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Abstract Sorghum [Sorghum bicolor (L.) Moench]
landraces from China generally exhibit excellent emer-
gence and seedling vigor under cool conditions, and are
being used as sources of genes for improvement of seedling
cold tolerance in other cultivars. Marker-assisted selection
(MAS) could expedite the introgression of genes from
landraces into elite lines, however, only a few studies have
empirically demonstrated efficacy of MAS for quantita-
tively inherited agronomic traits. In a preceding study we
identified quantitative trait loci (QTL) for early-season
performance in a recombinant inbred (RI) population, one
parent of which was a cold-tolerant Chinese line, ‘Shan Qui
Red’ (SQR). In this study, three SSR markers (Xtxp43,
Xtxp51, and Xtxp211), each representing a QTL, were
tested in two new populations: (Tx2794 x SQR F3) and
(Wheatland x SQR BC;F5). Individual families were
genotyped, and early-season field performance was mea-
sured for two years. Statistical analyses showed that the
SQR allele of Xtxp43 had favorable effects on seedling
vigor in both populations, and on emergence in the Tx2794
population. A large positive effect of the SQR allele of
Xtxp51 was observed in the Tx2794 population for vigor
and emergence. Slight genotype by environment interac-
tion was observed for Xzxp57 in the Wheatland population.
Marker Xtxp211 had small but significant effects on seed-
ling vigor and emergence in both populations. Various
interactions between loci were also significant. This study
validated QTL markers in various genetic backgrounds,
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and demonstrated the utility of MAS for a quantitative trait,
early-season cold tolerance, evaluated in the field.

Introduction

Grain sorghum [Sorghum bicolor (L.) Moench] is an
important crop in many parts of the world, and ranks third
in production among grain crops in the United States,
behind maize (Zea mays L.) and wheat (Triticum aestivum
L.) (FAO 2004). Sorghum originated in tropical and sub-
tropical regions of Africa (Doggett 1988), and is therefore
well adapted to warm growing conditions. Cool tempera-
tures during the early growing season are thus a major
limitation to growing sorghum in the northern United
States and other temperate areas. However, we have
observed that many kaoliang sorghum landraces from
China exhibit higher seedling emergence and greater
seedling vigor under cool conditions than most sorghum
cultivars (Cisse and Ejeta 2003; Singh 1985). These land-
races can be an excellent genetic resource for the
improvement of cold tolerance in sorghum, though they
lack other desirable agronomic characteristics. Directed
introgression of seedling cold-tolerance genes from kaoli-
ang sorghums into elite high-yielding sorghum lines,
without the introduction of undesirable traits from the
donor parents, could be expedited by marker-assisted
selection (MAS).

Genetic markers for quantitative traits are commonly
identified in mapping populations to enhance selection for
cultivar improvement. However, the plant breeding com-
munity recognizes the necessity to validate these putative
quantitative trait loci (QTL) across various genetic
backgrounds before embarking upon marker-assisted
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introgression or selection. Dudley (1993) outlined three
important factors, which determine whether a QTL-mar-
ker association identified in one population will be useful
for selection in a different population. These include the
presence of marker-QTL segregation (i.e., polymorphism
of the QTL and of the marker on which to select), the
linkage phase of the marker and QTL of interest, and
epistatic interactions between the QTL and various other
loci in the new population. Polymorphism of the genetic
markers is easy to determine, but the association of a
given marker with a quantitative trait in a new population
may need to be determined experimentally. Also, other
loci that may interact with the introgressed QTL are
usually not known, but they can affect the magnitude of
expression of the QTL, possibly even obscuring it
completely.

One approach to validating genetic markers across
populations is to develop multiple mapping populations
and perform interval mapping on each to identify QTL,
which are common to two or more populations. Haussmann
et al. (2002) used this approach to map QTL for stay-green
in two populations of sorghum. The donor parent for the
stay-green trait was the same for both populations. They
identified three QTL, derived from the donor parent, that
were common to both populations, and that showed similar
effects across environments. Various other QTL, some
derived from the non-donor sources, were also identified.
Identification of these other, potentially useful, QTL is the
main advantage of this approach. Because repeating an
interval mapping experiment in an entirely new population
to validate QTL may be time-consuming and expensive,
selective genotyping (in which only the phenotypic
extremes of the population are analyzed) has been shown to
be nearly as effective as interval mapping for identifying
QTL (Foolad et al. 2001; Ayoub and Mather 2002). Micic
et al. (2005) used selective genotyping to validate two QTL
for stalk rot resistance in sunflower that had been previ-
ously identified in a different population.

While it is possible to identify corresponding QTL
across populations using various methods, studies that have
directly tested the utility of MAS for quantitatively inher-
ited agronomic traits across populations and/or
environmental conditions have been relatively few. There
are, however, several examples of such studies that are
worth noting (Tanksley and Hweitt 1988; Yousef and Juvik
2002; Zhou et al. 2003). As part of their ground breaking
experiments on the use of molecular markers in selection
for soluble solids and pH in tomato fruit, Tanksley and
Hewitt (1988) tested four markers, representing three
chromosomal segments introgressed from a wild relative.
They found that one of these segments, significantly
associated with increased soluble solids in a previous study
by Osborn et al. (1987), caused a slight increase in soluble
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solids across three populations, while another showed dif-
ferent effects in different genetic backgrounds. They also
found that these introgressed segments tended to negatively
affect fruit pH and other traits, further highlighting the
importance of testing markers prior to their application in
breeding. More recently, Zhou et al. (2003) used simple
sequence repeat (SSR) markers to select for a major QTL
for scab resistance in two different populations of wheat,
and achieved a significant reduction in the percentage of
infected spikelets in families carrying the QTL. Yousef and
Juvik (2002) backcrossed three QTL markers for seedling
emergence into three elite sweet corn inbreds, and then
tested the effects of the markers in the resulting BC,F,
progeny. They found favorable increases in emergence for
two of the markers in all three genetic backgrounds, while
the third marker showed favorable increases in two of the
populations, thus validating the QTL and the utility of
MAS for emergence.

In the first part of this study (Knoll et al. 2007, this
issue), genetic markers associated with seedling emergence
and vigor under cold stress conditions were identified in a
recombinant inbred (RI) mapping population, derived from
a cross between ‘Shan Qui Red’ (SQR), a cold-tolerant
Chinese kaoliang, and SRN39, a cold-sensitive African
caudatum. Three QTL identified in the previous study were
chosen for validation in two segregating populations of
sorghum over two field environments. The QTL and the
SSR markers used to represent them in this analysis were
chosen for several reasons. For two of the QTL studied, on
SBI-02 and SBI-04 [linkage group designations follow
Kim et al. (2005)], the nearest flanking marker was an SSR
(Xtxp211 and Xtxp51, respectively). The QTL on SBI-02
was detected only by composite interval mapping (Zeng
1993, 1994), and the non-Chinese parent SRN39 contrib-
uted the favorable allele. The QTL detected on SBI-04 for
early-sown seedling vigor, near Xtxp51, was only signifi-
cant under simple interval mapping (Lander and Botstein
1989), and SQR contributed the favorable allele. Because
they were only significant under one of the two mapping
models used, and because their favorable alleles were from
different parents, these two QTL were chosen for further
validation. Both simple and composite interval mapping
procedures detected at least one, and perhaps two, QTL on
linkage group SBI-01 for seedling emergence and vigor,
with the favorable allele(s) from SQR. SSR marker Xtxp43
maps to this genomic region. Although several RAPD and
one RFLP marker were also mapped to this region, the SSR
marker was chosen due to the technical simplicity, co-
dominant inheritance, and high level of repeatability of
SSR markers. These particular SSR markers were also
chosen because they showed distinct polymorphisms
between SQR and the other two parents, Tx2794 and
Wheatland.
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Materials and methods
Genetic material

An introduction from China, SQR, selected for its early-
season cold tolerance, was used to generate several seg-
regating populations in cross combinations with other
sorghum lines assembled in our breeding program. Two of
these breeding populations were chosen for this experiment
to validate QTL for early-season cold tolerance identified
in a previous RI population. The first test population was
created by crossing SQR with a cold-sensitive line,
Tx2794. In 2003, approximately 500 random panicles of
the F, generation were selfed to produce a population of
394 F; families. The second population was created by
crossing SQR with ‘Wheatland’, a common commercial
seed parent with moderate early-season vigor. The F; was
backcrossed to ‘Wheatland’ to produce the BC,F; gener-
ation, which was then selfed to produce the BC,F,.
Approximately 500 random panicles of the BC,F, gener-
ation were selfed in 2003 to produce a population of 390
BC,F; families. Each panicle, representing one F; or
BC,F; family from these populations, was individually
threshed and kept for use in this study.

DNA isolation

DNA was isolated from a total of 784 families from the two
populations. A sample of approximately 15-20 seeds was
taken from each of the F; and BCF; families for DNA
analysis. The seeds were pulverized to a fine powder in a
Retsch Mixer Mill MM 200 (Retsch, Haan, Germany).
DNA was isolated from the pulverized seeds by a CTAB-
based mini-prep protocol, similar to the method described
by Stewart and Via (1993) with some modifications. One
ml extraction buffer [175 mM sorbitol, 65 mM Tris,
5.5 mM EDTA, 10 mM sodium bisulfite, 210 mM NaCl,
10 g/l cetyltrimethylammonium bromide (CTAB), and 1%
sarkosyl] pH 8.25 was added to 50-100 mg powdered seed
tissue, was thoroughly mixed and then incubated at 65°C
for 40 min with occasional gentle mixing. Hydrophobic
components and solid material were removed by extraction
with 800-pl chloroform:octanol (24:1), followed by cen-
trifugation. The nucleic acid-containing aqueous phase was
treated with RNase to remove RNA, and then the
remaining DNA was precipitated by addition of 650 pl ice-
cold isopropanol, followed by centrifugation. The super-
natant was discarded and the DNA pellet was rinsed with
70% ethanol, allowed to dry, and was then resuspended in
100 wl TE buffer. Prior to PCR, the DNA was quantified by
using the Hoescht dye fluorescence method in 96-well
plates as described by Held (2001a, b), in a Synergy HT

Multi-Detection Microplate Reader equipped with KC4
data analysis software (Bio-Tek Instruments, Inc, Winoo-
ski, VT, USA).

SSR marker genotyping

Three SSR markers (Xtxp43, Xtxp51, and Xtxp211), whose
primers were developed at Texas A & M University by
Kong et al. (2000) or Bhattramakki et al. (2000), were
analyzed for each sample. Each 25-u1 PCR mixture con-
tained 15 ng template DNA, 0.4 uM each forward and
reverse primer, 0.05 mM each of dATP, dCTP, dGTP, and
dTTP, 1.5 mM MgCl,, 50 mM KCl, 10 mM Tris pH 8.9,
0.01% Triton X-100, 0.02% cresol red dye, 12% sucrose,
and 2.5 U Taq DNA polymerase. Reactions were carried
out in 96-well plates in a PTC-100 Programmable Thermal
Controller (MJ Research, Inc., Watertown, MA) or in a
Primus 96 thermocycler (MWG-Biotech, Inc., High Point,
NC, USA). Reaction conditions were as follows: initial
denaturation at 94°C for 60 s, followed by 35 cycles of
94°C (denaturation) for 10 s, 55°C (annealing) for 35 s,
and 72°C (extension) for 45 s. This was followed by a final
extension at 72°C for 3 min. PCR products were visualized
by electrophoresis in 3% Gene-Pure HiRes agarose (ISC
BioExpress, Kaysville, UT, USA) gels in TBE buffer for
approximately 15 h at 50 V, followed by staining with
ethidium bromide. Each gel included PCR products from
both parents (SQR, and Tx2794 or Wheatland) to facilitate
scoring of the markers.

Field evaluation of seedling vigor
and other agronomic traits

Data on SSR markers thus generated were used to classify
the F; and BC,F; families into 27 different genotypic
classes based on the three possible genotypes at each of the
three marker loci. Five random entries of each genotypic
class were chosen for field evaluation. Where there were
fewer than five entries for a particular genotypic class, two,
three, or four entries were used. In the Wheatland back-
cross population, one genotypic class was not represented
(Table 1). A replicated field trial of progeny families rep-
resenting each of the 27 classes was planted at the Purdue
University Agronomy Center for Research and Education
(ACRE) in West Lafayette, IN on 27 April 2004. A
duplicate sample of seed was placed in cold storage, and
was planted out for a second year trial on 11 April 2005 in
a different field at the same facility. These planting times
are regarded as early for sorghum at this location, and
provided exposure to cool temperatures (Fig. 1). Each
population was sown in a separate experiment, and each
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Table 1 Number of entries evaluated in the field in 2004 and 2005 at
West Lafayette, IN, in two populations of sorghum, for each of the 27
possible marker-genotypic classes

Genotype Population

SQR x
Tx2794 F;

SQR x
Wheatland BCF;

Xtxp43 Xtxp51 Xtxp211

s/s s/s s/s
s/x
X/X
s/x s/s
s/x
X/X
x/X s/s
s/x
X/X
s/x s/s s/s
s/x
X/X
s/x s/s
s/x
X/X
x/X s/s
s/x
X/X
X/x s/s s/s
s/x
X/X
s/x s/s
s/x
X/X
X/X s/s

s/x

A LU L L L L L W L L b L b i b b b i b b b i i e
[V RV SV, BV I IV N N IV, IV, IRV, SRV, IV B I BV Y Y RV BV Y Y BV Y e N

x/X

* Where possible, five entries per genotypic class were sampled
s SQR allele, x Tx2794 or Wheatland allele

experiment was laid out in a randomized complete block
design with three replications. The parental lines were also
included as checks for phenotypic assessment and com-
parison of seedling vigor. A border row of a common
commercial hybrid was planted between each plot, and also
along all edges of the experiment.

Each 5-m experimental plot was sown with 100 seeds.
Data on four early-season traits were recorded. Seedling
emergence (total number of seedlings emerged in each
plot) was counted twice during the early growing season.
Early emergence was counted at approximately 15 days
after planting in both years. A final count was taken at
23 days after planting in 2004 and 43 days after planting in
2005. Seedling vigor scores were assessed three times,
at approximately 10-day intervals throughout the early
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season, rather than only once, to gain a better estimate of
seedling vigor, which may appear to change as the seed-
lings grow. Vigor scores were assessed visually on a scale
of 1-5 in increments of 0.5, with 1 representing very high
vigor and 5 representing very poor vigor, as described by
Maiti et al. (1981). Vigor scores are based on size and
physical appearance of the seedlings, and are not based on
seedling emergence percentages. Stand biomass was
assessed by harvesting the above-ground portion of all
seedlings within the first 1 m of each plot approximately
30 days after planting in 2004, and 45 days after planting
in 2005, and then measuring the total dry mass. This
measurement is reflective of seedling emergence, survival,
and growth. The plants generally emerged and grew more
slowly in 2005 due to the colder, drier conditions (Fig. 1),
so they were allowed to grow longer before the final
emergence was counted and biomass was harvested.

Other agronomic traits were also measured. Flowering
time (when half the panicles in the plot showed dehisced
anthers halfway down the panicle) was determined for each
plot. Average plant height, measured to the nearest 5 cm
for each plot, was assessed at maturity. Grain yield was
recorded on the middle 3 m of each plot, with panicles
harvested by hand and later dried at approximately 35°C
with forced air circulation for one week. The dried panicles
were bulk-threshed in a Low Profile Plot Thresher (AL-
MACO, Nevada, IA, USA), and the grain from each plot
was weighed, and recorded as plot grain yield. A small
subsample of grain was saved from each plot to determine
1,000-grain weight.

Data analysis

The first, second, and third vigor score readings were
analyzed separately, and an average of the three was also
analyzed. Despite averaging, vigor scores still have a non-
linear, but ordinal, nature, which suggests that a rank-based
transformation may be appropriate to improve the analysis.
One such transformation is the van der Waerden transfor-
mation, which fits ordinary ranks to a normal distribution
(Conover 1999). It has been suggested that the use of
normal scores, instead of ordinary ranks, allows for the
analysis of interactions (Conover 1999; Mansouri and
Chang 1995). In SAS v. 9.1 (SAS Institute 2003), the
PROC RANK procedure was applied to rank the vigor
scores; tied ranks were assigned an average (midrank)
value, which is the default for this procedure in SAS. The
NORMAL = VW option was selected to generate van der
Waerden (normal) scores from the ranks. This option fits
the ranks to a standard normal distribution with mean
1 ~ 0 and standard deviation ¢ ~ 1.
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An analysis of variance (ANOVA) was applied to the
early-season data to determine the effects of the markers
with respect to emergence, vigor, and biomass. Using the
PROC GLM procedure in SAS, the following linear model
was applied in which all independent variables were treated
as categorical, rather than quantitative:

y= u+Y+R(Y)+M; +M; +M; +MM, +MM;
+MM; + MiM;M; + FMM,M;3) + YM; + YM,
+YM3+---+e¢

where y is the dependent variable (emergence, normalized
vigor score, or biomass), i is the overall mean, Y indicates
the year effect, R(Y) is the replication nested within year,
M, is the effect of the first marker (Xtxp43), M, is the
effect of the second marker (Xtxp517), and Mj is the effect
of the third marker (Xzxp21I). Each marker has three
possible genotypes. F(M;M;M3) is the effect of the indi-
vidual F3z or BC,F; families, which is nested within the
three-way marker interaction term. The three-way marker
interaction represents the 27 genotypic classes. The error
term is represented by &. The other higher-order interac-
tions between multiple markers and year were also
included in the model. This model is similar to that used by
Yousef and Juvik (2002). Data from the parental lines were
not included in these analyses. Correlations between early-
season seedling traits and agronomic traits within the

25-Apr 2-May 9-May 16-May 23-May
2005

populations were calculated using the PROC CORR pro-
cedure in SAS. Correlations were calculated using
untransformed data.

Results

Seedling vigor scores were assessed three times during the
early season. Each was analyzed separately, and the aver-
age of the three was also analyzed. The results of the
analyses of variance were very similar for each of the three
readings and for the averaged scores. A high degree of
correlation was found between the first, second, and third
vigor scores (R > 0.52). Slightly higher R* values were
obtained from ANOVA when the average of the three vigor
scores was used. In this study the rank-based van der
Waerden transformation (Conover 1999) was used to
analyze vigor scores. Ranking can be performed within
replicates or years, analogous to the Friedman test (Co-
nover 1999), or over the entire experiment. In this study
analysis of normal scores, whether ranked within years,
replications, or over entire experiments, gave nearly iden-
tical results as analysis of untransformed vigor scores (data
not shown), most likely because the distributions of the raw
vigor scores were reasonably close to normal. Analysis of
the normal scores, however, yielded slightly higher R?
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values than the untransformed data, indicating a slightly
better fit to the model.

Tx2794 x SQR F; population

ANOVA showed a significant year effect for seedling
biomass and 15-day emergence, but not for final emer-
gence or seedling vigor, in the Tx2794 population
(Table 2). Planting was 16 days earlier, and growing
conditions were generally colder and drier, in 2005 than
in 2004 (Fig. 1), resulting in an overall decrease in
seedling biomass in 2005. Although there was an overall
effect of year on most traits, the data from 2004 and 2005
are highly correlated with each other, as shown in
Table 3. Markers Xtxp43 and Xtxp5] had significant
effects on all four early-season traits, with Xtxp51 having
the greater effect on 15-days emergence, final emergence,
and biomass. These two markers had similar effects on
seedling vigor score (Table 4). SQR-derived alleles of
both markers were associated with more favorable values
for all four traits. Marker Xtxp2/1 had a small but

significant effect on seedling vigor. Lower vigor score
(improved vigor) was associated with the SQR allele at
this locus (Table 4). A slight effect on final seedling
emergence was also noted, again favoring the SQR allele
for this marker. The effect of Xtxp211 on 15-days emer-
gence was very small and was not significant for stand
biomass (Tables 2, 4).

The interactions of Xtxp43 and Xtxp51 with respect to
all early-season traits were highly significant (Table 2).
The highest emergence counts (at 15 days or final count)
were observed among F3 families that were homozygous
for the SQR allele (s/s) at both markers (43.3% in 2004 and
43.9% in 2005 at final count), or that were s/s at one marker
and heterozygous (s/t) at the other (36.5-44.6% at final
count, Fig. 2a). The lowest emergence counts were
observed among entries lacking SQR alleles at these two
markers (20.1% in 2004 and 20.7 in 2005 at final count,
Fig. 2a). The lowest vigor scores were associated with F3
families that were s/s for Xtxp43 and s/s or s/t for Xtxp51
(—0.907 to —0.381, expressed as normal scores, Fig. 2a).
The highest vigor scores (associated with poorest seedling
vigor) were observed among entries lacking SQR alleles at

Table 2 Mean squares for four seedling traits in two populations of sorghum grown at West Lafayette, IN in 2004 and 2005

Source Tx2794 population Wheatland population

df 15-days 40-days Vigor® Biomass df  15-days 40-days Vigor® Biomass

emergence emergence emergence emergence

Y 1 9,699.44%%% 214.78 NS 0.294 NS 18.431*** ] 68,418.64%**  10,995.07*%*  12.255%** ©3.777***
R(Y) 4 468.33 45.03 NS 0.505 NS 2.338*** 4 76.53 NS 580.55%** 4.048%**  ].514%**
M, 2 1,649.32 2,308.07%** 21.101%*%* 1.007** 2 426.57** 455.18%* 7.760%*%*  0.238 NS
M, 2 8,893.70 15,996.55%#%  5]1.122%%% 8 147*%* 2 625.57%%% 646.15%#* 0.761 NS 0.016 NS
M; 2 275.32 601.46%* 3.660%** 0.417 NS 2 229.22% 159.44 NS 9.293***  (0.750 NS
M; xM, 4 821.40 1,089.64%**  5588*kk (.631%* 4 799.21%%* 1,029.36***  2.287**  0.412 NS
M, xM; 4 697.21 562.68%* 4.420% %% 0.803%** 4 660.54%#* 646.377%* 3.339%#*  (0.594 NS
M, xM; 4 350.97 624.48%** 1.656*%*  0.168 NS 4 218.64%* 530.31%** 1.590% 0.830*
M; xM;xMj3 8 298.98 395.92%** 3.791%%%  0.468%*F 7 577.43%%* 879.13** 1.796%*  0.574 NS
FM;xM;xM3) 104 449.55 680.90%** 2.275%*%%  0.406%*%* 96  357.15%** 425.42%*%* 2.584%%* (). 720%**
Y xM, 2 59.85 53.96 NS 0.509 NS 0.003 NS 2 136.95 NS 93.57 NS 0.055 NS 0.075 NS
Y xM, 2 50.39 181.82 NS 0.861 NS 0.226 NS 2 267.12* 54.08 NS 2.674%*  0.080 NS
Y xM; 2 26.08 51.09 NS 0.126 NS 0.100 NS 2 34.70 NS 54.48 NS 0.199 NS 0.049 NS
Y xM; xM, 4 188.70 196.62 NS 1.166* 0.371* 4 56.51 NS 56.24 NS 0.764 NS  0.230 NS
Y xM; xM; 4 182.20 221.84% 0.864 NS  0.359* 4 218.65% 271.23%%* 1.654* 0.175 NS
Y xM, xMj 4 24.05 113.96 NS 0.361 NS 0.158 NS 4 85.02 NS 93.47 NS 0.315 NS 0.359 NS
YxM;xM,xM; 8 130.87 87.88 NS 0.990%* 0.190 NS 7 216.23%%* 141.84%* 1.066 NS 0.371 NS
Error 611 85.10 91.02 0.435 0.150 572° 67.89 65.72 0.552 0.304
R? 0.641 0.691 0.647 0.536 0.773 0.678 0.549 0.500

Y year, R replicate, M1 Xtxp43, M2 Xtxp51, M3 Xtxp211, F F2:3 or BC1F3 family, NS not significant
* %% and *** indicate significance at o = 0.05, 0.01, and 0.001, respectively

* Vigor scores were averaged over three readings and then transformed to normal (van der Waerden) scores

" Error df for biomass in Wheatland population = 555 due to missing data points
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Table 3 Pearson correlation coefficients (R) of trait values between
years 2004 and 2005 within the two test populations

Trait Population
Tx2794 x SQR Wheatland x SQR
F; BC,F;
15 days % 0.679 0.565
emergence
Final % emergence 0.762 0.658
Seedling vigor score 0.695 0.576
Seedling biomass 0.565 0.411
Flowering time 0.794 0.763
Mature plant height 0.865 0.870
Grain yield 0.714 0.616
1,000-grain weight 0.799 0.883

All correlations were significant at o < 0.001

these two loci (0.993 in 2004 and 0.728 in 2005, expressed
as normal scores, Fig. 2a). The greatest biomasses were
observed among F; families that were homozygous for the
SQR alleles of both of these markers (1.17 g in 2004 and
0.74 g in 2005). In 2004, however, those families that were
t/t homozygous for Xtxp43 and heterozygous for Xtxp51
showed statistically similar, though still lower, biomasses
(0.99 g, Fig. 2a). High biomasses were also observed in the
families that were s/s homozygous at one marker and
heterozygous at the other (0.87-0.93 g in 2004 and 0.55—
0.64 g in 2005, Fig. 2a). The interactions between single
markers and years (i.e., genotype by environment interac-
tions) were not significant for any early-season traits,
including biomass, though some interactions between
multiple markers and years were slightly significant at
o = 0.05 (Table 2). In general, three-way interactions ten-
ded to favor a greater number of SQR alleles at multiple
loci with respect to higher emergence, lower vigor scores,
and greater biomass. The lowest emergence counts, highest
vigor scores, and lowest biomasses were all observed
among the F; families that completely lacked any SQR
marker alleles (Fig. 3), affirming the robustness of these
markers in this population.

Wheatland x SQR BC,F; population

In the Wheatland backcross population, Xtxp43 showed a
significant effect for seedling vigor with homozygosity of
the SQR marker allele associated with better seedling
vigor. However, it also appeared to have a slight negative
effect on final seedling emergence percentage, although
this did not significantly affect stand biomass (Table 4).
Marker Xtxp2l1 showed significant effects on seedling
vigor, 15-days emergence, final emergence, and biomass,

Table 4 Means for seedling traits, based on QTL marker genotypes
in two population of sorghum grown at West Lafayette, IN in 2004
and 2005

Tx2794 x SQR Fs

Marker Genotype® Emergence Vigor Biomass
% at 15 % Final Normal g
days Score®
Xtxp43 it 23.05a 31.16 a 0.261 a 0.609 a
s/t 24.50 a 33.63b 0.063 b 0.619 a
s/s 28.03 b 3695¢c —0317¢ 0.728 b
Xtxp51 it 18.61 a 2499 a 0496 a 0.460 a
s/t 2729 b 37.50b —0.179 b 0.695 b
s/s 29.89 ¢ 3950 c —0.327 ¢ 0.807 ¢
Xtxp211 t/t 2432 a 3258 a 0.084 a 0.615 a
s/t 25.68 a 3436  0.018 ab 0.667 a
ab
s/s 25.63 a 3492b —0.106 b 0.674 a
Wheatland x SQR BC;F3
Marker Genotype® Emergence Vigor Biomass

% at 15 days % Final Normal score” g

Xtxp43  wiw 26.81 a 36.62a 0.103a 0.894 a
s/w 2578 a 3424b 0.060 a 0.899 a
s/s 27.46 a 35.66 ab —0.194 b 0914 a

Xtxp51  wiw 2779 a 3506a —0.012a 0912 a
s/w 2491 b 34.18a 0.041 a 0.890 a
s/s 2737 a 37.85b —0.041 a 0.902 a

Xtxp211 wiw 26.72 ab 35.39 ab —0.004 a 0.893 ab
s/w 28.05 a 3691a —0.232b 0.985 a
sls 25.12b 34.10b 0.228 ¢ 0.826 b

Within markers, means with the same letter are not significantly
different when tested using Tukey’s Studentized Range (HSD) test at
o =0.05

% s Shan Qui Red allele, r Tx2794 allele, w Wheatland allele

° Lower score indicates more vigorous seedlings

though in each case the heterozygous class appeared have
the most favorable trait expression.

Significant year effects were observed for all four early-
season traits in this population (Table 2). The average
emergence at 15 days or final count was lower in 2005 than
in 2004. Average biomass was also less and average vigor
scores were higher in 2005. As in the Tx2794 population,
data between years were highly correlated (Table 3), and
most interactions between markers and year were small or
not significant (Table 2). However, the interaction between
Xtxp51 and year was slightly significant for 15-days
emergence and seedling vigor (P = 0.020 and P = 0.008,
respectively). In 2004, an increase in the number of SQR
alleles at this locus was associated with a slight
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Fig. 2 Mean values for early-
season seedling traits for
varying genotypes at both
Xtxp43 and Xtxp51 or Xtxp211
marker loci in the

Tx2794 x SQR F; (a) or the
Wheatland x SQR BC,F; (b)
population of sorghum at West

Lafayette, IN in 2004 and 2005.

(s Shan Qui Red allele, ¢
Tx2794 allele, w Wheatland
allele.). Error bars represent
one standard deviation of the
mean
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Fig. 3 Mean values for early-season seedling traits for all possible
genotypes at the three QTL marker loci (Xtxp43, Xtxp51, and
Xtxp211) in the two populations of sorghum (Tx2794 x SQR F; and

improvement in seedling vigor, but in 2005 improved vigor
was associated with the Wheatland allele. A similar inter-
action was observed for 15-days emergence. In 2004 the
highest emergence at 15 days was observed among the
SQR homozygotes of Xtxp51, but in 2005, homozygotes of
the Wheatland allele were favored. The main effect of
Xtxp51 taken across both years; however, was not signifi-
cant for vigor, but it was significant for 15-days emergence
(Tables 2, 4). Marker Xtxp51 had a more definite effect on
the final emergence count. Higher final emergence was
associated with homozygosity of the SQR allele at Xtxp51.
However, this marker had no apparent effect on seedling
stand biomass.

Marker Xtxp43 showed significant interactions with the
other markers in the Wheatland backcross population,
with respect to vigor and emergence. The highest

A sfx .,
i [
sis B ]
A she
e
0o 02 04 06 08 10 12

Biomass (g)

Wheatland x SQR BC;F;) at West Lafayette, IN in 2004 and 2005.
(s Shan Qui Red allele, x Tx2794 or Wheatland allele. Note: s/s, s/s, x/
X genotype was not represented in the Wheatland population)

emergence counts at 15 days and final count were
observed among the families that were homozygous for
the SQR alleles of both Xtxp43 and Xtxp51 (50.7% in
2004 and 43.9% in 2005 at final count, Fig. 2b), or that
were homozygous for the SQR allele at Xfxp43 and het-
erozygous for Xtxp211 (46.7% in 2004 and 34.3% in 2005
at final count, Fig. 2b). Surprisingly, lowest emergence
counts were observed among the families that were s/s for
Xtxp43 and w/w for Xtxp51 (36.3% in 2004 and 29.2% in
2005 at final count, Fig. 2b). The lowest seedling vigor
scores were observed in the families that were homozy-
gous for the SQR allele of Xzxp43 and heterozygous for
Xtxp211, especially in 2005 (—0.788 in 2004 and —0.517
in 2005 expressed as normal scores, Fig. 2b). High vigor
scores (indicative of poor seedling vigor) were observed
in families that were heterozygous at Xtxp43 and
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Table 5 Pearson correlation coefficients (R) between various traits within years for two population of sorghum grown at West Lafayette, IN in

2004 and 2005

15-days Final Seedling Biomass Flowering  Height Yield
emergence emergence vigor time

Tx2794 x SQR F3 2004 Final emergence 0.955%**

Seedling vigor —0.846%**%  —(.823%**

Biomass 0.644%*%*  (0.628%**  —(0.700%**

Flowering time —0.423%%%  —(0.392%*% (.509%**  —(.337***

Height 0.430%**  0431%**  —0.526%** (.404%**  —(.235%**

Yield 0.609%**  0.632%**  —(0.670*** (0.498***  —(.383%** (.587 ***

1000-grain weight —0.265%** —0.295%** (.130%* NS 0.126* 0.244 *#*% NS

2005 Final emergence 0.807%#%%*

Seedling vigor —0.707#%%  —0.707*%*

Biomass 0.637***  0.678%**  —(0.695%**

Flowering time —0.395%%%  —0.470%** (0.395%**%  —(.347***

Height 0.340%**  0.214%**  —(0.333%** (.26]1*** NS

Yield 0.442%%%  (0.425%%%  —0464%** (0315%**  —0.254%%*F  (.560%**

1000-grain weight —0.165%*  —0.324*** NS —0.102* 0.171%**  0.294**% (.108 *
Wheatland x SQR BC;F; 2004 Final emergence 0.964#%%*

Seedling vigor —0.762%%%  —(.728%%*

Biomass 0.554%**  (0.541%**  —(0.64]1%**

Flowering time —0.388*#%  —(0.369%** (.454%**%  —(.280%**

Height 0.247***  0.238***  —(0.330%** (.253*%** NS

Yield 0.400%**  0.390%**  —(0.378%** ().]73%* —0.204%#%% (.368 ***

1000-grain weight ——0.292%#* —(.315%** (.115% NS 0.237#**  0.196%***  (.124*

2005 Final emergence 0.705%%%*

Seedling vigor —0.635%**  —(.592%**

Biomass 0.493***  (.586%**  —(.548%**

Flowering time —0.329%%%  —(.322%%% (.303%**  —(0.195%**

Height NS NS —0.180*** NS 0.327%%*

Yield 0.251%*%*  0.205%**  —(.252%** (),123%* NS 0.306%**

1,000-grain weight —0.189%#* —(0.292%** NS NS 0.286***  (0.223%**  (.129%*

NS not significant

* **% and *** indicate significance at o = 0.05, 0.01, and 0.001, respectively

homozygous s/s for Xtxp211 (0.289 in 2004 and 0.379 in
2005, expressed as normal scores, Fig. 2b). However, in
2005 the highest vigor scores were found in the families
that were w/w for Xtxp43 and s/s for Xtxp21l (0.444,
normal score, Fig. 2b). Three-way marker interactions
were also significant in this population. The highest
emergence percentages at 15 days or final count were
observed among the families that were homozygous s/s at
Xtxp43 and Xtxp51. However, the families lacking any
SQR alleles at any markers showed similarly high
emergence. Most other families carrying only one or two
SQR marker alleles had lower emergence (Fig. 3). A
similar pattern was observed for seedling vigor, but the
differences between the classes were not as significant,
and several other classes had similarly low vigor scores

@ Springer

(Fig. 3). The three-way marker interaction for biomass is
not significant in this population (Table 2).

Correlations among traits

All early-season traits (15-days and final emergence, vigor
scores, and stand biomass) were highly correlated with
each other in both populations in both years. Fifteen-day
and final emergence percentages were always very highly
correlated (R > 0.705). Seedling vigor scores, though not
based upon seedling emergence, were also highly corre-
lated with this trait. The correlation between vigor and
emergence was generally higher in the Tx2794 population
than in the Wheatland population. Significant correlations
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were also observed between early-season traits and other
agronomic traits. Emergence, seedling vigor, and biomass
were correlated with eventual grain yield, but more
strongly so in the Tx2794 population. Correlations between
1,000-grain weight and other traits were generally weak or
not significant (Table 5).

Discussion

All three QTL markers were shown to retain influence in
different genetic backgrounds than the one in which they
were initially identified. In the original QTL analysis, the
SQR allele of Xtxp43 was shown to favor seedling emer-
gence and seedling vigor. In this study, the effect of Xzxp43
on seedling vigor and emergence was validated in the
Tx2794 background under early-season planting. This
effect was further confirmed by the positive effect of
Xtxp43 on stand biomass. This marker will be useful for
introgressing early-season cold tolerance from SQR into
Tx2794. This marker also showed significant effects for
vigor and emergence in the Wheatland background, though
its effects were not as pronounced as in the Tx2794 pop-
ulation. There may be a slight negative effect of the SQR
allele on emergence, but it has a favorable effect on
seedling vigor. Also, it shows favorable interactions with
the other two markers.

Marker Xtxp51 showed the greatest effect in the Tx2794
background, where the homozygote of the SQR allele
exhibited superior seedling vigor, 15-days emergence, final
emergence, and stand biomass. This was unexpected
because this marker was not significant for emergence in
QTL analysis of the original RI population. The effect of
this marker (Xzxp51) in the Wheatland background was,
however, not as clear. It had a slight effect on emergence,
with the SQR allele positively associated with final emer-
gence. The main effect of this marker was not significant
for seedling vigor, but there was a small but significant
interaction between Xzxp5/ and year for seedling vigor in
the Wheatland background. In 2005, which was colder, the
SQR allele was associated with decreased seedling vigor,
and the opposite effect was observed in 2004, which was
warmer. This genotype by environment interaction
obscured the main effect in the analysis of variance. In the
original QTL analysis, the SQR allele of this QTL was
associated with improved seedling vigor under early
planting, but not for late planting. This QTL appears to be
highly influenced by temperature in some genetic back-
grounds, but given the magnitude of its effect in the
Tx2794 background, selection for the SQR allele at this
marker should result in a significant improvement in
emergence, seedling vigor, and seedling biomass, at least in
this background.

Marker Xtxp211 showed relatively small, but statisti-
cally significant, effects in both genetic backgrounds. An
effect on seedling vigor and final emergence in the
Tx2794 background was noted, but the SQR allele was
favored for both of these traits, which is contrary to
previous findings in the RIL mapping population (Knoll
et al. 2007, this issue), in which decreased emergence was
associated with the SQR allele at this locus. However, in
the Wheatland background, the SQR-homozygotes of
Xtxp211 had the highest vigor scores (indicative of poor
seedling vigor), lowest emergence (15-days or final), and
lowest biomasses. Curiously, though, the heterozygote
was slightly favored for all these traits. Overall, the effect
of Xtxp211 is relatively small compared to the other two
markers, and it is unlikely that selection at this marker
will result in a significant improvement in early-season
performance.

As expected, many three-way marker interactions were
significant. Because there are 27 possible genotypic clas-
ses, the interpretation of these interactions is somewhat
difficult to summarize. However, in the Tx2794 population,
three-way interactions tended to reinforce the conclusions
drawn from the two-way interactions. In general, higher
emergence, lower vigor scores, and greater biomass were
associated with a greater number of SQR alleles at multiple
loci. This trend was similar in the Wheatland population,
with multiple SQR alleles being favored. There was one
major exception: the triple homozygotes of the Wheatland
allele tended to perform as well as the families carrying
many more SQR alleles at multiple loci. In contrast, in the
Tx2794 population, those families lacking any SQR alleles
consistently performed very poorly, as expected. Although
the three QTL have a significant effect on seedling per-
formance, there are probably other unidentified QTL that
control a large portion of the variability between F5 and
BC,F; families. Small sample sizes may have contributed
to the variability seen in the three-way marker interactions.
At most five families were represented in each three-way
genotypic class, whereas up to 15 individual families were
represented in each two-way marker class, and up to 45
families were represented in each sample when only one
marker was analyzed. Thus, the performance of multiple
markers in combination may require further verification
with more individual families represented or in a more
advanced backcross generation where the genetic back-
grounds between families would otherwise be more
uniform.

Our observation that some QTL-associated markers
affect multiple seedling traits is supported by the fact that
the early-season traits (15-days and final emergence, vigor
scores, and stand biomass) were highly correlated with
each other. These early-season traits were also significantly
correlated with several other agronomic traits, which may
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have significant implications in breeding. For example,
emergence, seedling vigor, and biomass were strongly
correlated with eventual grain yield. This positive corre-
lation is most likely a reflection of early-season stand
establishment, not necessarily individual plant yield
potential, and it highlights the importance of improving
early-season performance to enhance eventual crop pro-
ductivity. Correlations between 1,000-grain weight and
yield were generally weak or not significant. In this study
there were many plots in which the number of plants was
below the optimum density. In these plots grain yield was
more dependent upon plant number (i.e., emergence) than
grain size. Correlations between some traits were not
completely consistent across populations and environ-
ments. For example, mature plant height was significantly
associated with all early-season traits in both populations in
2004, but in 2005 the correlations between mature plant
height and early-season traits were weak or not significant
in the Wheatland population. The correlation between
mature plant height and flowering time was also not con-
sistent. The correlations between 1,000-grain weight and
various other traits were also inconsistent, possibly due to
environmental variation during the grain-filling stage. The
fact that correlations are not always consistent across
populations and environments is indicative of the envi-
ronmental variability and genotype by environment
interactions associated with these traits. This is not unex-
pected with quantitative agronomic traits.

Overall, the effects of the QTL-associated markers were
more pronounced in the SQR x Tx2794 F; population
than in the SQR x Wheatland BC;F; population. One
reason for this difference is probably due to the greater
difference in cold tolerance between the parents in the first
population. Tx2794 shows lower emergence and is much
less vigorous in the seedling stage than Wheatland. The
effects of the QTL from SQR may be obscured more in the
Wheatland background due to its moderate level of cold
tolerance. Also, the effects of the QTL were observed in
the BCF; generation in the Wheatland background, and
the F,.3 in the Tx2794 background. However, we do not
suggest any effect of these generation differences on the
ability to validate markers, as the genetic backgrounds of
the two populations are so different.

Nonetheless, this study has shown that the effects of
QTL can be validated in F,- or BCF,-derived segregating
populations. This approach is similar to that used by Yo-
usef and Juvik (2002), who validated three QTL for
seedling emergence in three different BC,F; populations of
sweet corn in multiple environments, though our ANOVA
model was slightly different. A straightforward ANOVA
model can be used to test the main effects of selected QTL-
associated markers, while also identifying potentially
important interactions between loci, or genotype by
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environment interactions when tests are conducted in
multiple years or locations. This method could be extended
to virtually any generation of segregating material,
including advanced backcross generations, and could also
be used to validate markers in selectively genotyped
(Foolad et al. 2001; Ayoub and Mather 2002; Micic et al.
2005) or bulked-segregant (Michelmore et al. 1991;
Darvasi and Soller 1994) populations.
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