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Abstract
Key message High-temperature-induced partial fertility in CMS sorghum is controlled by multiple genes that are 
distinct from genes involved in fertility restoration, contributing to reduced diversity in elite females.
Abstract Cytoplasmic male sterility (CMS) is used for commercial production of hybrid seed in sorghum. CMS-based 
hybrid breeding systems require female parental lines (CMS lines) to remain male sterile to prevent self-pollination and 
enable cross-pollination to generate hybrid seed. However, genetic and environmental factors can lead to the loss of male 
sterility in the pollen-accepting female parent, resulting in the production of contaminating non-hybrid seeds through self-
fertilization with large economic consequences. It is known that high temperatures around flowering time induce sterility 
breakdown, or partial fertility; however, the genetic control of this phenomenon is poorly understood. To investigate the 
molecular processes controlling sterility breakdown, a large association mapping population of elite CMS parental lines 
was used to map the genomic regions controlling partial fertility. In this study, we used genome-wide association studies on 
a panel of 2049 sorghum lines grown in six field trials at Emerald Queensland representing six different environments. The 
seed planting was set up in such a way that flowering corresponded with the hottest part of the year. In total 43 significant 
SNPs were identified, indicating that the trait is controlled by multiple genes; however, previously identified major genes for 
fertility restoration were not the main cause of partial fertility. Diversity and linkage disequilibrium decay patterns in separate 
elite male and CMS pools also indicated the constraints on genetic diversity within the female parents due to partial fertility, 
rather than the frequency of the previously identified major fertility restoration genes. The understanding of the control of 
sterility breakdown provides new avenues for trait introgression in elite female pools.

Introduction

Cytoplasmic male sterility (CMS) systems are used for 
commercial production of hybrid seed in a range of crops 
including maize, sunflowers, canola and sorghum (Bohra 
et al. 2016). CMS was first reported in sorghum by Ste-
phens and Holland (1954) with the first commercial sor-
ghum hybrids being grown in the early 1960s. In sorghum, 
CMS is operationalized using a three-line system often 
described using the three-letter coding system A/B and 
R where different combinations of nuclear and cytoplas-
mic genes result in sterility or fertility (Kim and Zhang 
2018). Cost-effective production of F1 seed is achieved by 
growing male sterile “A” lines or female parents unable to 
produce functional pollen in isolated crossing blocks with 
male fertile “R” lines. Sterility in “A” lines is the result of 
mitochondrial genes in the maternally inherited cytoplasm 
that prevent the formation of viable pollen (CMS) (Hanson 
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and Bentolila 2004). New female parents are developed as 
“B” lines which have a cytoplasm that does not contain the 
sterility-inducing mitochondrial genes. These B lines are 
then converted to male sterile “A” line versions via back-
crossing to a source of sterile cytoplasm. The A/B pairs 
then share the same nuclear genome but have different 
cytoplasms. The restorer or “R” lines are used as pollen 
parents in hybrid production blocks and carry dominant 
nuclear restorer genes that counteract the impacts of the 
mitochondrial genes in the “A” line cytoplasm allowing 
production of male fertile F1 hybrids (Kim and Zhang 
2018).

At the molecular level, it is thought that CMS in plants 
involves the expression of mitochondrial genes that pro-
duce gene products that interfere with normal pollen pro-
duction (Chase 2007, Fishman and Sweigart 2018; Kim 
and Zhang 2018). Unfortunately, the identification of these 
sterility-inducing genes and their mechanisms has proven 
to be challenging due to the complexity of mitochondrial 
genome organization (Kim and Zhang 2018; Bohra et al. 
2016; Kazama et  al. 2019). However, in recent years 
advances in sequencing techniques enabled identification 
of multiple CMS-causing genes in more than a dozen crop 
species including rice, Brassicas, maize and wheat (Kim and 
Zhang 2018, Melonek et al. 2019). The majority of these 
genes show a chimeric structure made of conserved and new 
DNA sequences formed through multiple rearrangements 
of mitochondrial sequences, as well as via substoichiomet-
ric shifting and sequence changes (Hanson and Bentolila 
2004; Kim and Zhang 2018). In rice, the mitochondrial gene 
WA352 has been shown to produce a protein that inhibits 
the nuclear-encoded mitochondrial protein COX11, thus 
modifying peroxide metabolism in the tapetum triggering 
premature tapetal programmed cell death and consequent 
pollen abortion (Luo et al. 2013). In contrast, the identifica-
tion of the nuclear genes responsible for fertility restoration 
has proven to be relatively straightforward, with Restorer-
of-fertility (Rf) genes being identified in a range of species 
including maize (Cui et al. 1996), rice (Ahmadikhah and 
Karlov 2006; Itabashi et al. 2011; Komori et al. 2004), sor-
ghum (Jordan et al. 2010, 2011; Praveen et al. 2015) and 
wheat (Melonek et al. 2019). The cloned Rf genes belong 
overwhelmingly to the pentatricopeptide repeat (PPR) gene 
family (Praveen et al. 2018; Kim and Zhang 2018). PPR 
genes are a large family of RNA-binding proteins which 
regulate several aspects of gene expression in organelles 
including splicing, editing, RNA stabilization and cleav-
age (Barkan and Small 2014). The subset of the PPR genes 
involved in fertility restoration in crops, referred to as Rf-
like, are usually located in genomic clusters and show high 
similarity to each other (Gaborieau et al. 2016; Geddy and 
Brown 2007). Pangenome-level analyses of clusters of the 
Rf-like clade show extreme variation in structure and gene 

content within and across species (Melonek et al. 2016, Mel-
onek et al. 2019, Walkowiak et al. 2020).

In sorghum, fertility restoration is controlled by a rela-
tively small number of major restorer genes including Rf1 
(Klein et al. 2001), Rf2 (Jordan et al. 2010; Madugula et al. 
2018), Rf5 (Jordan et al. 2011; Kiyosawa et al. 2022), and 
Rf6 (Praveen et al. 2015). In addition to genetic factors, fer-
tility in cytoplasmic male sterility systems in sorghum was 
reported to be sensitive to environmental variables such as 
temperature (Brooking 1976) and photoperiod (Batch and 
Morgan 1974).

Although it has been rarely reported in the literature, par-
tial fertility is widely observed in sorghum crosses particu-
larly in crosses between fertile and sterile parent lines (Jor-
dan et al. 2011). This partial fertility appears to be the result 
of minor effect genes such as those identified by Jordan et al. 
(2011), Maunder and Pickett (1959) and Miller and Pickett 
(1964) which give rise to a continuum of full and partial 
fertility observed in the progeny of F1 hybrids (Jordan et al. 
2011). Partial fertility in sorghum is temperature sensitive 
with expression of fertility increasing when high tempera-
tures occur around flowering (unpublished data).

In applied hybrid sorghum breeding programmes, genes 
for partial fertility must be excluded from female parent lines 
because the production of pollen by female parents leads to 
self-pollination and the presence of inbred lines in hybrid 
seed, rendering it unsaleable. In practice, this can be difficult 
to achieve because the partial fertility phenotype can only be 
observed when the nuclear genome of new female parents is 
backcrossed into sterile cytoplasm (Jordan et al. 2010). The 
situation is further complicated because expression of par-
tial fertility increases as the proportion of recurrent parent 
genome increases during backcrossing (unpublished obser-
vation), requiring substantial investment in the cytoplasmic 
conversion of lines before the breeder can be confident that 
they are not likely to become partially fertile. A final com-
plication results from the fact that the expression of partial 
fertility varies with environmental conditions and is only 
expressed when high temperatures occur at critical times 
around flowering. As a result, lines carrying genes for par-
tial fertility may not be detected if the lines are not exposed 
to the relevant conditions at the critical development phase 
(Jordan et al. 2010). Little is known about the genetic control 
of partial fertility and to date only a single QTL for partial 
fertility has been mapped (Jordan et al. 2011). However, the 
nature of the trait, particularly its interaction with the envi-
ronment and its dosage dependence, suggests a more com-
plex inheritance compared with the major restorer genes. 
One practical implication of this complex genetic control 
is reluctance on the part of breeders to make genetically 
diverse crosses when developing new parental lines due to 
the frequency of partial fertility in these crosses (Jordan 
et al. 2010).
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In this study we used association mapping on a large 
panel of CMS parent lines to identify QTL associated with 
the genetic control of partial fertility in sorghum and inves-
tigate its impact on hybrid breeding.

Materials and methods

Genetic material

Germplasm set 1 diverse A lines for association mapping

A total of 2049 female parent lines in A1 cytoplasm were 
grown in a trial comprising 59 lines from the Nuseed breed-
ing programme and 1990 lines from the UQ/DAF/GRDC 
pre-breeding programme. The Nuseed lines consisted of a 
sample of germplasm from the commercial breeding pro-
gramme known to vary in their expression of partial fertility. 
The material from the UQ/DAF/GRDC breeding programme 
consisted of a sample of active and historical hybrid parent 
lines as well as a set of new parent lines that were being 
developed by the programme. The UQ/DAF/GRDC parent 
lines shared some degree of co-ancestry.

Germplasm set 2 elite A/B and R lines for diversity analysis

Germplasm set 2 consisted of 2219 advanced A/B lines and 
2135 R lines from the UQ/DAF/GRDC sorghum breeding 
programme that were active in final stage testing during the 
last 5 years. These lines were the result of multiple cycles of 
crossing and selection for performance in hybrid combina-
tion since hybrid breeding commenced in the mid-1960s. 
During this time, the programme has been managed in a way 
that is analogous to the early parental development phase of 
medium size commercial breeding programme. All the A/B 
lines in this set were either also in set 1 or were first order 
relatives of the lines in set 1. The R lines (male parents) in 
set 2 have been strongly selected for capacity to produce 
fully fertile F1 hybrids in combination with male sterile 
female parents in A1 cytoplasm, whereas the B lines (female 
parents) have been selected to exhibit acceptable levels of 
male sterility in A1 cytoplasm. Investment in female and 
male populations as measured by number of crosses made 
for each pool has been approximately equivalent during the 
last 30 years (unpublished data).

Field trial design

A total of six field trials were planted at Emerald Research 
Station in Queensland (Lat. −23.528767, Long. 148.212717) 
over 4 years from 2013 to 2016 (Table 1). The trials were 
planted from early October to late December to ensure that 
flowering would occur during the hottest part of the year. 

For the years in question, average maximum and minimum 
temperatures around the flowering period (November–Feb-
ruary) were 35.4 °C and 21 °C, respectively, with the hottest 
days in these 4 months in the different years varying between 
a low of 37.2 °C to a high of 44.4 °C. Standard agronomic 
management and weed control for sorghum was used and 
irrigation applied when required by the crop to avoid water 
stress. Each plot consisted of a single 5 m row planted at 
1 m row spacing. All trials used a partially replicated design 
(Cullis et al. 2006) with test entries replicated ~ 1.5 times 
and check entries replicated between 2 and 10 times. The 
number of entries in the trials varied between 593 and 803 
genotypes and the number of plots varied between 960 and 
1288 (Table 1). The concurrence of genotypes across the six 
trials and 4 years was sufficient for the trials to be analysed 
as a single multi-environment experiment (ESM Table S1). 
A customized row column design was used to minimize spa-
tial error effects within each trial. 

Phenotyping

Sorghum heads flower in segments commencing at the top 
of the panicle and progressing downwards over a period of 
approximately 5 days. Freshly flowered anthers in sorghum 
only dehisce (release pollen) on the day they emerge and 
can be distinguished from the anthers that dehisced on the 
previous day by their colour. On each day of data collec-
tion, the freshly flowered portion of any heads flowering 
in a plot were visually rated using a 1–9 rating previously 
described by Jordan et al. (2011). This scale is based on 
the size, colour and morphology of the fresh anthers (see 
detailed description below) and was shown to be strongly 
correlated with pollen production and seed set (Jordan et al. 
2011). Visible pollen and seed production commenced when 
anthers had a minimum rating of 6. Unpublished data had 
previously shown that lines with ratings of 4 or 5 under nor-
mal temperature conditions typically produce pollen when 
exposed to high temperatures at flowering time. On any day 
only a proportion of genotypes were flowering; however, 

Table 1  Planting dates and composition of trials used in the study

*Indicates the total number of days the partial fertility trait was meas-
ured in each trial

Trial name Planting 
date

Number of 
genotypes

Plots Observa-
tions

Meas-
ured 
days*

Emer1403 3/10/2013 593 960 1903 4
Emer1404 18/10/2013 603 960 2809 5
Emer1505 18/11/2014 780 1200 3244 6
Emer1506 1/12/2014 783 1200 2306 6
Emer1607 23/12/2015 803 1288 5422 10
Emer1704 23/11/2016 682 1000 4311 8
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the overlap of flowering periods of the genotypes enabled 
data from different days and trials to be analysed as a sin-
gle multi-environment trial. In total, data were recorded 
on a combined total of 36 separate days over the six trials 
with between 1903 and 5422 plot × day observations being 
recorded for each trial giving a total of 19,995 plot × day 
observations across all trials. This meant that each plot in a 
trial was scored between 2 and 4 times on average.

Scoring system for anther sterility

A visual scoring system for sterility was previously devel-
oped by Jordan et al. (2011) and consisted of nine ratings. 
Score 1 = sterile very small colourless anthers; dehiscence 
pore absent; Score 2 = sterile small colourless anthers; 
dehiscence pore absent; Score 3 = sterile small but slightly 
larger again anthers, may be more coloured; dehiscence pore 
absent; Score 4 = sterile small, but slightly larger again, 
more coloured anthers; dehiscence pore absent; Score 5 = 
sterile medium anthers, coloured; dehiscence pore absent; 
Score 6 = partially fertile larger coloured anthers; dehis-
cence pore present in some anthers, pollen present in very 
small quantities; Score 7 = partially fertile, larger coloured 
anthers; dehiscence present in most anthers, some visible 
pollen; Score 8 = moderately plump coloured anthers; dehis-
cence pore present in all anthers and pollen present; and 
Score 9 = plump coloured anthers; dehiscence pore present 
copious amounts of pollen.

Genotyping and imputation

DNA was extracted from bulked young leaves of five plants 
of each genotype in the two populations using a previously 
described CTAB method (Doyle and Doyle 1987). The two 
germplasm sets were genotyped using medium genome-
wide SNPs provided by Diversity Arrays Technology Pty 
Ltd (www. diver sitya rrays. com), which involves complex-
ity reduction of the genomic DNA to remove repetitive 
sequences using methylation sensitive restriction enzymes 
prior to sequencing on Next Generation sequencing plat-
forms. The sequence data generated were then aligned to 
version 3.1.1 of the sorghum reference genome sequence 
(McCormick et al. 2018) downloaded from the Phytozome 
13 website (https:// phyto zome- next. jgi. doe. gov/) to identify 
single nucleotide polymorphisms (SNPs).

In total, 21,886 polymorphic SNPs were identified on the 
sets of lines. The overall proportion of missing data reported 
in the raw genotypic data sets was approximately 13%. Indi-
vidual SNP markers with > 40% missing data were removed 
from further analysis and the remaining missing values were 
imputed using Beagle v5.0 (Browning and Browning 2016; 
Browning et al. 2018). An average imputation accuracy of 
96% was achieved across both populations.

Statistical analysis

Data from multiple trials measured over multiple days were 
combined into a Multi-Environment Trial (MET). The 
fertility scores were analysed using a linear mixed model 
which contained both fixed and random effects. Fixed effects 
included a mean value for each trial and a mean value for 
each date within each trial. Trials were assessed for possible 
spatial field effects, and spatial terms were included for each 
trial, as necessary. These random spatial effects included 
auto-regression correlations for rows and columns for each 
trial correlated across dates.

Correlations between dates and trials were examined by 
fitting genotype effects as random with correlation between 
each trial/date combination. These results showed very high 
genetic correlations between trials and dates which allowed 
the inclusion of a fixed genotype main effect. By fixing all 
the non-genetic random effects in the model, Best Linear 
Unbiased Estimates (BLUEs) were calculated that were rep-
resentative of genotype performance across all trials and all 
dates. These BLUEs were used in the subsequent genome-
wide association study (GWAS). All statistical analyses were 
conducted with the R software (www.R- proje ct. org) using 
the package ASReml-R version 3 (Butler et al. 2009).

Association mapping

The imputed SNP data set for germplasm set 1 was further 
filtered on MAF > 0.001, resulting in a final set of 18,638 
SNPs used for GWAS. The GWAS analysis was conducted 
using BLINK (Huang et al. 2019), in which population 
structure was controlled using the first three principal com-
ponents generated from a principal component analysis of 
SNP data. The GEC software package (Li et al. 2012) was 
used to calculate the number of independent tests within the 
SNP data. Based on this number, the Bonferroni correction 
was applied to set significant threshold for the association 
analysis at 5.78E−6.

Diversity analysis of B and R line pools

A principal component analysis was conducted on germ-
plasm set 2 which consisted of elite female (B) and male (R) 
lines from the UQ/DAF/GRDC pre-breeding programme. 
Nucleotide diversity was estimated for each SNP by calcu-
lating the average number of pairwise differences between 
sequences (π). Average π values across linkage groups and 
the whole genome were computed for the B and R groups 
using vcftools (Danecek et al. 2011). Linkage disequilibrium 
(LD) was estimated for each pair of SNPs by calculating 
the correlation coefficient, r2 . The r2 values for the B and 

http://www.diversityarrays.com
https://phytozome-next.jgi.doe.gov/
http://www.R-project.org
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R groups were computed using PopLDdecay (Zhang et al. 
2019), and their LD decay curves were compared with those 
of the Australian sorghum diversity panel (Tao et al. 2020).

Candidate genes

The location of SNPs significantly associated with partial 
fertility was compared with the genomic locations of four 
previously cloned fertility restorer genes, Rf1, Rf2, Rf5 and 
Rf6 (Jordan et al. 2010, 2011; Klein et al. 2001; Praveen 
et al. 2015; Madugula et al. 2018; Kiyosawa et al. 2022), 
and against a set of 63 candidate genes identified by Dhaka 
et al. (2020) that were selected as strong candidates for engi-
neering male fertility in sorghum based on variable expres-
sion during anther development in sorghum and/or their rice 
orthologs have been experimentally shown to play role in 
anther development.

Results

Average pairwise correlations of sterility scores for the same 
genotypes scored on different days were high, varying from 
0.62 to 0.99 with an average of 0.78 indicating relatively low 
levels of crossover GxE interactions. This enabled the data 
from the six experiments and 36 days to be analysed jointly 
to produce a single best linear unbiased estimate (BLUE) 
for each line used for GWAS. The repeatability of the across 
site estimate was high at 0.8 indicating that genetic effects 
explain most of the variation in the trait in these experiments 

and that crossover GxE was limited. This is further sup-
ported by Fig. 1 which shows an estimate of sterility rating 
for each day for two “A” lines (ATx623 and A_B992422), 
which were used as checks across all the experiments, plot-
ted against the estimate of the average sterility rating for a 
particular day for all genotypes plotted in order of ascending 
value. These two lines are phenotypic extremes. ATx623 is a 
highly sterile genotype which does not break down whereas 
A_B992422 is known to become fertile in response to high 
temperatures around flowering. Both lines show relatively 
similar linear positive responses in sterility rating as the 
overall sterility rating of the day increases indicating that 
crossover GxE interaction is limited.

A histogram showing the distribution of the overall 
BLUEs of sterility ratings for the 2049 CMS lines is pre-
sented in Fig. 2. The distribution of phenotypic values was 
relatively normally distributed and ranged from 2.2 to 8.6 
with an average of 4.6.

Association mapping

An association analysis was undertaken with BLINK 
(Huang et al. 2019) and detected 43 significant SNPs, 
above the adjusted Bonferroni significance threshold 
(Fig. 3 and Table 2). The significant SNPs were distrib-
uted across all chromosomes, with chromosomes 2 and 
5 containing the highest number (7 and 8, respectively) 
and chromosome 7 the least (with only 1 significant SNP 
identified). The cM locations of the significant SNPs 
were predicted from the sorghum consensus genetic 

Fig. 1  BLUEs of daily steril-
ity ratings for two CMS lines 
displaying contrasting responses 
to high temperatures dur-
ing flowering plotted against 
estimates of daily sterility rating 
for the entire dataset. ATx623 is 
a highly sterile female that does 
not become fertile under high 
temperatures, and A_B992422 
is known to become fertile in 
response to high temperatures 
around flowering
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linkage map (Mace and Jordan 2011). Over 20% of the 
significant SNPs co-located within a 2 cM window with 
candidate genes identified from either previous studies on 
major fertility restoration genes in sorghum (Rf5 candidate 
gene on SBI-05) or genes under differential expression 
during anther formation identified in Dhaka et al. (2020) 
(see Table 2). Two QTLs, PfQT_5.2 and PfQT_5.3, were 
located within the RFL/PPR gene cluster on chromosome 
SBI-05 in close proximity to the region delimiting the Rf5 
locus (Fig. 4).

The Rf-like PPR genes in this region are shown as red 
triangles, and their names are given above the triangles; 
other non-Rf-like genes are shown as blue triangles. The 
two markers delimiting the Rf5 locus (Jordan et al. 2011) 
are indicated.

Principal component analysis, relative diversity 
and linkage disequilibrium

Figure 5 shows the principal component analysis for germ-
plasm set 2. The female and male parents clearly cluster into 
two separate groups on the first principal component, which 
explains ~ 20% of the variance.

Table 3 shows the nucleotide diversity (π) within the A/B 
and R line pools from the UQ/DAF/GRDC breeding pro-
gramme. Average diversity within the female parent pool 
at 0.10 was ~ 23% lower than that of the male parent pool 
(0.12). Although relative diversity varied between chro-
mosomes, in all but one chromosome (where the diversity 
values were the same) the R lines had higher diversity. The 
diversity of the A/B lines was not reduced relative to R lines 
in linkage groups that contained fertility restoration genes. 

Figure 6 shows a plot of LD decay determined by squared 
correlations of allele frequencies (R2) against distance 
between polymorphic sites in the elite A/B and R lines from 
the breeding programme contrasted with the Australian sor-
ghum diversity panel (Tao et al. 2020). The LD decays rap-
idly in the diversity panel, dropping to R2 < 0.1 at ~ 20 kb, 
whereas LD did not decay to R2 < 0.1 until ~ 200 kb in the 
male parental pool, and > 600 kb in the female parental pool. 
Specifically, at the distance of 250 kb (which corresponds to 
a genetic distance of ~ 1 cM in the euchromatin (Mace et al. 
2012), LD in the diversity panel is close to zero, whereas it 
is 0.09 in the elite R lines and almost double that Fig. (0.18) 
in the A/B lines.

Discussion

In this paper we explored the previously undocumented 
genetic architecture of partial fertility in cytoplasmic 
male sterile lines of sorghum. High temperatures around 

Fig. 2  Histogram of phenotypic values of overall sterility ratings for 
2049 CMS lines

Fig. 3  GWAS of sterility ratings, with significant markers above the adjusted Bonferroni threshold highlighted in red (a) and associated QQ plot 
(b)
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Table 2  Summary of the partial fertility QTL identified and positional candidate genes relative to positions of mapped major restorer of fertility 
genes

*Based on the sorghum consensus genetic linkage map (Mace and Jordan 2011)
ϯ Based on the set of 63 candidate genes identified byDhaka et al. (2020)

QTL Name Chr bp Predicted cM*  − LOG10P Candidate genes within 2 cM

PfQT_1.1 1 9,834,036 25.7 7.05 OsINV4 (Sobic.001G099700)ϯ

PfQT_1.2 1 14,774,613 38.4 7.61
PfQT_1.3 1 54,119,665 60.5 10.21
PfQT_1.4 1 68,289,390 125.7 18.10 ZEP1 (Sobic.001G415800)ϯ

PfQT_2.1 2 55,667,693 81 11.55
PfQT_2.2 2 56,293,045 83.8 7.02
PfQT_2.3 2 60,652,519 123.1 6.56
PfQT_2.4 2 63,508,163 141 11.78
PfQT_2.5 2 68,226,076 155.2 7.47
PfQT_2.6 2 71,527,180 176.1 23.27 OIP30 (Sobic.002G353500)ϯ

PfQT_2.7 2 75,422,068 192.5 10.38
PfQT_3.1 3 52,261,094 60.4 6.19 OsMST8 (Sobic.003G192200)ϯ

PfQT_3.2 3 53,198,376 64.8 7.73
PfQT_3.3 3 56,759,289 83.6 7.21
PfQT_3.4 3 68,112,264 139.2 6.77 MID1 (Sobic.003G365600)ϯ, OsNek5 (Sobic.003G366300)ϯ

PfQT_3.5 3 70,705,744 151.6 8.51
PfQT_4.1 4 1,779,839 14.2 8.61
PfQT_4.2 4 2,801,430 20.5 7.53
PfQT_4.3 4 10,204,655 62.8 6.99 OsPCBP (Sobic.004G100900)ϯ, HEI10 (Sobic.004G101500)ϯ

PfQT_4.4 4 57,829,750 106.9 7.73
PfQT_4.5 4 60,854,468 110.6 23.52
PfQT_5.1 5 453,977 3 11.53
PfQT_5.2 5 2,301,604 17.3 10.28 Rf5 (Sobic.005G027840)
PfQT_5.3 5 3,084,145 22.7 8.47
PfQT_5.4 5 63,658,054 74.1 6.64
PfQT_5.5 5 67,028,867 93 5.40
PfQT_5.6 5 67,573,378 69.5 6.96
PfQT_5.7 5 68,964,625 97.6 9.10
PfQT_5.8 5 71,712,867 118.5 6.16
PfQT_6.1 6 2,144,465 24.3 31.52
PfQT_6.2 6 51,899,891 104.4 9.12 OsPLIM2b (Sobic.006G159000)ϯ

PfQT_6.3 6 54,298,205 128.7 6.59 OsCDPK7 (Sobic.006G192500)ϯ, HTH1 (Sobic.006G185600)ϯ

PfQT_7.1 7 8,301,063 66.3 5.60 OsZIP4 (Sobic.007G075700)ϯ

PfQT_8.1 8 1,206,988 14.8 8.73
PfQT_8.2 8 59,829,272 67.1 5.78
PfQT_8.3 8 60,449,286 103.8 6.98
PfQT_9.1 9 1,182,457 14.2 9.46 RPA1c (Sobic.009G012600)ϯ

PfQT_9.2 9 4,762,731 53.4 7.04
PfQT_9.3 9 52,687,515 105.2 11.48 OsMSH4 (Sobic.009G185700)ϯ

PfQT_10.1 10 3,827,432 33.8 8.78
PfQT_10.2 10 7,264,827 37.9 6.06
PfQT_10.3 10 51,534,736 67.4 5.83
PfQT_10.4 10 56,987,810 89.7 8.81
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flowering can induce partial fertility in cytoplasmic male 
sterile lines. Partial fertility in a commercial seed field 
causes a major problem for commercial seed companies 
potentially rendering hybrid seed unsaleable. While the 
genetic control of fertility restoration is well known and 
controlled by a relatively small number of major genes 
(Jordan et al. 2010, 2011), the control of partial fertility 
is poorly understood. In this study, we used GWAS on a 
panel of 2049 sorghum lines grown in six environments to 
identify 43 QTL for partial fertility and explore the genetic 
networks underlying the trait and the likely role of the 
trait in constraining genetic gain in commercial breeding 
programmes.

Fig. 4  Co-localization of QTLs PfQT-5.2 and 5.3 with the Rf5 locus on SBI-05

Fig. 5  Principal component analysis of elite male and female inbreed 
lines from the UQ/DAF/GRDC sorghum breeding programme, spe-
cifically 2219 advanced A/B lines (in red) and 2135 R lines (in blue) 
(colour figure online)

Table 3  Nucleotide diversity (π) of elite A/B and R lines from the 
UQ/DAF/GRDC breeding programme with the presence of Rf genes 
indicated

*Pf1 is a partial fertility gene mapped byJordan et al (2011)

Chromosome π R π B π % difference Rf genes on LG

1 0.12 0.07 38
2 0.13 0.11 16 Rf2
3 0.15 0.11 26
4 0.12 0.10 16 Pf1*
5 0.12 0.10 15 Rf5
6 0.14 0.10 31
7 0.12 0.07 35
8 0.12 0.12 0 Rf1
9 0.12 0.07 37
10 0.11 0.10 11
Average 0.12 0.10 23

Fig. 6  LD decay determined by squared correlations of allele fre-
quencies (r.2) against distance between polymorphic sites in A/B 
(Female), R (Male) and a diversity panel (described previously in Tao 
et al. 2020)
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Partial fertility is controlled by many minor genes 
and major restoration genes do not make a major 
contribution to the trait

A set of 2049 cytoplasmic male sterile lines were grown 
in six field trials at Emerald QLD such that flowering cor-
responded with the hottest part of the year, with tempera-
tures with average maximum and average minimum tem-
peratures around the flowering period were 35.4 °C and 21 
°C, respectively. Freshly flowered segments of heads were 
rated on 36 separate days generating ~ 20,000 plot × day 
observations. Considerable variation in partial fertility was 
observed among CMS lines. However, pairwise correlations 
of sterility scores across days were high as was the broad 
sense heritability of the trait across trials (0.8). GWAS con-
ducted on an across site BLUEs of sterility identified 43 
significant marker trait associations indicating that partial 
fertility is a quantitative trait of moderate complexity. One 
of the potential explanations of partial fertility is that it is 
caused by subfunctional Rf-like PPR genes. Our evidence 
indicates this is not likely to be the case and that the situa-
tion is more complex. The number of QTL detected for this 
trait (43) is much larger than the number of known fertility 
restoration genes and only one of these four major fertility 
restoration genes, Rf5 (Jordan et al. 2011), located within 
2 cM of a GWAS hit. Furthermore, the regions surrounding 
the GWAS hits were not found to be enriched for Rf-like PPR 
genes as would be expected if partial fertility were the result 
of subfunctional Rf genes.

Candidate gene analysis suggests a range of gene 
networks are important in partial fertility

Dhaka et al. (2020) conducted an expression analysis study 
of different stages of sorghum anthers and combined this 
with information from rice to identify a list of candidates 
for engineering male fertility in sorghum. Given that par-
tial fertility occurs in response to environmental conditions 
at flowering, it seems likely that some genes identified as 
being differentially expressed in anthers and associated with 
fertility in rice will be associated with the partial fertility 
phenotype. A comparison of the location of the significant 
SNPs from GWAS with the location of the genes identified 
in Dhaka et al. (2020) identified ~ 25% overlap, with 15 out 
of the 63 genes co-locating within a 2 cM window of the 
significant SNPs from this study (Table 2). The function 
of these genes may provide some indications of the gene 
networks involved in partial fertility.

One of the genes identified by Dhaka et al. (2020) was 
Sobic.006G159000, an orthologue of rice OsPLIM2b, 
which is directly implicated in cytoplasmic male sterility 
in rice. In rice, OsPLIM2b was shown to interact with the 
cytoplasmic male sterility-related protein kinase, OsNek3, 

and the transcripts of both genes were found to be pref-
erentially expressed in anthers in bi- to tri-cellular pol-
len (Fujii et al. 2009). Although OsNek3 was not close to 
a significant SNP from GWAS in this study, the closely 
related OsNEK5 was less than 1 cM from a significant 
SNP.

Three candidate genes for sterility, Sobic.003G192200 
(rice OsMST8), Sobic.001G099700 (rice OsINV4) and 
Sobic.004G100900 (rice OsPCBP) implicated in carbohy-
drate metabolism in the anthers, fall within 2 cM of signifi-
cant SNPs from GWAS. In rice, OsINV4, an anther-specific 
cell wall acid invertase gene, and OsMST8, an anther-spe-
cific monosaccharide transporter, are downregulated by cold, 
resulting in pollen sterility due to interference in starch stor-
age (Mamun et al. 2006). In addition, OsPCBP is a pollen 
expressed gene in rice that encodes a calmodulin-binding 
protein involved in calcium signalling and localized to amy-
loplasts (Zhang et al. 2012). Transformation experiments 
indicate that disruption of this gene causes failure of pollen 
development, likely through disruption of starch accumula-
tion (Zhang et al. 2012).

A further four candidate genes for sterility, based on 
function in rice and Arabidopsis, Sobic.001G415800 (rice 
ZEP1), Sobic.004G101500 (rice HEI10), Sobic.002G353500 
(rice OIP30) and Sobic.009G012600 (rice RPA1c), are 
implicated in meiosis and DNA replication. In rice, ZEP1 
is critical for controlling crossovers during meiosis (Wang 
et al. 2010). Its function is closely linked to that of HEI10 
whose immunolocalization signals always overlap with 
ZEP1 signals (Wang et al. 2012). RPA1c is involved in 
regulating crossover formation and DNA repair in rice. It 
is one of the subunits of Replication protein A (RPA), a 
heterotrimeric protein complex that binds single-stranded 
DNA. In plants, multiple genes encode the three RPA subu-
nits (RPA1, RPA2 and RPA3), and in combination with the 
partially sterile RPA1a, RPA1c has been demonstrated to 
result in sterility in Arabidopsis (Aklilu et al. 2013). Finally, 
OIP30 is a helicase A class of enzyme that may be a poten-
tial substrate for the pollen predominant OsCPK25/26 in rice 
(Wang et al. 2011).

A further two candidate genes from the gene set iden-
tified by Dhaka et al. (2020) that fell within 2 cM of a 
significant hit from GWAS in the current study were 
related to other physiological functions in the rice anthers. 
Sobic.003G365600 (rice MID1/OsARM1) is a transcrip-
tional regulator that promotes rice male development 
under drought by modulating the expressions of drought-
related and anther developmental genes (Wang et al. 2017). 
Sobic.006G185600 (rice HTH1) is highly expressed in the 
epidermis of the anther in rice where it is involved in anther 
cutin biosynthesis and is required for pollen fertility in rice. 
Its reduced expression results in abortion due to a collapsed 
anther wall (Xu et al. 2017).
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Partial fertility, rather than the frequency 
of restorer genes, imposes constraints 
on the genetic diversity of female parents in hybrid 
breeding programmes

The genetic diversity of the female, or A/B line, populations 
of hybrid breeding programmes are low relative to the male 
or R line parents (Crozier et al. 2020) as demonstrated by the 
breeding populations in this study. Linkage disequilibrium 
(LD) decays much more slowly in female parents than male 
parents from germplasm set 2, and as expected both decay 
more slowly than in a sample of global sorghum diversity 
(Tao et al. 2020). In the diversity set R2 declines to zero 
at ~ 250 kb, while at the same distance R2 in the female 
population is ~ 0.2, double that of the male population (~ 
0.1). The extent of LD in a population is the result of the 
complex interplay of factors such as selection, admixture, 
linkage and genetic drift. Typically, populations with small 
effective population size (Ne) experience more genetic drift 
than larger populations with closely linked loci indicating 
population sizes over the historical past, while loosely linked 
loci signify Ne in the immediate past (Hayes et al. 2003; 
Hill and Robertson 1966). The divergence in LD identified 
between the parental populations, at both close and loosely 
linked loci, suggests that Ne has been low in female, B, lines 
compared with male, R, lines in both the recent and histori-
cal past.

It is often stated that the major reason for the low genetic 
diversity within female parent lines is the fact that most sor-
ghum landraces and germplasm lines are restorers of cyto-
plasmic male sterility (Menz et al. 2004). However, given 
that restoration of A1 cytoplasm is under the control of a 
small number of major genes (Jordan et al. 2010, 2011), 
it would seem to be relatively easy to remove these genes 
via phenotypic selection in test crosses or more recently by 
selection with molecular markers. This conjecture is further 
strengthened by the observation that the genetic diversity 
in B line material was not significantly lower than R lines 
for linkage groups containing restorer genes compared with 
linkage groups that did not. It seems unlikely therefore 
that frequency of restorer genes is sufficient to explain the 
observed differences in genetic diversity between the male 
and female parental pools. We propose that the difference 
in genetic diversity between the pools is primarily driven by 
the genetic architecture of partial fertility. The large number 
of loci influencing partial fertility identified in this study 
coupled with their environmental and dosage-dependent 
expression would make selection against partial fertility 
difficult. At the same time, the financial consequences of 
fertility breakdown are large, leading commercial breeders 
to be conservative in their crossing decisions when develop-
ing new female parent lines. This in turn has resulted in low 
diversity and high LD of female parent lines.

Conclusions

In contrast to fertility restoration, temperature-induced par-
tial fertility in A1 cytoplasm of sorghum is under complex 
multigenic control. It involves nuclear genes from a range 
of different networks influencing a variety of biological pro-
cesses, which are distinct from the major restorer genes that 
are almost exclusively PPR genes that act via mediation of 
gene expression in mitochondria. A possible explanation for 
these results is that in female parent lines, high temperatures 
partially impair the expression or function of sterility-induc-
ing genes present in the mitochondria exposing variation 
in the downstream networks of genes that influence pollen 
production.

The presence of at least 43 regions of the sorghum 
genome interacting with the environment to influence par-
tial fertility combined with the large negative commercial 
impacts of fertility in female parents appears to be the major 
cause of lower genetic variation in female vs male parents. 
The low variation and higher LD in female parents are likely 
to have constrained genetic gain and made introgression of 
new traits difficult. In the future, it should be feasible to use 
genomic prediction to introduce new variation while main-
taining sterility.
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