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Abstract Cool temperatures during the early-growing
season are a major limitation to growing sorghum [Sorghum
bicolor (L.) Moench] in temperate areas. Several landraces
from China have been found to exhibit higher emergence
and greater seedling vigor under cool conditions than most
breeding lines currently available, but tend to lack desirable
agronomic characteristics. The introgression of desirable
genes from Chinese landraces into elite lines could be
expedited by marker-assisted selection. Using a population
of 153 RI lines, developed from a cross between Chinese
landrace ‘Shan Qui Red,” (SQR, cold-tolerant) and SRN39
(cold-sensitive), QTL associated with early-season perfor-
mance under both cold and optimal conditions were
identified by single marker analysis, simple interval map-
ping (SIM), and composite interval mapping (CIM).
Germination was observed under controlled conditions, and
other traits were measured in field plantings. Two QTL for
germination were identified: one on linkage group SBI-03a,
derived from SRN39, was significant under cold and opti-
mal temperatures. The other, on group SBI-07b, showed
greater significance under cold temperatures and was con-
tributed by SQR. A region of group SBI-Ola, derived from
SQR, showed strong associations with seedling emergence
and seedling vigor scores under early and late field plant-
ings. A QTL for both early and late emergence was
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identified by CIM on SBI-02 which favored the SRN39
allele. SIM identified a QTL for early vigor on SBI-04
favoring the SQR genotype. Further studies are needed to
validate the effects of these QTL, but they represent the first
step in development of a marker-assisted breeding effort to
improve early-season performance in sorghum.

Introduction

Sorghum [Sorghum bicolor (L.) Moench] originated in
tropical and subtropical regions of Africa (Doggett 1988)
and is therefore well adapted to warm growing conditions. It
is an important grain crop in many parts of the world,
including the United States. Because of its tropical origins,
cool temperatures, especially during the early growing
season, are the major limitation to sorghum cultivation in
the northern United States and other temperate areas (Al-
egre de la Soujeole and Miller 1984). The ability of
sorghum to withstand many other abiotic stresses, such as
drought, would otherwise make it an ideal crop for many
temperate locations in the northern United States. The
development of sorghum cultivars with improved early-
season cold tolerance would allow expansion of sorghum to
these more northerly latitudes and would also allow for
earlier planting in areas where it is currently being grown
(Yu and Tuinstra 2001). Improved emergence and early-
season vigor would enable better stand establishment, and
protect against loss of seedlings during unexpected cold
periods in late spring. Because plant population and spacing
have been shown to affect grain yield (Willey and Heath
1969), improvement in stand establishment and early-sea-
son survival should ultimately lead to higher and more
reliable yields of grain sorghum in temperate locations.
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Although most of the available sorghum germplasm is
of tropical origin, some sorghums have evolved in isolation
in temperate regions of China. These sorghums, referred to
as ‘kaoliangs,” tend to exhibit higher seedling emergence
and greater seedling vigor under cool conditions than most
other sorghum varieties (Cisse and Ejeta 2003; Singh
1985). Sorghum was most possibly introduced to China
through trade with India, perhaps as early as 4,000 years
ago (Doggett 1988). In China, natural selection under the
temperate environment resulted in evolving the kaoliangs
into a distinctly unique group of landrace sorghum culti-
vars. These landraces form an excellent genetic resource
for the improvement of cold tolerance in sorghum (Yu and
Tuinstra 2001; Franks et al. 2006). However, many of these
cold tolerant Chinese varieties lack favorable agronomic
characteristics, such as short stature and disease resistance,
required for sorghum to be grown in the United States. To
harness the potential of these Chinese landraces for cold
tolerance improvement would likely involve intensive
backcrossing and selection to eliminate the undesirable
traits of the donor parents and to recover the desired cold
tolerance characteristics. Marker-assisted breeding could
be used to direct the introgression of seedling cold toler-
ance genes from kaoliangs into elite high-yielding lines
while minimizing the introduction of other undesirable
traits from the donor parents.

The objective of this research is to use kaoliang germ-
plasm to improve early-season performance of grain
sorghum for cultivation in temperate areas through marker-
assisted selection and breeding. To identify genetic mark-
ers associated with quantitative trait loci (QTL) for
seedling vigor traits under cold stress conditions, a
recombinant inbred (RI) mapping population was devel-
oped from a cross between the Chinese kaoliang ‘Shan Qui
Red” (SQR) and an African caudatum SRN39. SQR
exhibits high emergence and vigorous seedling growth
under cold temperatures, while SRN39 performs poorly
under early-season cold stress (Cisse 1995). In a previous
study, Gunaratna (2002) observed that seedling vigor traits
under cold stress appear to be under similar genetic control
as those observed under more optimal temperatures. In this
study, we performed separate QTL analyses for germina-
tion, field emergence, and seedling vigor under both cold
and more optimal conditions to test this hypothesis, and to
identify markers associated with these traits.

Materials and methods
Genetic material

A recombinant inbred (RI) population of sorghum was
created by crossing ‘Shan Qui Red’ (SQR), a Chinese
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kaoliang, with SRN39, a caudatum of African origin. The
F, generation of the cross was selfed to produce an F,
population from which individual F, plants were then
advanced through subsequent generations using the single-
seed descent method of plant breeding. Advanced genera-
tions were maintained through selfing and bulking the seed
from each line after the Fq generation (Cisse and Ejeta
2003). Seed of the parental lines and the RI progeny were
maintained in a common nursery.

Measurement of phenotypic traits

Germination percentage was measured in controlled con-
ditions for 146 RI lines, both at optimal (30°C for 8 h/20°C
for 16 h) and cold (13°C constant) temperatures. The
optimal temperature regime is recommended by the Asso-
ciation of Official Seed Analysts (AOSA 1999).
Germination under optimal temperature was measured in
two replicates in a completely randomized design, and
germination under cold temperature was measured in four
replicates in a randomized complete block design (blocked
by time). In each replicate, 100 seeds of each parent and RI
line were treated by soaking overnight in 5% (w/v)
suspension of captan {N-[(trichloromethyl)thio]-4-cyclo-
hexane-1,2-dicarboximide} fungicide. They were then
rinsed with distilled water and placed on moistened What-
man No. 1 filter paper in 100 x 15 mm polystyrene Petri
dishes. These were maintained at the proper temperatures in
dark Conviron E15 growth chambers (Controlled Environ-
ments, Ltd., Winnipeg, Manitoba) at maximum relative
humidity. The filter papers were moistened throughout the
experiment as needed. Emergence of the radicle from the
seed was counted as a successful germination. Final ger-
mination was counted 7 days after sowing for the optimal
test and at 14 days for the cold test (Gunaratna 2002).

Percent emergence was measured in the field under early
(cold) and late (warmer) planting in three successive years
(1998-2000) at the Purdue Agronomy Center for Research
and Education (ACRE) in West Lafayette, IN. A larger set
of RI lines (177 entries) and both parents were evaluated in
the field for cold tolerance and other agronomic charac-
teristics. Each planting consisted of two replicates, planted
in a randomized complete block design (blocked by loca-
tion in the field). One hundred seeds were planted in each
experimental plot. Final percent emergence was deter-
mined as the number of emerged seedlings 40 days after
planting. Seedlings were scored for vigor in the field. Vigor
scores were assessed visually on a scale of 1-5, 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.



Theor Appl Genet (2008) 116:577-587

579

In all, six sets of phenotypic data (germination at cold
temperature, germination at optimal temperature, early
field emergence, late field emergence, early vigor score,
and late vigor score) were analyzed in this study.

Data analysis

Statistical analyses of the phenotypic data were performed
using SAS v. 8.0 (SAS Institute 2001). Prior to analysis, the
germination data were transformed to improve the homo-
geneity of error variances using the following formula:

Y' = arcsin(VY)

where Y is the percent germination. For germination at
optimal temperature (two replications, completely
randomized design) the following ANOVA model was
applied using PROC GLM in SAS:

YVi=p+ot+eg;

where Y; is the jth observation of the ith genotype, p is the
overall experiment mean, o; is the effect of the ith
genotype, and ¢; represents the normally distributed
random error. Other traits were analyzed using
randomized complete block designs. For germination at
cold temperature (four replications) and emergence in the
field at normal planting (one planting and two replications),
the following model was used

Yj=pu+oi+pi+e

where Y; is the observed value for the ith genotype in the
jth block, p is the overall experiment mean, «; is the effect
of the ith genotype, f; is the effect of the jth block, and &;
represents the normally distributed random error. For all
other field data, multiple plantings were analyzed and the
following model was used:

Ylj:y+0(i+ﬂj+yk+(ay)ik+8ijk

where Yjj is the observed value for the kth genotype in the
jth block in the ith planting, p is the overall experiment
mean, «; is the effect of the ith planting, ;) is the effect of
the jth block nested within the ith planting, y, is the effect
of the kth genotype, (o)), is the interaction between the ith
planting and kth genotype, and ¢, represents the normally
distributed random error (Gunaratna 2002).

Heritability estimates were calculated for all traits. For
germination in the growth chamber and for emergence
under normal planting, the following formula was used:

MSg — MS
g — 56 E
MSg
where MSg is the mean square for genotype and MSg; is the

mean square for error. For other field traits, the heritability
was calculated using a slightly different formula:

_ MSg — MSpxg
h MSg

H

where MSp, is the mean square for the genotype by
planting interaction (Gunaratna 2002).

Genotyping of recombinant inbred lines

Different types of polymorphic DNA markers including
simple sequence repeats (SSR), random amplified poly-
morphic DNA (RAPD), and restriction fragment length
polymorphisms (RFLP), were used to genotype parental
and RI lines. For the SSR markers, each 25-ul PCR mixture
contained 15 ng template DNA, 0.2 uM each forward and
reverse primer, 0.05 mM each of dATP, dCTP, dGTP, and
dTTP, 1.5 mM MgCl,, 50 mM KCI, 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, Watertown, MA, USA) or in a
Primus 96 thermocycler (MWG-Biotech, High Point, NC,
USA). Reaction temperature parameters varied slightly for
SSR markers depending on the source of the primers. For
all SSR markers developed by Kong et al. (2000) and
Bhattramakki et al. (2000), the 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. For all other SSRs the same
PCR conditions were used, except the annealing tempera-
ture was 58°C. RAPD reactions were carried out as
described by Cisse (1995) and Weerasuriya (1995). All
PCR products were visualized by agarose gel electropho-
resis and staining with ethidium bromide. For the RFLP
markers, electrophoresis and blotting were carried out as
described by Hulbert et al. (1990). Probes were radioac-
tively labeled by random primer extension as described by
Feinberg and Vogelstein (1983). Hybridization and wash-
ing conditions were as described by Yang et al. (1996), and
the markers were visualized by exposure to the X-ray film.

All markers with the prefix ‘Xtxp’ are SSR markers from
primers developed at Texas A&M University by Kong
et al. (2000) or Bhattramakki et al. (2000). Marker SYvHPR
and all markers with the prefix ‘SPAG’ are SSR markers
developed by Taramino et al. (1997); other markers with
the prefix ‘Sb’ are SSR markers developed by Brown et al.
(1996). All markers with the prefix ‘OP’ are RAPD
markers from Operon Technologies (Alemeda, CA, USA),
and all markers with the prefix ‘UBC” are RAPD markers
from the Nucleic Acids and Protein Services Unit at the
University of British Columbia (Vancouver, BC, Canada).
All other markers are RFLPs, which used probe sequences
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from maize. Clones were obtained from various sources
(Melake-Berhan et al. 1993). Three bialleleic phenotypic
markers were also included: testa (present/absent), pericarp
color (red/white), and seedling plant color (red/green).

Linkage map construction

A total of 143 markers were included in the dataset, but not
all RI lines were scored for all markers. Individual RI lines
missing a large proportion (>25%) of marker data were
thus eliminated from the dataset, giving a working mapping
population size of 153 RI lines. The final marker set
included 56 SSR, 67 RAPD, 17 RFLP, and three pheno-
typic markers. All markers were tested for segregation
distortion using a chi-square test with one degree of free-
dom at o = 0.05, with a Bonferroni correction for multiple
testing of the 143 markers. A total of 11 markers were
significantly distorted (2 SSR, 6 RAPD, and 3 RFLP) and
were excluded from further analyses.

The remaining 132 markers were used to construct a
genetic linkage map using Mapmaker/EXP v. 3.0b (Lincoln
et al. 1992, 1993). Tentative linkage groups were formed
using the ‘group’ command with a minimum LOD score of
3.0 (default) and a maximum genetic distance of 20 Kos-
ambi centiMorgans (cM) (Kosambi 1944). The groups
were then built up using the ‘near’ and ‘try’ commands.
Local map orders with the shortest distance were deter-
mined using the ‘ripple’ command. A relatively large
maximum distance was allowed in order to align the map
with those previously published by Bhattramakki et al.
(2000) and Menz et al. (2002) using common SSR and
RFLP markers. Linkage groups with gaps larger than
50 cM were broken into separate groups. The linkage
groups were then numbered following the chromosome
designations outlined by Kim et al (2005). Separate linkage
groups known to reside on the same chromosome were
given the appropriate number followed by ‘a’ or ‘b’. One
small linkage group, containing three markers, could not be
assigned to a chromosome, and was designated as group
SBI-U.

Single marker analysis

Single marker analysis was performed using Windows QTL
Cartographer v. 2.5 (Wang et al. 2006). Simple linear
regressions were performed on all traits to test the associ-
ation of each marker genotype to the trait phenotypic least-
squares mean value. Transformed values were used for the
germination data. The other data were not transformed
prior to this analysis. No corrections were made to control
overall Type-I error (chance of identifying false positives),
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as this analysis was conducted as a prelude to interval
mapping. The latter procedure was used to confirm QTL
identified by single marker analysis. Because a linkage map
is not required, single marker analysis also allowed for the
analysis of the unlinked markers.

Interval mapping

The unlinked markers were eliminated from the dataset
prior to interval mapping. Windows QTL Cartographer v.
2.5 (Wang et al. 2006) was used to perform simple interval
mapping (SIM, model 3) and composite interval mapping
(CIM, model 6) (Zeng 1993, 1994). Background markers
for inclusion in the CIM model were selected by forward/
backward stepwise regression for each trait. The five most
significant background markers were then used for analysis
(default). The ‘walking speed’ was set at 2 cM for both
models, and the ‘window size’ at 10 cM for CIM. The
experiment-wise significance thresholds («) were deter-
mined for each trait using 1,000 permutations in the
appropriate model, as described by Churchill and Doerge
(1994). The additive effects and percentage of variation
explained (R for all significant QTL were determined at
their peak LR values.

Results

Prior to transformation, the distribution of germination
percentages from the growth chamber experiments was
highly skewed to the left. Among the RI lines, the mean
germination percentages were 79.0% for the cold treatment
and 81.3% for the optimal treatment (Table 1). Although
the difference in these percentages appears small, a paired
two-sample ¢ test of the transformed data showed that these
treatments were in fact statistically different at o = 0.05.
They were also highly correlated (R = 0.883). In contrast,
data for the field-based traits were distributed more sym-
metrically. The mean seedling emergence for early
plantings was 38.2%, and increased to 55.8% for later
plantings. A strong correlation was observed between early
and late emergence percentages (R = 0.739). Seedling
vigor also improved slightly, but significantly, with later
planting. The mean vigor score was 3.31 for early plantings
and 2.97 for later plantings. Early and late vigor scores
were also highly correlated (R = 0.777). Transgressive
segregation was observed among the RI population; how-
ever, the parents remained near the phenotypic extremes in
each of the trait distributions. SQR had significantly higher
germination percentage than SRN39 under both cold and
optimal temperatures. Field emergence percentage of SQR
was also greater than that of SRN39, and the Chinese
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Table 1 Summary of phenotypic data for all traits measured in SRN39, SQR, and the RI population. SRN39 and SQR are significantly different

for all traits at o < 0.05

Trait SRN39 SQR RI lines Heritability
Mean Mean Mean St. dev. Min. Max.
Cold germination (%) 57.8 95.2 79.0 14.5 27.8 98.9 0.929
Optimal germination (%) 63.5 96.5 81.3 14.4 34.0 98.5 0.936
Early emergence (%) 9.4 53.9 38.2 20.0 0.0 92.0 0.773
Late emergence (%) 26.7 89.4 55.8 19.8 0.0 100.0 0.749
Early vigor (score 1-5) 4.56 1.81 3.31 0.89 1.00 5.00 0.773
Late vigor (score 1-5) 4.42 1.50 2.97 0.85 1.00 5.00 0.728

parent also showed significantly better seedling vigor
(lower score) after both early and late planting dates
(Table 1). Heritability estimates were very high for all
traits (Table 1). The highest heritability estimates were
obtained for percent germination in the growth chamber at
cold (H =0.929) and optimal temperature (H = 0.936),
although these could be overestimated due to the fact that
any genotype by environment variance is included in the
genotype mean square (MSg) value.

Genetic linkage map

Linkage groups were constructed based on the locations of
common SSR and RFLP markers in the maps published
previously by Bhattramakki et al. (2000) and Menz et al.
(2002). The linkage groups were then numbered according
to the chromosome designations of Kim et al. (2005).
Three corresponding linkage groups (SBI-01, SBI-03, and
SBI-07) were divided into two groups each because of long
gaps (>50 cM). One additional linkage group of three
markers was also found, and was designated SBI-U (for
‘unlinked’), as its position relative to any published maps
could not be determined. The longest distance allowed
between two markers within any linkage group was
45.5 cM (on linkage group SBI-Ola). There are two other
gaps larger than 40 cM (on linkage groups SBI-02, and
SBI-07a). Six markers (four RAPDs, one RFLP, and the
phenotypic marker for testa) could not be assigned to any
linkage group, for a total of 126 mapped markers. The total
genetic distance of this map is 2,128 cM. The genetic
linkage map of sorghum generated in this analysis is dia-
grammed in Fig. 1.

Single marker analysis

Single marker analysis revealed possible associations
between several markers and phenotypes. All significant

markers identified by single marker analysis are summa-
rized in Table 2. The most highly significant marker for
germination under cold or optimal temperature was
UBC171 on SBI-03a. Surprisingly, increased seed germi-
nation at this locus was associated with the SRN39 allele,
as were most of the other markers for germination at either
temperature. Linkage group SBI-07b carries several
markers showing highly significant association with the
SQR allele at both temperature treatments.

Markers significantly associated by single marker anal-
ysis with percent emergence in early planting were found
on linkage groups SBI-Ola, SBI-01b, SBI-02, SBI-03a,
SBI-04, SBI-07a, and SBI-09. Some of these markers were
also significant for emergence under late planting. SSR
marker Xtxp211 had the highest additive effect for emer-
gence under late planting (4.6% points) and also had a
strong effect on emergence under early planting (3.7%
points). In both cases, higher emergence at this locus is
associated with the SRN39 genotype. Most other markers
associated with greater percent emergence are of the SQR
genotype.

Most of the significant markers associated with high
seedling vigor (low vigor score), at either planting date,
favor the SQR genotype. Many of the markers that are
significant for vigor after early planting are also significant
for vigor after late planting. However, there are notable
exceptions. Those with the greatest additive effects are
located on linkage groups SBI-Ola, SBI-04, and SBI-09 for
early planting, and on groups SBI-01a, SBI-02, and SBI-05
for later planting. SSR markers Xtxp50 and Xtxp211 on
linkage group SBI-02, and three SSR markers on group
SBI-09 (Xtxp67, Xtxp287, and Xtxp258), showed signifi-
cant additive effects for seedling vigor under late planting,
but not under early planting, while three markers on group
SBI-04 (Xtxp327, Xtxp212, and Xtxp51) were found to be
highly significant under early planting, but not late. The
markers on groups SBI-02 and SBI-09 were associated
with the SRN39 genotype, while those on group SBI-04
were associated with the SQR genotype.
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Fig. 1 Genetic linkage map of SBI-01a SBI-02 SBI-03a SBI-06 SBI-08
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Interval mapping

Significant QTL were identified for all traits using interval
mapping. The interval mapping results support many of the
putative QTL identified by single marker analysis. Several,
but not all, QTL that were significant in single marker
analysis were also found to be significant by one or both
interval mapping models. Interval mapping did not identify
any QTL that were not detected by single marker analysis.
The results of SIM and CIM are similar, but there are some
notable differences. The results of both interval mapping
procedures are summarized in Table 3, and the positions
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of the QTL on the genetic map of sorghum are indicated
in Fig. 1.

Both SIM and CIM identified a highly significant
(o < 0.05) QTL for germination at both cold and optimal
temperatures on linkage group SBI-03a near RAPD marker
UBCI171. As in single marker analysis, increased germi-
nation percentage was associated with the SRN39 allele.
As estimated by CIM, this QTL explained 11.5% of the
variation at cold temperature and 14.3% in the optimal
temperature treatment. Additive effects were similar to
those estimated by single marker analysis (6.2 arcsine
percentage points for cold and 6.9 for the optimal
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Table 2 Additive effect of one SRN39 allele at significant markers for early-season traits, as estimated by single marker analysis. Non-

significant effects are not listed

Marker Linkage group Germination (arcsin %)* Emergence (%)* Seedling vigor (score 1-5)°
Cold Optimal Early Late Early Late
Xtxp58 SBI-Ola - - —0.039%* - 0.152%%* 0.114*
PeriCol - - - —0.035%* 0.099* 0.119*
OPK18 - - —0.031* —0.042%* 0.158%*%* 0.188##*
Xtxp43 - - —0.032%* —0.036%* 0.132%* 0.176%%*
OPA19 - - —0.035%* —0.034* 0.138%** 0.150%**
umc83 - — —0.038** — 0.134%* 0.100*
OPC10 - - —0.026* - 0.155%%* —
OPL9a - - - —0.037* 0.123%** 0.199%#*
Xtxp302 SBI-01b - - - - —0.095* -
OPA2a - —0.032%* - - - -
SbAGF08 - - 0.035%* - —-0.119* —0.124*
Xtxp50 SBI-02 - - - 0.037** - —0.097*
Xtxp211 - - 0.037** 0.046%* - —0.127%*
OPG8a —0.031* —0.034* - - - -
umc22 - - —0.028* - - -
Xtxp286 0.036* 0.034* - - — -
Xtxp348 0.037* 0.043%** - - - -
UBC171 SBI-03a 0.065%*#* 0.069%*#* 0.033* 0.031* - -
umcl6 0.036* - - - - -
Xtxp33 - - —0.025* - - -
umc97 - - —0.035%* - - -
Ala - - - 0.036* —0.098* —0.108*
Xtxp69 SBI-03b - - - - - 0.118*
Xtxp34 0.031* - - - - -
Xtxp285 0.040* - - - - -
Xtxp327 SBI-04 - - —0.029* - 0.126%* -
Xtxp212 - - —0.036%* —0.029* 0.160%*** -
Xtxp51 - - —0.033** —0.030%* 0.158%*%* -
OPC7v SBI-05 - - - —0.034* - 0.140%*
Xtxpl4 - - - - 0.101* -
Sb5206 - - - - 0.098* -
OPJ18b SBI-07a 0.041%* 0.034* - - - -
Xtxp29 0.046%* 0.040* —0.037%* — 0.108* 0.114*
OPJ18a SBI-07b —0.040%* —0.044+* - - - -
Sb6342 —0.042%* —0.040%* - - - -
OPC20b —0.046%* —0.046%* - —0.030% - 0.116*
OPL3b —0.043%* —0.033* - - - 0.097*
OPJ17b SBI-08 0.037* - - - - -
Xtxp67 SBI-09 - - - 0.031* —0.108* -
Xtxp287 - - 0.031* - —0.122%* -
Xtxp258 - - 0.030* - —0.118* -
Ksu3a Unlinked - - - 0.033* - —0.102*
Testa Unlinked - - - - 0.112* 0.119*

* ok Rk kkxE Sionificance at o = 0.05, 0.01, 0.001, and 0.0001, respectively

% A negative sign indicates that a negative effect (decreased germination or emergence) is associated with the SRN39 allele. Percents are
expressed as decimals

" A negative sign indicates that higher vigor (lower score) is associated with the SRN39 allele
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Table 3 Quantitative trait loci (QTL) associated with early-season traits, detected by simple interval mapping (SIM) and composite interval

mapping (CIM)

Trait Linkage group Position (cM) Flanking markers Additive effect® R*®
Simple interval mapping
Cold germination (arcsin %) SBI-03a 20.6 UBC171 SbAGEO1 0.065 0.127%*
Optimal germination (arcsin %) SBI-03a 20.0 umc60 UBC171 0.072 0.152%%*
Early emergence (%) - — — — — —
Late emergence %) SBI-Ola 237.0 PeriCol OPK18 —0.080 0.206%*
Early vigor (score 1-5) SBI-Ola 239.0 PeriCol OPK18 0.252 0.203**
SBI-Ola 323.8 OPC10 OPL9%a 0.248 0.197%*
SBI-04 11.3 Xtxp51 Xtxp21 0.193 0.120*
Late vigor (score 1-5) SBI-Ola 239.0 PeriCol OPK18 0.309 0.277%*
SBI-Ola 331.8 OPC10 OPL9%a 0.253 0.185%%*
Composite interval mapping
Cold germination (arcsin %) SBI-03a 20.6 UBC171 SbAGEO1 0.062 0.115%*
SBI-07b 44.8 OPC20b OPL3b —0.054 0.094%*
Optimal germination (arcsin %) SBI-03a 22.6 UBCI171 SbAGEO1 0.070 0.143%%*
Early emergence (%) SBI-Ola 279.1 OPA19 umc83 —0.044 0.080%*
SBI-02 283.5 Xtxp201 Sb110 0.046 0.0817%%*
Late emergence (%) SBI-Ola 237.0 PeriCol OPK18 —-0.076 0.186**
SBI-02 281.2 Xtxp211 Xtxp201 0.059 0.105%*
Early vigor (score 1-5) SBI-Ola 321.8 OPC10 OPL9%a 0.269 0.227%%*
Late vigor (score 1-5) SBI-Ola 239.0 PeriCol OPK18 0.261 0.175%*

*, ** Significance at o = 0.10 and 0.05 respectively
* Additive effect of one SRN39 allele

® Percentage (expressed as decimal) of variance explained by the QTL

temperature treatment.). Composite interval mapping also
revealed a marginally significant (¢ < 0.10) QTL for ger-
mination at cold temperature on linkage group SBI-07b,
between two RAPD markers OPC20b and OPL3b. For this
QTL, increased germination percentage was associated
with the SQR genotype, and it explained 9.5% of the
observed variation.

Simple interval mapping did not identify any significant
QTL for emergence in the field under early planting, but
two were identified by CIM. A marginally significant
(¢ =0.10) QTL was located on group SBI-Ola between
OPAI9 and umc83. The other QTL is located on linkage
group SBI-02 between markers Xtxp201 and Xtxp211. This
second QTL explained 8.1% of the observed variation
with an additive effect of 4.6% points. This same region of
the genome was also found to be significant for emergence
after optimal planting by CIM, but not by SIM. For
optimal planting, the percentage of variation explained by
this QTL was 10.5% and the additive effect was 5.9%
points. At this locus, higher emergence was associated
with the SRN39 genotype. A QTL for field emergence
after optimal planting was identified by both interval-
mapping models on linkage group SBI-Ola between the
phenotypic marker for pericarp color (PeriCol) and RAPD
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marker OPKI8. This QTL had an additive effect of
—7.6% points, and explained 18.6% of the observed var-
iation as estimated by CIM. The negative sign of the
additive effect indicates that higher emergence at this
locus is associated with the SQR allele.

Simple interval mapping identified two QTL on linkage
group SBI-Ola for association with seedling vigor under
both early and late plantings. The first QTL is in the same
region as the QTL for seedling emergence between PeriCol
and OPKI8. Under early planting this QTL explained
20.3% of the variation in vigor score, and 27.7% under
later planting, as estimated by SIM. The second QTL is
located between OPCIO and OPL9a. The variation
explained by this QTL was 19.7% under early planting and
18.5% under later planting. When analyzed by CIM, the
first QTL was only significant for vigor under late planting,
with an additive effect of 0.261, and explained 17.5% of
the variation in seedling vigor scores. With CIM, the sec-
ond QTL on group SBI-Ola was only significant for vigor
under early planting, explaining 22.7% of the variation,
with an additive effect of 0.269. SIM also identified a QTL
for early seedling vigor on SBI-04, near SSR markers
Xtxp212 and Xtxp51, explaining an estimated 12.0% of the
observed variation. For all these seedling vigor QTL, the
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SQR allele is associated with lower vigor score (more
vigorous seedlings).

Discussion

The genetic map of sorghum generated in this study was
constructed to follow the orders and groupings in previ-
ously published maps (Bhattramakki et al. 2000; Menz
et al. 2002; Kim et al. 2005). Most of the map orders are
the same as those previously reported, but our map dis-
tances are much larger. The total genetic distance of our
map was 2,128 cM. In contrast, the map of Bhattramakki
et al. (2000) is only 1,406 cM in total genetic distance, and
the map of Menz et al. (2002) is 1,713 cM.

A QTL for germination at both cold and optimal tem-
peratures is located on linkage group SBI-03a, near
UBCI71. This suggests that a common genetic mechanism
controls germination at either temperature regime at this
locus. Surprisingly, higher germination is associated with
the SRN39 allele of this QTL, even though this parent has
lower germination than SQR. Most possibly, SRN39 pos-
sesses genes at other loci that reduce the effects of this
QTL. Single marker analysis indicated several candidate
QTL for this trait at various locations. A QTL for germi-
nation at cold temperature was identified by CIM on group
SBI-07a, and it was associated with the SQR genotype.
This QTL was only significant for the cold treatment when
analyzed by CIM, but single marker analysis indicated
significance in this region of the genome under both tem-
perature treatments. It is possible that germination at this
locus is slightly affected by temperature.

Using interval-mapping procedures, no QTL were found
to be common to both emergence and germination at any
temperature regime, despite the apparent relatedness of
these traits. Closer examination of our data shows that
percent germination in the growth chamber at cold or
optimal temperature is only weakly correlated with percent
emergence in the field at normal planting time (R = 0.260
and R = 0.275, respectively), and is not significantly cor-
related under early field planting. Past evidence varies as to
the correlation between seed germination in controlled
conditions and emergence in the field. A lack of correlation
between controlled environment and field-based seedling
characteristics was reported by Alegre de la Soujeole and
Miller (1984) in sorghum and by McConnell and Gardner
(1979) in maize. More recently, however, Tiryaki and
Andrews (2001) reported a strong correlation (R = 0.66)
between rate of germination at 15°C and rate of emergence
in an early-planted field test, although a correlation
between final percentages was not reported. Yu et al.
(2004) assayed 30 sorghum hybrids and reported a mod-
erate correlation (R = 0.44) between germination in a

controlled soil-free environment (15°C) and emergence in
the field. This general lack of agreement between con-
trolled environment and field-based studies is possibly due
to the high level of variability under field conditions.
Nonetheless, germination and emergence, although seem-
ingly related, are possibly under separate genetic control.
Although high germination is an important trait, from a
practical standpoint it would be more useful to the breeder
to select directly for field emergence, or for markers
associated with this trait. If markers are to be used, how-
ever, QTL must be identified which can maintain their
influence despite the highly variable conditions found in
the field.

A region of linkage group SBI-Ola contains QTL for
seedling emergence and seedling vigor, all of which are
associated with the SQR genotype. The QTL for emer-
gence and vigor under optimal planting overlap, which may
suggest a common genetic mechanism controlling both
emergence and subsequent seedling growth. Using SIM,
two QTL for seedling vigor were located on linkage group
SBI-Ola for both early and late planting. However, with
CIM, two separate seedling vigor QTL emerged, one for
early planting, and one for late planting. Also, CIM iden-
tified an additional QTL for early seedling emergence,
which lies between these two other QTL. A QTL for
seedling emergence, significant under both planting times,
was located on SBI-02 by CIM, but not by SIM. These
examples highlight the importance of utilizing and com-
paring different models to locate and analyze QTL. Due to
the relatively small sample size of this population, it is not
certain whether this region of SBI-01la truly contains one or
multiple genes controlling vigor. It is also not clear whe-
ther the QTL for early emergence in this same region
actually represents the same locus for later emergence.
These QTL might all represent the same gene, and the
multiple peaks could be an effect of sample size. The
sample size may be too small to precisely determine the
exact locations of these QTL (Beavis 1998). Nonetheless,
this region of the SQR genome contains markers, which
should be useful for marker assisted selection to improve
early-season performance in sorghum. Our data show that
percent seedling emergence in the field was highly corre-
lated with seedling vigor score (R = —0.822 under early
planting and R = —0.780 under later planting). The finding
of linked or overlapping QTL for both emergence and
vigor supports this result, and it is certainly possible that a
common genetic mechanism influences both high emer-
gence and increased seedling vigor. CIM identified two
linked QTL on SBI-Ola for seedling vigor, one for early
and one for late. SIM also identified these two QTL, but
under this model, both were significant under early and late
plantings. Either model is consistent with our finding that
seedling vigor scores under early and late plantings are
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highly correlated (R = 0.777), and should indicate that the
QTL derived from SQR show stable performance across
varying temperature environments.

A potential QTL was detected on linkage group SBI-04
near Xtxp51 that was associated only with seedling vigor in
early planting, but not in later planting. This QTL may
represent a temperature-specific cold tolerance mechanism,
derived from SQR, which influences early-season vigor.
This QTL was highly significant under single marker
analysis, significant at the 0.10 level in SIM, but not sig-
nificant in CIM. This linkage group only contains four
markers, which could possibly explain this result. Further
investigation is needed to verify the effect of this QTL.

The underlying genetic mechanisms responsible for the
QTL associated with early-season traits in sorghum are not
yet known. Using a sample from the RI population
described in this study, Cisse (1995) found that phenolic
compounds in the seed were significantly positively cor-
related with seedling emergence, seedling vigor, seedling
height, and germination at 22°C. Cisse (1995) also found
that the concentration of flavan-4-ols, tannins, and total
phenols in the seed were associated with RAPD marker
OPA19 and several other markers on the same linkage
group. In this study, OPA19 and the phenotypic marker for
pericarp color (PeriCol) are located in the region of SBI-
Ola that shows strong associations with seedling emer-
gence and vigor. This suggests that the presence of
phenolic compounds in the seed, and particularly in the
seed coat, may contribute to emergence and seedling vigor
in SQR, perhaps by suppressing soil-borne pathogens,
which are often present in cold, wet soils. Interestingly,
the presence of a testa, where much of the phenolic
compounds in sorghum seeds are found, was only asso-
ciated with seedling vigor score (o = 0.05), but not with
emergence, by single marker analysis. This marker could
not be assigned to any linkage group, and thus it was not
included in the interval mapping analyses. The presence of
additional QTL on other linkage groups indicates that
phenolic compounds are probably not the only mechanism
influencing seedling emergence and vigor in this sorghum
population. Additional studies will be needed to elucidate
the functions of the genes underlying these QTL, and to
verify the role of phenolic compounds in enhancing early-
season performance.

Markers linked to the QTL identified in this study will
be used as selection tools in breeding early season vigor
and cold tolerance from SQR into elite sorghum breeding
lines. Validation of the effects of these molecular markers
across other populations and environments will be an
additional, but very important, step in developing a marker-
assisted breeding effort. Markers which can be further
validated will be introgressed into elite breeding lines,
which can then be evaluated in hybrid combinations.
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In a further evaluation of other Chinese kaoliangs in our
collection, lines with seedling vigor as good as, or better
than, SQR have been identified (unpublished). To use these
lines in a marker-assisted breeding program, it would be
necessary to determine if these lines carry the same or
different QTL for early season traits as SQR. Yang et al.
(1996) investigated diversity among a collection of 34
Chinese sorghum lines using RAPD, RFLP, and inter-
simple sequence repeat (ISSR) markers. The level of
similarity between lines was 30 to 94%, with an average of
70%, when data from all three types of markers (100
markers total) were combined. Thus, it would be expected
that most of the lines in our collection should share at least
a few common genes with SQR at important QTL regions.
Lines which carry known QTL could be introduced into the
breeding program. However, great diversity has been
observed within our collection of Chinese kaoliangs, and it
is likely that investigation of these lines would reveal
additional QTL conferring early season cold tolerance.

Similar to landraces from tropical areas, the kaoliang
landraces tend to be tall also, often in excess of two or three
meters, because of selection by traditional farmers for use
as building material and fuel in addition to grain production
(Qingshan and Dahlberg 2001). They are also susceptible
to an array of sorghum diseases including leaf rust (Puc-
cinia purpurea Cooke) and anthracnose (Colletotrichum
graminicola). Despite these limitations, the kaoliangs have
been shown to be an excellent source of genes for early-
season cold tolerance. In a set of hybrids generated with
diverse pollinators which included two kaoliangs, SQR and
1S4225, Yu and Tuinstra (2001) observed significant and
favorable general combining ability (GCA) for early sea-
son seedling cold tolerance among kaoliangs, highlighting
the potential of these lines as a source of cold tolerance
genes to generate improved hybrids. Marker-assisted
selection will expedite the introgression of these useful
genes from kaoliang landraces into elite breeding lines, and
should help to minimize the introduction of undesirable
traits form the donor parents.
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