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Heterosis is a main contributor to yield increase in many crop species.
Different mechanisms have been proposed for heterosis: dominance,
overdominance, epistasis, epigenetics, and protein metabolite changes.
However, only limited examples of molecular dissection and validation
of these mechanisms are available. Here, we present an example of
discovery and validation of heterosis generated by a combination of
repulsion linkage and dominance. Using a recombinant inbred line
population, a separate quantitative trait locus (QTL) for plant height
(qHT7.1) was identified near the genomic region harboring the known
auxin transporter Dw3 gene. With two loci having repulsion linkage
between two inbreds, heterosis in the hybrid can appear as a single
locus with an overdominance mode of inheritance (i.e., pseudo-over-
dominance). Individually, alleles conferring taller plant height exhibited
complete dominance over alleles conferring shorter height. Detailed
analyses of different height components demonstrated that qHT7.1
affects both the upper and lower parts of the plant, whereas Dw3
affects only the part below the flag leaf. Computer simulations show
that repulsion linkage could influence QTL detection and estimation of
effect in segregating populations. Guided by findings in linkage map-
ping, a genome-wide association study of plant height with a sorghum
diversity panel pinpointed genomic regions underlying the trait varia-
tion, including Dw1, Dw2, Dw3, Dw4, and qHT7.1. Multilocus mixed
model analysis confirmed the advantage of complex trait dissection
using an integrated approach. Besides identifying a specific genetic
example of heterosis, our research indicated that integrated molecular
dissection of complex traits in different population types can enable
plant breeders to fine tune the breeding process for crop production.
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Heterosis, the better performance of a hybrid than either of
its parents, can be traced back to Charles Darwin and has

been of great interest to biologists. Hybrids derived from diverse
inbred lines generally show higher growth rate and yield and better
resistance to biotic and abiotic stresses (1). Approximately 15% of
the yield increase in corn, starting in the early 1930s, comes from
the introduction of hybrid corn (2). Hybrid rice has a 20–30% yield
advantage over inbred rice cultivars and contributes significantly
to food security (3).
Four hypotheses have been proposed for heterosis: dominance,

overdominance, pseudo-overdominance, and epistasis. Advances in
genomics shed new light on other theories for heterosis, including
protein metabolism and epigenetic changes in hybrids (4–6). The
dominance hypothesis assumes the better performance of F1 results
from accumulation of more dominant alleles in the F1 genome than
in either of its parents. These dominant alleles can mask the del-
eterious effects of recessive alleles. Conversely, inbreeding de-
pression, the reduced fitness of progeny from crossing between
related individuals, is caused predominately by exposing deleterious
recessive alleles (7). The overdominance hypothesis argues het-
erozygous genotypes are better than either of the two homozygous
genotype parents. Two specific examples were found in sickle-cell
anemia (8) and tomato (9), where the advantage of heterozygous

genotype at a single locus was demonstrated. The pseudo-over-
dominance hypothesis was first proposed in 1917 as a possible ex-
planation for heterosis (10). It assumes that many factors control a
specific trait and that it is unlikely that one individual could have
all the favorable alleles in its genome. If alleles with opposite ef-
fects at multiple loci are linked in repulsion phase in two parental
inbreds, overdominance may be mistaken for a single locus unless
detailed dissection is carried out in progenies. The epistasis hy-
pothesis states that heterosis is caused by de novo interactions
between different loci.
Research evidence from multiple crops supported all four hy-

potheses: dominance (11, 12), overdominance (9, 13, 14), pseudo-
overdominance (15, 16), and epistasis (17–22). These results
suggest that the genetic basis for heterosis can be trait and species
dependent and may be explained by not a single unified theory but
multiple theories together.
Plant height generally shows significant heterosis, making it an

ideal trait to study and illustrate heterosis (6). Sorghum plant height
shows 6–72% high-parent heterosis (23-28). In maize, high-parent
heterosis of plant height can reach 32–120% (13, 29, 30). The high-
parent heterosis of plant height can reach 10–20% in elite rice
hybrids (12, 31, 32) and 22% in wheat hybrids (33).
In sorghum, previous research has identified four major loci

controlling plant height, Dw1–Dw4 (34). These four dwarfing loci
were found to be unlinked and were phenotypically selected during
conversion of sorghum into temperate-region production with ma-
chine harvesting. At each locus, the tall type allele shows complete
dominance over the other allele. Among the four dwarfing loci, only
Dw3 has been molecularly characterized (Sb07g023730), encoding
a P-glycoprotein auxin transporter (35). Dw1 was mapped to
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chromosome 9 at ∼57 Mb (36), and Dw2 was mapped to chro-
mosome 6 at ∼42 Mb (37, 38).
In this study, we present an example of heterosis as a result of

repulsion linkage for sorghum plant height through genetic map-
ping and designed cross (Fig. 1 A and B). We started by identi-
fying an additional plant height quantitative trait locus (QTL) in
a recombinant inbred line (RIL) population located 3 Mb away
from the known Dw3 gene on chromosome 7 (qHT7.1). A genome-
wide association study (GWAS) of plant height using the sorghum
association panel (39) further confirmed the discovery. Computer
simulation was conducted to evaluate the influence of repulsion
linkage on QTL detection in an F2 population. The gene action at
each QTL and heterosis were demonstrated by observing F1 hybrids
generated from crossing selected RILs with different combinations
of QTL alleles. Finally, a close examination of allelic combinations
of plant height QTL in diverse accessions revealed the potential of
breeding with designed approaches.

Results
Linkage Mapping of Plant Height.An RIL population was developed
from Tx430 and P898012. Plant height in this population was con-
sistent across locations and years (Fig. S1), with the entry mean-
based heritability of 0.96. P898012 is ∼25 cm taller than Tx430, but
plant height of RILs varied widely (74 ∼236 cm), following a normal
distribution (Fig. S2).
The genotyping-by-sequencing (GBS) procedure generated

8,960 SNP markers that are segregating in this population. A set of
1,756 selected markers was used to construct the linkage map. The
total map length is 1,916 cM spanning 1,452 unique bins, leading
to a mean marker bin density of 1.3 cM (Fig. S3 and Table S1).
Composite interval mapping with the genetic map defined by

1,756 SNPs detected three QTL on chromosomes 7 and 9, and
single-marker scan with physical mapping of all 8,960 SNP markers
supported these findings (Fig. S4). Two QTL on chromosome 7
are ∼29 cM or 3 Mb apart and have opposite effects (Fig. 2 A and B
and Table 1). The first QTL, located at ∼91 cM, was designated
qHT7.1, and the second QTL located at ∼120 cM was mapped to
the position of the known Dw3 gene (35). The chromosome 9 QTL
corresponds to the Dw1 locus (36, 37). Next, we confirmed that the
second QTL on chromosome 7 in the current study is Dw3, a
P-glycoprotein responsible for polar transport of auxin in the stalk
(35). The Tx430 allele has an 882-bp insertion in the fifth exon (Fig.
S5), resulting in a nonfunctional protein.

Mapping of Plant Height Components. Both QTL on chromosome 7
affect four direct measurements: total plant height, base of panicle
height, flag leaf height, and preflag leaf height. Both QTL affect
the interval between preflag leaf and flag leaf. However, the Dw3

gene does not affect variation in the upper parts of the stem, namely
the interval between flag leaf and the base of the panicle (peduncle
length) or the interval between flag leaf and the top of the panicle
(Fig. 2C and Fig. S4); it has a small effect on the interval between
preflag leaf and base of the panicle (Fig. S4). qHT7.1 has the
largest phenotypic contribution to six of the eight plant height
components and has the second largest phenotypic contribution
to the remaining two traits (Table 1 and Fig. S4).

GWAS of Plant Height Across a Diversity Panel. Following the find-
ing of two linked QTL with opposite effects on chromosome 7,
we further explored the possibility of detecting this locus, qHT7.1,
in the sorghum association panel (39), a much broader genetic
background. The first genome scan with the linear mixed model
detected the two known plant height QTL (Dw1 on chromosome 9
and Dw2 on chromosome 6) and another candidate QTL for Dw4
on chromosome 4 (Fig. 3A). At this point, neither Dw3 nor qHT7.1
was significant. However, after Dw1 and Dw2 were incorporated as
covariates in the second genome scan, both Dw3 and qHT7.1 were
significantly associated with plant height. The association signal for
Dw3 is located at 58,390,034 bp on chromosome 7 (P = 1.2 × 10−9),
and the most significant signal for qHT7.1 is located at 55,229,509
bp (P = 4.8 × 10−8) (Fig. 3B). These two SNPs are right within the
corresponding QTL peak regions of the linkage mapping, and they
also are near the most significant SNPs found in the single-marker
scan (Fig. S4). Based on a search of the literature, this QTL had
not been detected in previous association mapping studies (36, 37,
40, 41), possibly because of the need for targeted analysis.
Encouraged by these findings, we conducted the third genome

scan with the multilocus mixed model (MLMM) method (42),
which sequentially adds significant QTL as covariates in the model
before testing all other SNPs. This third scan identified the same
SNP at 55,229,509 bp as the fourth most significant marker, fol-
lowing Dw1 on chromosome 9, Dw2 on chromosome 6, and Dw3
on chromosome 7 (Fig. 3C and Table 2). Although 80% of the
accessions in this diverse panel have the allele with the positive

A B

Fig. 1. Plant height measurements and crossing design. (A) Total plant height,
height at the base of the panicle, height at the flag leaf, and preflag leaf
height were measured directly (solid arrows). The flag leaf-to-apex interval,
flag leaf-to-base of panicle interval, preflag leaf-to-flag leaf interval, and
preflag leaf-to-base of panicle interval were calculated (dotted arrows). qHT7.1
affects all eight plant height components, whereas the effect of Dw3 is de-
tected for six components. (B) Crossing design for hybrid development. Eight
inbreds were selected by their genotypes at qHT7.1 (AA or aa), Dw3 (BB or bb),
and Dw1 (CC or cc) to make the crosses. The four on the left have the dw1dw1
background, and the four on the right have the Dw1Dw1 background. Two
specific crosses (black lines) are expected to generate F1s showing heterosis in
plant height. For all other crosses (gray lines), the F1 is expected to have a
height similar to that of the second inbred parent indicated by the arrow.

A

B

C

Fig. 2. Linkage mapping of plant height. (A–C, Left) Diagrams defining Results
from composite interval mapping for total plant height (A), Flag leaf height (B),
and Flag leaf-to-apex interval (C). (Center and Right) Results from composite
interval mapping. (Center, Upper) The logarithm of the odds (LOD) score profile
with the permutation threshold indicated by the horizontal line. (Center,
Lower) The additive effect (a) with the Tx430 allele as the reference. (Right,
Upper) The LOD score profile for enlarged chromosome 7 region. (Right,
Lower) The additive effect for enlarged chromosome 7 region.
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effect at the qHT7.1 locus, 57% of accessions have the haplotypes
with opposite effects at the qHT7.1 and Dw3 loci (Table S2).

Gene Actions of Each Plant Height QTL and Heterosis. Because only
homozygous inbreds were involved in linkage mapping and
GWAS, the dominance effect of each QTL cannot be estimated.
To examine dominance effects and heterosis, we decided to make
hybrid crosses between inbreds. This crossing scheme can confirm
our expectation that heterosis in plant height should be observed in
hybrids derived from a pair of inbreds in which the two QTL on
chromosome 7 are in repulsion linkage (Fig. 1B). In one cross in-
volving repulsion linkage between qHT7.1 and Dw3 under the
dw1dw1 background (aaBB cc ×AAbb cc), the F1 hybrid was 44 cm
taller than the tall parent, equivalent to 35% high-parent heterosis
(Fig. 4A and Table S3). In another cross involving repulsion linkage
between qHT7.1 and Dw3 under the Dw1Dw1 background (aaBB
CC ×AAbb CC), the F1 hybrid was 30 cm taller than the tall parent,
equivalent to 19% high-parent heterosis (Fig. 4B and Table S3).
Other plant height components, except for the flag leaf-to-apex
interval, showed 18–50% high-parent heterosis. The flag leaf-to-
apex interval of both hybrids is similar to that of the tall parents, as
expected, because only qHT7.1 was detected for the upper part of
the plant (Fig. 2), and the tall parents are homozygous dominant at
qHT7.1. Together, these findings provide evidence that the observed
heterosis is caused by the repulsion linkage on chromosome 7 rather
than other uncharacterized loci. With crosses involving different
alleles of qHT7.1 under different backgrounds, the tall allele shows
complete dominance over the short allele (Fig. 4 C andD and Table
S4). Similarly,Dw1 andDw3 showed nearly complete dominance on
plant height (Table S4), agreeing with previous research (34).

Simulation Appraisal of the Challenges in Dissecting QTL with Repulsion
Linkage. To understand the influence of repulsion linkage on map-
ping power and effect estimation, we conducted a series of simula-
tions with an F2 population. We intended to answer two questions:
(i) Can the two QTL be clearly separated instead of detecting one
QTL spanning the whole region? (ii) What would the ratio of
dominant to additive effect (d/a) of the detected QTL be? The
default value of d/a was one because complete dominance was
simulated at each locus. Results showed that heritability and distance
between two linked QTL are most important, followed by distance
between markers and population size. When genetic variance in-
creased (i.e., heritability increased from 0.1 to 0.3), the probability of
separating the two QTL increased from 22% to 54% (Fig. 5 A and
D). The power to separate the two QTL also increased by changing
the population size from 200 to 500 (Fig. S6). The estimated d/a was
higher when only one QTL was detected than when two separate
QTL were detected, particularly when the distance between two
QTL was less than 20 cM (Fig. 5 B, C, E, and F). The simulation
results showed that the lowest estimate of d/a was 1.06 if the distance
between two QTL was less than 50 cM: The dominant effect was
overestimated and the additive effect was underestimated because of
repulsion linkage of the two QTL (pseudo-overdominance). In-
creasing the distance between the two QTL increased the probability
of separating the two QTL and led to more accurate estimates
of d/a. Increasing marker density, that is, reducing the distance
between markers, also led to better estimates of d/a but had no
significant effect on the ability to separate the two QTL.

Allelic Combinations for Designed Breeding Schemes. To explore the
breeding implications of our findings further, we classified the 307
sorghum accessions used in the GWAS into 15 groups based on the
genotypes at Dw1,Dw2,Dw3, and qHT7.1, the four most significant
loci (Fig. 6). Interestingly, one particular genotype (homozygous
dominant at Dw2 and Dw3 and homozygous recessive at Dw1 and
qHT7.1) does not exist in the sorghum association panel. Of the 307
accessions, 240 (78%) have either two or three recessive loci. A
dominant allele of qHT7.1 consistently increased plant height in
different backgrounds of three other loci (Fig. 6, Bottom Row), as
indicated by the higher median plant height in the even-numbered
groups than in the odd-numbered groups. Variation within each
group is expected because of effects at other loci. A hybrid gen-
erated by crossing two parents from different groups will show
heterosis if the hybrid has more loci with dominant alleles in its
genome than either of its parents, as in the current study (Fig. 4 A
and B). Therefore specific crosses can be made to exploit heterosis
from dominance complementation. On the other hand, the ex-
pected plant height of different hybrids can be obtained so that only
certain crosses are made to meet certain production restrictions on
height parameters.

Discussion
Research into heterosis using both classical and modern genetics
shows that different mechanisms are favored for different traits in
different species, so finding a single unified theory to explain het-
erosis may be too challenging (4, 6, 43, 44). However, the domi-
nance hypothesis has support from studies in maize and rice

Table 1. Three QTL identified through linkage mapping for three plant height traits

Trait qHT7.1, Chr7: ∼91 cM Dw3, Chr7: ∼120 cM Dw1, Chr9: ∼146 cM

Total plant height 25.1 (34.7%) −22.2 (27.1%) −20.4 (30.2%)
Flag leaf height 24.1 (28.8%) −26.1 (31.5%) −20.0 (24.9%)
Flag leaf-to-apex interval 6.3 (45.4%) Not significant −3.8 (16.8%)

The additive effect of each QTL is shown in centimeters for the Tx430 allele. Numbers in parentheses are the
phenotypic variation explained by each QTL.

Fig. 3. Genome-wide association mapping of plant height. (A) Initial ge-
nome scan. (B) Second genome scan with a model including Dw1 and Dw2 as
covariates. (C) Genome scan using the MLMM. (Left) Genome-wide results.
(Right) Enlarged chromosome 7 region. The horizontal line in each sub-
section is the Bonferroni-corrected significance threshold. The positions of
Dw1, Dw2, Dw3, qHT7.1, and the possible position for Dw4 are indicated.
The red points in C are the significant SNPs (entering the final model as
covariates) identified by MLMM.
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(11, 12, 19, 45–47). Many QTL detected for maize heterosis are
located near the centromere. The low recombination frequency
around the centromere may conserve repulsion linkage, possibly
explaining the observed overdominance (13). The estimate of
dominance effect decreased as intercrossing of maize pop-
ulations advanced, indirectly supporting the pseudo-over-
dominance hypothesis (48, 49). Recent findings of excessive
residual heterozygosity around maize pericentromeric regions also
were speculated to be evidence of the dominance hypothesis for
heterosis (50).
In an earlier study of heterosis of maize yield, one QTL showing

the overdominance effect in the initial analysis was later separated
into two QTL 19 cM apart with dominant effects but in repulsion
phase, resulting in pseudo-overdominance (15, 16). In our study,
the two QTL are located on the long arm of chromosome 7, away
from the centromere region. Although they are only 3 Mb apart,
there is adequate recombination (29 cM) that allowed us to detect
both loci. Having the repulsion linkage captured in two mapping
parents facilitated the discovery of this example of heterosis in
plant height generated by pseudo-overdominance.
Computer simulation is a powerful tool to test hypotheses when

real testing conditions are not readily available (51). It allowed us to
evaluate the influences of repulsion linkage on genetic mapping and
effect estimation. Our simulation results showed that if two QTL in
repulsion linkage are close to one another (<10 cM), they may not
be separated, and the overdominance effect could be observed.
Clearly, it would be desirable to identify other cases of pseudo-
overdominance in which two loci have much closer genetic distance
than we found in the current case. Additional case studies at the
individual loci level for other quantitative traits, including biomass
and grain yield, would generate empirical evidence and feedback
for the theoretical research.
Direct comparison of results and leverage of information in linkage

mapping, the GWAS, and designed crosses were possible in our study
because of the large number of SNPs with known genome positions.
The three QTL (Dw1, Dw3, and qHT7.1) detected in linkage map-
ping have approximately equal effect sizes. In the GWASwith diverse
accessions, theDw1 gene was the most significant QTL because it has
both the largest effect size and also a relatively high minor allele
frequency. The QTL at ∼120 cM on chromosome 7, which corre-
sponds to the cloned Dw3 gene, was detected by both linkage map-
ping and association mapping in many previous studies (36, 37, 52).
Only one linkage-mapping study suggested two QTL in this chro-
mosome region (53).
Examining results across genome scans with different methods

enriches our understanding of trait genetic architecture. In a GWAS,
Dw3 and qHT7.1 can be detected only after Dw1 and Dw2 are in-
cluded in the linear mixed model. This result agrees with general
expectation that specifying major loci in the GWAS model can im-
prove power of detecting other loci. Likewise, the MLMM method,
which sequentially adds detected loci to the scanning models (42),
supported the findings in Dw3 and qHT7.1 and identified additional

loci. Interestingly, both Dw3 and qHT7.1 were detected with the
appropriate models. The low linkage disequilibrium between these
two loci may be caused by haplotype frequencies captured in
breeding materials through intentional selection based on
phenotypes (Table S2).
Because Dw3 is responsible for auxin transport in the stem

from top to bottom, the lower part of the plant is expected to be
influenced more than the upper part of the plant. The upper part
will have enough auxin for elongation regardless of the existence
of the auxin transporter as long as the auxin production system is
functional. qHT7.1, on the other hand, affects all height com-
ponent traits in this study (both direct measurements and in-
direct calculations), meaning that this QTL may be involved in a
different pathway regulating plant height. The gibberellic acid
(GA) and brassinosteroid (BR) pathways are key players regu-
lating plant height in many species (54, 55). We speculate the
gene underlying qHT7.1 may be involved in these pathways.
Previous studies have showed that the four major genes con-

trolling plant height in sorghum, Dw1–Dw4, are not linked, and
the tall phenotype shows complete dominance (34). The crossing
design illustrated in Fig. 1B allowed us to evaluate the gene
action under mostly defined genetic backgrounds. For each
cross, the two inbred lines were selected based on their similarity
at other positions in the genome to minimize background effects
on the target QTL. Although this approach cannot eliminate
residual background effects completely, the hybrid crosses made
based on these three major loci allowed us to examine the het-
erosis and dominance effects from these target QTL.
The gene region harboring Dw3 and qHT7.1 is an introgression

region from the sorghum conversion program, together with the
Ma1 and Dw2 gene region on chromosome 6 and the Dw1 gene
region on chromosome 9 (56). However, selection was conducted
based on phenotypic observations. Genetic analysis and our spe-
cific research indicate that we have a large space for further op-
timizing plant height in sorghum. Repulsion linkage is also the
reason for linkage drag in plant breeding. It poses a challenge for
introgression of desirable chromosome segments into another
background (16, 57). Dissecting the chromosome region into
different QTL can help identify the desirable allelic combina-
tion in breeding populations. Fine tuning plant height can lead
to sorghum hybrids that are high biomass and high lodging-
resistant at the same time. Our findings of the QTL qHT7.1, its

Table 2. Significant SNPs (covariates) detected by the MLMM in
GWAS

SNP Locus Effect MAF P value

S9_57236778 Dw1 −0.44 0.36 5.9 × 10−24

S6_42744899 Dw2 0.36 0.36 3.4 × 10−17

S7_58390034 Dw3 −0.29 0.43 7.8 × 10−15

S7_55229509 qHT7.1 0.43 0.20 2.9 × 10−13

S6_5702897 — −0.86 0.01 3.7 × 10−10

S4_66720692 Dw4 ? −0.31 0.15 5.7 × 10−9

S6_40343762 — −0.46 0.04 7.5 × 10−8

S10_43486183 — 0.71 0.01 1.1 × 10−7

Effect estimates are for the Tx430 allele and are in SD units because the
data used for association mapping were standardized. Chromosome number
and SNP position are given after “S” in the first column. MAF, minor allele
frequency.

aaBB
AaBb

AAbb aaBB
AaBb

AA Aa
aa

AA

aa

Aa

AAbb

RIL56 Tx430RIL56 × Tx430 P898012 RIL237P898012 × RIL237

RIL232 RIL237RIL232 × RIL237RIL56 RIL167RIL56 × RIL167

dw1dw1 background Dw1Dw1 background

Dw3Dw3dw1dw1 background dw3dw3Dw1Dw1 background

A

C D

B

Fig. 4. Plant height of parental lines and corresponding F1 hybrids. (A and
B) Heterosis caused by repulsion linkage of qHT7.1 and Dw3, under different
backgrounds of Dw1. (C and D) The tall allele of qHT7.1 shows complete
dominance over the short allele of qHT7.1 under different backgrounds of
Dw3 and Dw1. In each picture, the seed parent is on the left, and the pollen
parent is on the right.
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haplotype with Dw3, and heterosis and gene action demonstration
provide additional tools for breeders to manipulate plant height.

Materials and Methods
Mapping Population and Experimental Design. The 250 RILs used in this study
are derived by single-seed descent from a cross between Tx430 and P898012.
Tx430 is a grain sorghum inbred commonly used as pollinator in hybrid
production. The other parent, P898012, is a grain sorghum inbred with good
drought-tolerance traits (58). The field experiments were carried out in five
environments (location-year combinations): Guayanilla, Puerto Rico (2011
and 2012); Manhattan, KS (2011 and 2012); and Ames, IA (2013). The pop-
ulation was planted in a randomized complete block (RCB) design with two
replications in each environment.

Phenotypic Measurement. Total plant height was measured as the distance
between ground and the top of the panicle. In the summer 2013 growing
season, three othermeasurements (base of panicle height, flag leaf height, and
preflag leaf height) were collected on the RIL population as complementary
information of total plant height (Fig. 1A). By treating genotype as a random
effect, best linear unbiased prediction (BLUP) values and variance components
were obtained with PROCMIXED in SAS 9.3 software (SAS Institute). The entry
mean-based heritability was calculated from variance components estimates.

Genotyping and Marker Screening. Genomic DNA was extracted from each RIL
using the standard cetyltrimethylammonium bromide (CTAB) method (59). The
concentrations of the DNA samples were quantified using Quant-iT PicoGreen
dsDNA Assay Kit (Invitrogen). The GBS procedure was carried out according to
a standard protocol (60) and identified 10,380 initial SNPs segregating within
the RIL population. A set of 8,960 SNPs was used for genetic mapping after
SNPs with genotyping errors or misalignments were removed.

Linkage Map Construction and Genetic Mapping. To take full advantage of the
high-density markers, we first conducted a single-marker scan using 8,960
SNPs with their physical positions in the genome. The analysis was conducted
in R (R Development Core Team). By setting a missing data threshold of 10%,
we selected 1,756 SNPs to build the genetic map using programMSTMap (61).
Composite interval mapping using 1,756 SNPs was carried out in Windows
QTL Cartographer 2.5 (62).

GWAS with Diverse Accessions. Association mapping was conducted with the
sorghum association panel (39). The phenotypic data were the published plant
height measurements (36). Based on the overlap of the 378 accessions with the
published GBS data (37), a set of 307 accessions with 265K SNP markers was
used for the GWAS. Missing data in the 265K SNPs were imputed with Beagle
4.0 (63). The analysis was carried out in the Genomic Association and Prediction
Integrated Tool (64). The first three principle components were used as covar-
iates for population structure in the compressed mixed linear models (65). After
the initial analysis, a second genome scan was carried out with a mixed model

that included the most significant SNPs under Dw1 and Dw2 as additional
covariates. A third genome scan was also carried out using the multilocus mixed
model (42), which selects the most significant SNP from the stepwise regression
to enter into the model sequentially as a covariate.

Computer Simulations. To assess the influence of repulsion linkage on genetic
mapping in the F2 population, a computer simulation experiment was conducted
(51). Four factors were considered: heritability, distance between markers,
distance between two QTL, and population size. Heritability (the genetic
contribution of two QTL to phenotypic variance) was set at 0.1 or 0.3, distance
between markers was set at 1, 5, 10, 15, or 20 cM, the distance between two
QTL was set at 5, 10, 20, 30, 40, or 50 cM, and population size was set at 200 or
500 individuals. The two linked QTL were assumed to have equal effect sizes,
and gene action at each locus was complete dominance. With 120 different
combinations of the four factors, each combination was repeated 5,000 times.
Genotypic and phenotypic data were generated by the UNIX version of the
QTL cartographer software v1.17. The composite interval mapping method
was used for linkage mapping. Three summary statistics were calculated: the
proportion of simulation runs with two linked QTL detected separately, the
d/a ratio when only one QTL was detected, and the d/a ratio when two QTL
were detected. The median values were presented for the d/a ratios.

Hybrid Development. To verify the hypothesis that heterosis of sorghum plant
height can be explained by repulsion linkage, crosses were made during

A B C

D E F

Fig. 5. Effect of repulsion linkage on QTL detection in a simulated F2 population with 200 individuals. (A–C) Heritability of 0.1. (D–F) Heritability of 0.3.
(B and E) The d/a ratios when one QTL was detected. (C and F) The d/a ratios when two QTL were detected. For all d/a ratios, each point is the median value
from 5,000 runs, and missing points indicate that those scenarios were not observed.
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Fig. 6. Standardized plant height for the 16 genotype combinations in the
sorghum association panel ordered by their genotypes at Dw1, Dw2, Dw3,
and qHT7.1. The width of each box in the boxplot is proportional to the
square root of the number of accessions in each group. Orange rectangles
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genotype combination.

Li et al. PNAS | September 22, 2015 | vol. 112 | no. 38 | 11827

A
G
RI
CU

LT
U
RA

L
SC

IE
N
CE

S



summer 2014 at Ames, IA (Fig. 1B). Eight RILs were selected based on their
genotypes at the three QTL detected in this study (qHT7.1, Dw3, and Dw1). For
each cross, the two inbred lines were selected based on their genotype at the
target plant height QTL and their similarity at other positions in the genome to
minimize background effects. In addition, two inbreds were chosen to have
similar flowering times to facilitate the crossing. The first two sets of six crosses
focused on the two QTL on chromosome 7 with the QTL on chromosome 9
fixed as homozygous dominant or homozygous recessive. The remaining four

crosses were made to examine the effect of the chromosome 9 QTL. The hybrids
together with their parents were grown at Santa Isabel, Puerto Rico in 2014.
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