2007 QAd.unl.3A.4 2.8 - -
QAd.unl.3A.5 3.0 - -

Lincoln 2005  QAdIL.unl.3A.3 - 2.9 -

T Environment specifying the location and year under which field evaluation of CNN(RICLs3A) was conducted.
+ A QTL was designated based on the name of the trait and location (region) on the chromosome 3A.

§ Logarithm of odds score was recorded at the highest peak of a QTL LOD plot. The underlined LOD score is below the estimated threshold value but equal or more than the
average value of the entire data set, and shown only if the same QTL was detected significantly in any other environment or data combined across environments.

QSpsm.unl.3A.2, QTkwt.unl.3A.2, QGuwt.unl.3A.2, QPht.
unl.3A.2, and QAd.unl.3A.2 affecting GYLD, SPSM,
TKWT, GVWT, PHT, and AD, respectively, on a segment
spanning 5.3 cM (position 42.0—47.3 ¢cM) in all analyses
(Table 3, Fig. 1). Region 4 contains QTL, QGyld.unl.3A.4,
QSpsm.unl.3A.4, QGuwt.unl.3A.4, QPht.unl.34.4, and
QAd.unl.3A.4 aftecting GYLD, SPSM, GVWT, PHT, and
AD, respectively, on a segment spanning 5.3 ¢cM (position
85.5-90.8 cM). In many cases, co-localization of the QTL
was consistent over environments.

As would be expected with the co-localized QTL
(Kumar et al., 2007), GYLD showed positive correlations
with GVWT, SPSM, and TKWT and a negative correla-
tion with PHT (Table 2). A negative correlation between
GYLD and PHT indicates higher grain yield is associated
with shorter plants. Berke et al. (1992a) also observed an
association of grain yield and plant height, and they con-
cluded the increase in grain yield of the substitution lines,
CNN (WI 3A) and CNN (WI 6A), might be due to earli-
ness and reduced plant height of these lines. In fact, both
CNN and WI are tall or conventional height cultivars, so
this height reduction is not associated with the well-known
Rht semidwarfing loci located on group 4 chromosomes
(Borner et al., 1997; Ellis et al., 2002). Classical quantitative
genetics assumes that trait correlation is a causal effect of
pleiotropic or closely linked genes. Therefore, it is expected
that the QTL for the correlated traits would be mapped
in the same genomic position. The observed phenotypic
correlation of higher GYLD with increased SPSM and
GVWT and decreased PHT could be attributable to the
co-localized QTL (as observed in Region 1 and 2) associ-
ated with these traits, the favorable alleles of which origi-
nated from the same parent, WI. These coincident QTL

on chromosome 3A were detected in data combined across
environments. Other studies also revealed the detection of
coincidence of yield QTL with the QTL for yield com-
ponents or other developmental traits (Wang et al., 2009;
Cuthbert et al., 2008; Kumar et al., 2007; Kato et al., 2000).

Consistency of QTL Detection

across Environments

We evaluated the 223 CNN(RICLs3A) population for
GYLD, SPSM, KPS, and TKWT in five environments and
GVWT, PHT, and AD in six environments (three locations
over 1-3 yr). A total of 19 QTL were found to be associ-
ated with these traits, but only one QTL (QPht.unl.3A.1)
for PHT was detected virtually in all environments evalu-
ated. For GVWT, one (QGuwt.unl.3A.2) out of three asso-
ciated QTL was detected in five environments. For GYLD,
two (Region 1 and 2) out of three associated QTL were
detected commonly in two environments only. Similarly,
for KPS, one (QKps.unl.3A.3) of the two associated QTL
was detected in three out of five environments. All other
QTL affecting GYLD, GVWT, SPSM, KPS, TKWT,
PHT, and AD were detected in only one or two environ-
ments, and some were also detected in the analyses with data
combined across environments. Estimated additive effects
of the individual QTL across the environments also varied.
The inability of the current trials to consistently identify
all or most of the QTL and uniform QTL effects across the
environments suggests the sensitivity of the QTL to the
environments. Detection of QTL in one environment but
not in another was considered to be an indication of GEI
and QTL X E interaction (Zhuang et al., 2002). Even those
QTL that were readily detected in different environments
still might have significant GEI effects (Xing et al., 2002;
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Yue et al., 2006). In studies with 95 CNN(RICLs3A)-
RML evaluated in 1999-2001 (Campbell et al., 2003) and
with 50 CNN(RICLs3A)-RML (Shah et al., 1999b), QTL
for GYLD and other related traits were not identified con-
sistently across all the environments as was observed in the
current combined 223 CNN(RICLs3A) population. The
observed significant CNN(RICLs3A) X E interaction for all
the traits (Table 1) supports the sensitivity of the QTL to the
environment that resulted in the failure of their consistent
detection and uniform effects. The check cultivars included
in the test showed significant GEI for all the traits while the
parents showed significant GEI for SPSM, GVWT, PHT,
and AD (Table 1). This further indicates the presence of
environmental interaction eftects that impacted the QTL
detection in the CNN(RICLs3A) population. The parents,
CNN and CNN(WI3A), were not consistently different for
all the traits in every environment (data not shown), indi-
cating that the favorable QTL alleles may not have been
expressed at detectable levels in some of the environments.
In addition to the studies involving CNN(RICLs3A),
environmental sensitivity of QTL influencing grain yield
and other agronomic traits has also been reported in wheat
(Quarrie et al., 2005; Kuchel et al., 2007a; Kumar et al.,
2007; Wang et al., 2009), rice (Hittalmani et al., 2003;
Xing et al., 2002), maize (Lima et al., 2006; Vargas et al.,
2006), and barley (Zhu et al., 1999; Bezant et al., 1997).
Each of these studies failed to detect all or most of the QTL
or uniform QTL effects consistently across all of their test
environments, suggesting the presence of QTL X E inter-
actions. The six environments (2005—-2007) under which
the current population sets were evaluated and the environ-
ments (1999-2001) under which the 95 CNN(RICLs3A)-
RML set were evaluated were different with regard to the
average annual temperature, precipitation, solar irradiation,
humidity, and other weather elements and soils (Peterson,
1992). Methods to study the effects of temperature, precipi-
tation, and solar irradiation during vegetative and repro-
ductive stages on QTL X environment interactions were
proposed by Campbell et al. (2004) and Dhungana et al.
(2007), who found temperature and precipitation were the
main factors to explain QTL X environment interactions.

Recombination Difference between
CNN(RICLs3A)-RML and CNN(RICLs3A)-DH
Among the three maps developed using the common 32
microsatellite markers, the 128 CNIN(RICLs3A)-DH set
produced the smallest linkage map as shown in Fig. 1.
Similar to the 95 CNN(RICLs3A)-RML (1999-2001)
map composed of 15 RFLP and 5 microsatellite mark-
ers, the current three linkage maps illustrate two signifi-
cant gaps in regions flanked by Xwmc532 to Xbarc86 and
Xbarc1060 to Xgwm497. However, the gap present in the
RML-derived map of the 95 CNN(RICLs3A) 2005-2007
set from Xbarc1060 to Xgwm497 is much larger than that

in the DH-derived map of the 128 CNN(RICLs3A) set.
This indicates that recombination within this region differs
between the RML- and DH-derived CNN(RICLs3A).
The distance from Xbarc1060 to Xgwm497 is 35.8 cM in
the RML-derived map, while the distance is 12.9 ¢cM in
the DH-derived map. The 22.-cM difference between the
RML and DH maps for this interval accounts for most of
the difference in the total lengths of the two linkage maps.
The difference in recombination in this region between
the RML- and DH-derived maps could be a result of
differential population size (128 vs. 95), chance, or some
unknown biological difference between the RML and
DH methods used to develop RICLs in this study. Inter-
estingly, the other major gap present within chromosome
3A (Xwmc532 to Xbarc86) is consistently large in both the
RML- and DH-derived linkage maps. This finding indi-
cates that this region is inherently low in recombination or
has been conserved through breeding. Similar significant
differences in total map length between the population
types derived from the same cross combinations were also
reported, such as, RIL vs. DH in rice (He et al., 2001) and
BC, vs. DH in cotton (Gossypium spp., Song et al., 2005b).

Comparative Power on the Detection of QTL
Displayed by the CNN(RICLs3A) Sets
In the present study we observed that the highest
number of QTL was identified in the combined 223
CNN(RICLs3A) set with more frequent detections across
individual environments than that in the other smaller
subpopulation sets. For seven agronomic traits, 19 QTL
in the 223 CNN(RICLs3A) set were detected compared
with 15 QTL in the 128 CNN(RICLs3A)-DH set, 12
QTL in the 95 CNN(RICLs3A)-RML 2005-2007 set,
and 9 QTL in 95 CNN(RICLs3A)-RML 19992001 set.
Considering data across environments, 12 QTL in the
223 CNN(RICLs3A) set were detected compared with
10 QTL in the 128 CNN(RICLs3A)-DH set, 7 QTL
in the 95 CNN(RICLs3A)-RML 2005-2007 set, and 4
QTL in the 95 CNN(RICLs3A)-RML 1999-2001 set.
As expected, QTL were detected in the greatest num-
ber of individual environments for most of the traits in
the 223 CNN(RICLs3A) set. For example, Region 1
PHT QTL (QPht.unl.3A.1) was detected in six individ-
ual environments in the 223 CNN(RICLs3A) set while
it was detected only in one environment in the 128
CNN(RICLs3A)-DH set, two environments in the 95
CNN(RICLs3A) 2005-2007 set, and was not detected
in the 95 CNN(RICLs3A) 1999-2001 set. Similar results
were also observed with Region 2 GVWT QTL (QGuuwt.
unl.3A.2) and Region 3 KPS QTL (QKps.unl.3A.3).
Darvasi et al. (1993) suggested that the number of lines is
more important than the number of markersin the detection of
increased number of QTL once a reasonable number of mark-
ers has been mapped. The maps of the 223 CNN(RICLs3A),
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128 CNN(RICLs3A)-DH, and the 95 CNN(RICLs3A)-
RML (20052007 trial) sets were composed of the same
32 markers. Thus, we could conclude that the detection of
greater number of QTL in the 223 CNN(RICLs3A) set is
attributable to the larger population size, as expected. By
using the increased number of CNN(RICLs3A), in the cur-
rent study we increased the power to detect QTL, improved
the estimation of QTL effects (in agreement with Vales et al.,
2005; Haley and Andersson, 1997; Kaeppler, 1997, Hackett,
2002), and localized the QTL to smaller segments similar
to the findings by Robin et al. (2003). The increased num-
ber of RICLs in the 223 CNN(RICLs3A) also increased the
reliability of QTL detection (Bernardo, 2004) and enhanced
the resolution supporting the research by Keurentjes et al.
(2007) that an increase in the number of recombinant lines
increases the number of observations of each genotype at a
given genomic position and also increases the recombination
events which can improve resolution.

Common QTL with Other Populations
Generally, it is difficult to make a comparison of QTL
across genetic backgrounds because of the absence of com-
mon markers between studies. However, we were able to
identify a few QTL located in similar genomic locations
directly based on the common markers or indirectly based
on the positions of the relevant markers on the reference
maps. Wang et al. (2009) detected a QTL for grain number
per ear (syn. KPS) at the interval between SSR markers
Xwmc505 and Xwmc264 on chromosome 3A in a Chinese
winter wheat population, which maps near our QTL QKps.
unl.3A.3 close to the marker Xwmc428. Marker Xwmc428 is
positioned between Xwmc505 and Xwmc264 on the micro-
satellite consensus map (Somers et al., 2004). Kumar et al.
(2007) reported a QTL affecting tiller number per plant
(similar to SPSM) close to SSR marker Xgwm720 (genomic
position 44.5 ¢cM from the first marker) on Chromo-
some 3A in an Indian bread wheat population. At a simi-
lar genomic position (45.4 ¢cM) close to the SSR markers
Xwmc664/Xbarc67, we identified a QTL, QSpsm.unl.3A.2.
Cuthbert et al. (2008) reported detection of a QTL affect-
ing days to heading (a trait related to AD) on chromosome
3A located close to the SSR marker Xwmc664 in a spring
wheat population. QTL QAd.unl.3A.2 aftecting AD in our
study was also located close to the SSR marker Xwmc664
(Fig. 1). Conservation of QTL across genetic backgrounds
was also previously reported (Lin et al., 2009; Kumar et al.,
2007; Guzman et al., 2007; Brummer et al., 1997).

CONCLUSIONS

Although our comparison of DH- and RML-derived
CNN(RICLs3A) did show differences in the recombina-
tion events sampled within each population type, it appears
the two methods of RICLs development did not affect
the power to detect QTL significantly. Thus, we think

that the RICLs derived from DHs should be preferred as
their development is simpler than the RICLs derived from
RMLs. Due to the increased number of lines, improved
resolution, and closely spaced markers, new QTL were
identified in the combined 223 CNN(RICLs3A) popu-
lation, and the QTL for GYLD and other related agro-
nomic traits were localized in smaller genomic regions.
Quantitative trait loci explaining a larger portion of phe-
notypic variation influencing most of the agronomic traits
are located in two genomic regions (Region 1 and 2). The
favorable alleles for GYLD, SPSM, GVWT, KPS, and
PHT originated from Wichita and most of them were co-
localized on chromosome 3A, indicating their tight link-
age or pleiotropic effects (of genes). The co-localization
of the favorable alleles originated from Wichita provides
an excellent opportunity for marker-assisted selection for
these traits using a small set of tightly linked markers and
for finer mapping (currently underway).
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