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Abstract
Key message  The cucumber male sterility gene ms-3 was fine mapped in a 76 kb region harboring an MMD1-like 
gene Csa3M006660 that may be responsible for the male sterile in cucumber.
Abstract  A cucumber (Cucumis sativus L.) male sterile mutant (ms-3) in an advanced-generation inbred line was identi-
fied, and genetic analysis revealed that the male sterility trait was controlled by a recessive nuclear gene, ms-3, which was 
stably inherited. Histological studies suggested that the main cause of the male sterility was defective microsporogenesis, 
resulting in no tetrad or microspores being formed. Bulked segregant analysis (BSA) and genotyping of an F2 population 
of 2553 individuals were employed used to fine map ms-3, which was delimited to a 76 Kb region. In this region, a single 
non-synonymous SNP was found in the Csa3M006660 gene locus, which was predicted to result in an amino acid change. 
Quantitative RT-PCR analysis of Csa3M006660 was consistent with the fact that it plays a role in the early development 
of cucumber pollen. The protein encoded by Csa3M006660 is predicted to be homeodomain (PHD) finger protein, and the 
high degree of sequence conservation with homologs from a range of plant species further suggested the importance of the 
ms-3 non-synonymous mutation. The data presented here provide support for Csa3M006660 as the most likely candidate 
gene for Ms-3.

Introduction

In the context of plant breeding, the phenomenon of male 
sterility represents a powerful means to improve hybrid seed 
production and to protect the commercial value of parental 
lines. It can greatly increase the effectiveness of F1 hybrid 
seed production without manual pollination, and reduce the 
production cost dramatically. In general terms, male steril-
ity can be divided into cytoplasmic male sterility (CMS) 
and genic male sterility (GMS). CMS, which is maternally 
inherited, is a result of mitochondrial gene function, and 
fertility can be restored by nuclear restorer-of-fertility (Rf) 
genes that can be introduced by crosses with restorer lines 
(Hanson and Bentolila 2004; Horn 2006). In contrast, GMS 
is caused by recessive or dominant nuclear genes (Ke et al. 
2005). The majority of sterile crop plants have arisen from 
spontaneous mutants, although a few have been created by 
mutagen treatments (Kaul 1988; Budar and Pelletier 2001).

In breeding programs, CMS is preferred to GMS, 
because it allows easier identification of maintainers of 
male sterility. CMS has been reported in a large number of 
plant species and has been important in the development 
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of rice (Oryza sativa; Virmani 1994), maize (Zea mays), 
and wheat (Triticum aestivum) (Budar and Berthomé 
2007), cotton (Gossypium hirsutum; Subhash 2015), and 
Brassicaceae crops (Yamagish and Bhat 2014). However, 
there are some disadvantages to this approach, such as 
sensitivity to temperature, incomplete sterility, and a lim-
ited availability of restorer lines (Fu and Tu 2002). GMS, 
in contrast, allows stable and complete male sterility and 
the genes underlying male sterility are relatively easy 
to transfer. Production of hybrids using GMS has been 
reported in rice (Kim et al. 2007), maize (Wu et al. 2016), 
cotton (Subhash 2015), tomato (Solanum lycopersicum; 
Atanassova 2000), and garlic (Allium sativum; Mayer 
et al. 2013), among others. One major drawback of the 
GMS system is that the progeny of maternal parents seg-
regates as 50% male fertile and 50% male sterile plants, 
and this requires the eradication of male fertile plants 
from the maternal line. This problem can be addressed 
through marker-assisted selection (MAS), which facilitates 
the identification of different genotypes in segregating 
generations through the detection of molecular markers 
(Tanksley et al. 1989). Different types of genetic markers, 
closely linked to a GMS locus, have been used to iden-
tify genotypes in breeding populations, such as sequence 
tagged site (STS) markers in Chinese cabbage (Brassica 
rapa; Ying et al. 2003), cleavage amplified polymorphic 
sequence (CAPS) marker in chili pepper (Capsicum ann-
uum; Lee et al. 2010), sequence characterized amplified 
regions (SCAR) and CAPS markers in lettuce (Lactuca 
sativa; Hayashi et al. 2011), and single-nucleotide poly-
morphism (SNP) markers in cotton (Feng et al. 2015).

Cucumber (Cucumis sativus L.), which belongs to the 
Cucurbitaceae family, is one of the most economically 
important vegetable crops worldwide (Li et al.2013). For 
the flowers of cucumber which was monoecious and uni-
sexual, male sterility systems can also be widely used in 
the breeding of cucumber. To date, four main types of male 
sterility have been reported in cucumber: (1) an apetalous 
sterile mutant (ap); (2) a pleiotropic pollen-aborted mutant 
(ms-1); (3) an aborted male flower genotype (ms-2); and (4) 
a closed-flower genotype (Qi Zhang et al. 1994). However, 
these cases of male sterility have not been used in hybrid 
cucumber seed production; because their inheritance is 
determined by nuclear genes and they are associated with 
undesirable traits, such as missing corolla, malformed ova-
ries, and closed female flowers (Grimbly 1980; Hutchins 
1936).

There exists gynoecious sex expression in cucumber both 
genetically and chemically induction which provides alter-
native ways for commercial hybrids production. However, 
most current Chinese cucumber parent lines are genetically 
monoecious, and it is difficult to achieve 100% female flow-
ers by chemical induction, and additional male flowers’ 

removal is needed. Gynoecious parental lines cannot be 
protected, because it can be selfed by chemical male flower 
induction.

We previously identified a novel male sterile cucumber 
mutant in the advanced-generation inbred line, YL-5, and 
here, we report that the inheritance of this male sterile trait 
is conferred by a single recessive nuclear gene. We desig-
nated this male sterile gene ms-3. Anatomical and histologi-
cal studies showed that the main reason for the male steril-
ity was the failure of meiosis, leading to no pollen being 
formed. Based on fine mapping, bulked segregant analysis 
(BSA), and genotyping of a large F2 population using a 
Kbioscience Allele-specific Polymorphism (KASP) assay, 
the candidate ms-3 gene, responsible for the male sterility, 
was identified. Finally, we mapped ms-3 to a 76 Kb genomic 
DNA region.

Materials and methods

Plant material

In June 2012, 36 male sterile cucumber plants that were 
spontaneous mutation were identified in the Northern Chi-
nese cucumber fertile lines, YL-5, at the experimental farm 
of Tianjin kernel Cucumber Research Institute in Tianjin, 
China. Morphological characteristics, including plant height, 
leaf shape, and fruit traits, were documented. YL-5 male 
sterile plants were tagged and hand-pollinated with pollen 
from fertile YL-5 wild-type plants to generate an F1 gen-
eration. In the autumn of 2012, the F1 plants were selfed to 
generate the F2 generation. At the same time, a test crossing 
was performed, where the YL-5 male sterile plants were 
hand-pollinated with the heterozygous fertile F1 plants, gen-
erating C1 seeds. The F2 seeds and C1 seeds were grown in 
the spring of 2013. Male flower fertility in the F1, F2, and C1 
generations was determined. All plants were grown in the 
greenhouses in Tianjin, China and were under long day-light 
exposure. The day and night temperature of the greenhouse 
was controlled at 25–30 and 15–18 °C, respectively.

Stereo microscopic imaging of stamens

The male flower buds were divided into six stages, accord-
ing to bud size: stage I, 2–3 mm; stage II, 3–6 mm; stage 
III, 6–9 mm; stage IV, 9–12 mm; stage V, 12–15 mm; stage 
VI, > 15 mm. Buds from male sterile and fertile plants were 
collected around 9:00 am. Corollas were carefully removed 
with a pair of tweezers and the stamens were then observed 
and photographed using an Olympus SZX16 stereoscopic 
microscope (Tokyo, Japan).



451Theoretical and Applied Genetics (2018) 131:449–460	

1 3

Pollen observation

Sterile and fertile male flowers were collected and placed 
on wet filter paper in culture dishes, and then kept in an 
ice box. Anthers were removed and placed on a glass slide, 
2–3 drops of distilled water were added, and the anthers 
were squashed gently with tweezers. Pollen grains were 
observed and photographed using an Olympus IX70 micro-
scope (Tokyo, Japan).

Paraffin sectioning and microscopy

Six different stages of buds from male sterile and fertile 
plants were collected and immersed into fresh FAA (5 mL 
formalin, 5 mL acetic acid, and 90 mL 70% ethanol) solu-
tion, and then kept in an ice box. Paraffin sections were 
made as previously described (Wang et al. 2013), The slice 
thickness is 8 µm, using a Leica RM2016 microtome (Leica, 
Germany).

Transmission electron microscopy (TEM)

Male flower buds (1–3  mm long) were collected from 
male sterile and fertile plants and placed in glutaralde-
hyde. Ultrathin sections were made as previously described 
(Vignolini et al. 2012), the slice thickness is 70 nm, and 
TEM images collected using a Hitachi H-7650 transmission 
electron microscope (Hitachi, Japan).

Bulked segregant analysis

A cross was made between the YL-5 male sterile mutant 
(female parent, P1) and a genetically distinct male fertile 
line (D37-1, male parent, P2) to create an F1 generation. An 
F2 segregating population was then generated by F1 self-
pollination. Four DNA pools were constructed: the P1 pool 
from the 20 YL-5 mutant (ms-3/ms-3) plants; the P2 pool 
from the 20 D37-1 (Ms-3/Ms-3) plants; the male fertile (MF) 
pool from the 50 male fertile plants of the F2 generation (Ms-
3/Ms-3 and Ms-3/ms-3); and the male sterile (MS) pool from 
the 50 male sterile plants the of F2 generation (ms-3/ms-3). 
These DNA pools were sequenced using the Illumina HiSeq 
2500 platform with paired-end reads of 100 bp (Illumina, 
USA).

Sequencing data analysis

The raw reads from the four DNA pools were filtered and 
aligned to the cucumber genome sequence (Chinese long; 
v2) using the Burrows–Wheeler alignment tool (BWA) 
(Huang et al. 2009; Langmead and Salzberg 2012). GATK 
software was used to detect single-nucleotide polymor-
phisms (SNPs) and InDels (McKenna et al. 2010). The 

SNP-index and the Δ(SNP-index) (DePristo et al. 2011) 
values were calculated to identify candidate genomic 
regions associated with male sterility. The Δ(SNP-index) 
was determined based on the difference in the SNP-index 
between the MF and MS pools. An average of Δ(SNP-
index) of SNPs located in the given genomic interval was 
calculated using sliding window approach with 1 Mb win-
dow size and 10 kb increment. The Δ(SNP-index) of MF 
and MS pools and their corresponding SNP-index within 
the specified window size were plotted in a graph to gener-
ate SNP-index plots. The Δ(SNP-index) value should be 
significantly different from 0 if a genomic region harbor-
ing the target gene (Takagi et al. 2013). We calculated 
statistical confidence intervals of Δ(SNP-index) for all 
the SNP positions with given read depths and 99% confi-
dence intervals were obtained. By examining the Δ(SNP-
index), the plot peak regions above the confidence value 
were defined as candidate regions for association with 
male sterility.

SNP primer design and KASP genotyping

We employed KASP genotyping platform at the Beijing 
Vegetable Research Center (Beijing, China) to identify 
the SNP genotype in the segregation population and to 
construct a genetic map. According to the principle that 
the base type of the P1 pool was the same as the MS pool 
and the P2 pool was the same as the MF pool, all the SNP 
loci obtained from the sequencing data were filtered for 
primers design. For each SNP, two forward DNA prim-
ers were designed that matched the SNP allele. FAM and 
VIC fluorophores were used to label the 5′ of the primers 
to distinguish between the different SNP genotypes, and 
two forward primers were used with one reverse primer 
(Table S1). SNP genotyping was conducted following 
the manufacturer’s protocol (LGC genomics, UK). The 
“touch-down” PCR program for KASP SNP genotyping 
was: 95 °C for 15 min, 10 cycles at 94 °C for 20 s; 61 °C 
(− 0.6 °C/cycle) for 1 min; followed by 26 cycles of 94 °C 
for 20 s and 55 °C for 60 s.

Mapping population

KASP was performed to identify the SNP genotypes in 2553 
individuals from the F2 population of the above-mentioned 
YL-5 mutant and D37-1 plants to construct a genetic map. 
Genomic DNA was extracted from young leaves using the 
CTAB method (Murray and Thompson 1980). To construct 
the genetic map, the KASP genotyping data were analyzed 
using the JoinMap 4.0 software (Stam 1993) with default 
parameters and an LOD score of 10 (Van Ooijen 2006).
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Sequence analysis and prediction of the candidate 
gene

The sequence and gene functional annotations were 
obtained from the Cucurbit Genomics Database (http://
www.icugi.org/cgi-bin/ICuGI/index.cgi). Conserved 
domains were identified in the NCBI (https://www.ncbi.
nlm.nih.gov/) and SMART (http://smart.embl-heidelberg.
de/) databases. Amino acid sequences were aligned using 
DNAMAN7.0 (Lynnon Biosoft, Quebec, Canada) and 
ClustalX2.0 (Larkin et al. 2007) software packages.

Extraction of nucleic acids and qRT‑PCR

Total RNA was extracted using a MiniBEST Universal 
RNA Extraction kit (TaKaRa, Japan) and the first-strand 
cDNA was prepared using a PrimeScript RT Reagent Kit 
(TaKaRa, Japan). Quantitative RT-PCR was conducted 
using an SYBR Premix Ex Taq II kit (TaKaRa, Japan). The 
candidate gene primers for qRT-PCR were designed using 
Beacon Designer 7.9 software (PREMIER, PaloAlto, CA, 
USA) (forward primer: 5′AAT​CTC​CTC​CTC​CGT​GTA​G3′; 
reverse primer: 5′CTG​CGT​ATT​CTA​ACC​GTC​TC3′) and 
the cucumber Ubiquitin extension protein (UBI-ep) gene 
was used as the reference gene (forward primer: 5′CAC​
CAA​GCC​CAA​GAA​GAT​C3′; reverse primer: 5′TAA​ACC​
TAA​TCA​CCA​CCA​GC3′). Three biological and techni-
cal replicates were used for qRT-PCR. Average relative 
expression levels for each sample were calculated.

Phylogenetic analysis

Phylogenetic tree was constructed using the MEGA 7 
software with a bootstrap method and 1000 replications 
(Kumar et al. 2016).

Results

Genetic analysis of male sterile lines

The male sterile mutant was characterized as having a 
normal corolla in both male and female flowers, normal 
fertility in the females, but an absence of pollen from male 
flowers that otherwise appeared normal. In segregation 
groups, all the F1 plants were fertile, whereas their F2 
plants exhibited a segregation of 948 male fertile and 321 
male sterile plants, giving a ratio close to 3:1. C1 plants 
from the test crossing exhibited a segregation of 103 male 
fertile and 104 male sterile plants, effectively correspond-
ing to 1:1 ratio. The results above suggested that the male 

sterility trait was controlled by a pair of nuclear recessive 
genes.

Observation of stamens and pollens

Male flower buds at different stages were carefully dissected 
and observed by stereo microscopy. In the flowering stage, 
stamens from the male sterile plants were smaller, shriveled, 
transparent, and pale green. No pollen grains were observed 
on the anther surface and on the glass slide (Fig. 1a-1, a-2). 
In contrast, anthers from the male fertile plants were larger, 
more plump, opaque, and pale yellow (Fig. 1b-1). Many pol-
len grains were observed on the surface of the anthers and 
on the glass slide (Fig. 1b-1, b-2).

At stage I, no significant difference was found in stamens 
from male sterile and fertile plants; however, from stages II 
to V, significant differences were observed. Anthers from the 
male sterile plants were smaller, whereas anthers from the 
fertile plants were larger and plump (Fig. 1c–g).

Microspore development

Paraffin embedded sections of anthers were observed using 
differential interference contrast microscopy (Fig. 2). In 
stage I, normal pollen sacs were observed in the fertile flow-
ers (Fig. 2a), whereas in the male sterile flowers, pollen sacs 
were irregular (Fig. 2g). At stage II, the microsporocytes, 
the tapetal cells, and pollen sac cells were normal and well 
structured (Fig. 2b). In contrast, in the male sterile flowers, 
obvious morphological abnormalities, including irregularly 
shaped pollen sacs, microsporocytes and tapetal cells were 
observed (Fig. 2h). In stage III (Fig. 2c), normal tetrads were 
observed in the male fertile anthers, whereas no tetrads were 
observed in the male sterile anthers. The microsporocytes 
and pollen sacs were morphologically abnormal (Fig. 2i). 
From stage IV to stage VI, the tetrads developed microspores 
and matured pollens in fertile anthers (Fig. 2d–f). In con-
trast, no tetrads or microspores and pollens were observed in 
the male sterile plants, the tapetal cells and microsporocytes 
disintegrated and disappeared, and the pollen sacs were 
malformed and, eventually completely atrophic (Fig. 2j–l). 
These cytological observations revealed the obvious differ-
ences between fertile and sterile plants, and that the micro-
sporocytes failed to produce microspores in the male sterile 
plants. The results further indicated that the onset of cucum-
ber male sterility occurred in stage I.

Male flowers of 1, 2, and 3 mm in length were sectioned 
and observed by TEM (Figure S1). In bud length of 1 mm, 
normal sporogenic cells with visible nucleus were observed 
in both fertile and sterile flowers, and that the degree of 
cytoplasmic staining was similar. (Figure S1A, S1D). In bud 
length of 2 mm, the sporogenic cells developed to microspo-
rocytes, and that the area around the nucleus was distinct, 

http://www.icugi.org/cgi-bin/ICuGI/index.cgi
http://www.icugi.org/cgi-bin/ICuGI/index.cgi
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
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Fig. 1   Flowers of male sterile 
and fertile cucumber plants. a-1 
Sterile stamen and anther, ×80; 
a-2 male sterile pollen, ×200; 
b-1 fertile stamen and anther, 
×80; b-2 fertile pollen, ×200; 
c comparison of sterile stamen 
(left) and fertile stamen (right) 
in stage I, ×20; d comparison of 
sterile stamen (left) and fertile 
stamen (right) in stage II, ×20; 
e comparison of sterile stamen 
(left) and fertile stamen (right) 
in stage III, ×20; f comparison 
of sterile stamen (left) and 
fertile stamen (right) in stage 
IV, ×20; g comparison of sterile 
stamen (left) and fertile stamen 
(right) in stage V, ×20
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with larger nucleoli and smaller vacuoles in fertile flowers. 
In contrast, the area around the nucleus was indistinct, with 
smaller nucleoli and larger vacuoles in microsporocytes of 
sterile plants (Figure S1B, S1E). In bud length of 3 mm, the 
fertile microsporocytes developed well and were larger. In 
contrast, the sterile microsporocytes were seriously vacu-
olated and smaller (Figure S1C, S1F). The results indicated 
that the sporogenic cells failed to develop normal microspo-
rocytes in the male sterile plants.

BSA and genetic mapping

After resequencing, a total of 38.5 Gb were generated, 
with an average genome sequencing depth of 19× and a 
coverage of 98.75%. The sequence reads of the four DNA 
pools were aligned to the cucumber reference genome 
(cucumber Chinese long genome v2), and many SNPs 
loci and InDels were found. A total of 42,167 SNPs were 
found between male fertile (MF) and male sterile (MS) 
pool. The Δ(SNP-index) was calculated based on the SNP-
index of the male fertile (MF) and male sterile (MS) pool. 
Δ(SNP-index) graphs were generated and the red line in 

Fig. 3 shows the confidence value (99%). The Δ(SNP-
index) value should be significantly different from 0 if a 
genomic region harboring the target gene. At 99% signifi-
cance level, only two regions on the end of chromosome 3 
were significantly different from 0, which spanned a total 
of 813 Kb (region 1 166,710–564,531, size 397 Kb; region 
2: 1,954,776–2,371,279, size 416 Kb). These results indi-
cated that ms-3 was located at the two candidate regions.

6 SNP markers were selected from the region 
166,710–2,371,279 and tested for linkage to ms-3 in 938 
individuals of the F2 population, based on the sequence 
data. Two SNP markers, A701466G (with four recom-
binants) and T1101289C (with eight recombinants), were 
found to be the closest flanking markers for ms-3. Next, 5 
SNP markers between A701466G and T1101289C were 
selected for fine mapping of the ms-3 in 2553 F2 popula-
tion and the closest flanking markers for ms-3 were found 
to be T785241C (with 2 recombinants) and T861262G 
(with 4 recombinants) (Fig. 4). T785241C and T861262G 
were 1.1 cM apart, corresponding to physical distance of 
76 Kb, based on the cucumber genome sequence (Chinese 
long; v2), and these were located in the middle of the two 

Fig. 2   Microstructural analysis 
of microspore development 
in cucumber male sterile and 
fertile lines. a–f Microspore 
development in male fertile 
plants; g–l microspore develop-
ment in male sterile plants. 
PS pollen sac, T tapetum, Ms 
microsporocyte, Tds tetrads, 
Msp microspore, MP mature 
pollen; ×500
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candidate regions. SNP marker information is provided in 
Supplementary Table S1.

Using the cucumber genome database as a reference, 11 
genes were predicted to be located between T785241C and 
T861262G. The positions and putative functions of these 
predicted genes are shown in Supplementary Table S2. 
Three SNPs and one InDel were existed between T785241C 

and T861262G between male fertile (MF) and male ster-
ile (MS) pool, however, only non-synonymous SNP was 
detected in Csa3M006660 between WT (YL-5 wild type) 
and ms-3 (YL-5 mutant type). Taken together, our results 
suggested that Csa3M006660 was the candidate Ms-3 gene.

Candidate gene screening and expressing analysis

We cloned Csa3M006660 from both WT and ms-3. The 
gene annotation suggested the presence of 3 exons and 2 
introns (Supplementary Figure S2) and the predicted cod-
ing sequence (CDS) of the cloned Csa3M006660 cDNA 
was 1995 bp, with a predicted corresponding protein length 
of 664 amino acids. Alignment of the Csa3M006660 gene 
sequence between the wild type and the mutant revealed a 
single non-synonymous T → G mutation in the third exon, 
resulting in the conversion of a tyrosine (Tyr) to an aspar-
tic acid (Asp) at residue 420. According to the Cucurbit 
Genomics Database, Csa3M006660 was predicted to encode 
a homeodomain (PHD) finger protein that is typically char-
acterized as Cys4HisCys3.

To investigate the conservation of the male sterile mutant 
locus, 28 genetically distinct fertile cucumber inbred lines 
were selected and their Csa3M006660 sequences were deter-
mined. All fertile lines shared the WT sequence in this locus 
(Supplementary Figure S3).

The expression of Csa3M006660 was investigated in WT 
roots, stems, leaves, and young flower buds and we observed 
that it was only expressed in young flower buds (Fig. 5a). 
We then investigated expression levels in the different stages 

Fig. 3   Δ(SNP-index) graph of MF (male fertile) and MS (male 
sterile) pool from the bulked segregant analysis (BSA). The X-axis 
represents the chromosome position. The Y-axis represents the 
Δ(SNP-index) value. The spots represent Δ(SNP-index) values cal-
culated by the formula: [Δ(SNP-index)  =  SNP-index_Largest-SNP-

index_Smallest]. The black line corresponds to the fitted value of the 
Δ(SNP-index) and the red line represents the confidence value (99%). 
Two candidate regions (region 1 166,710–564,531, size 397 Kb; and 
region 2 1,954,776–2,371,279, size 416  Kb) above the confidence 
value were identified on cucumber chromosome 3

Fig. 4   Fine mapping of the cucumber ms-3 gene. Single-nucleo-
tide polymorphism (SNP) markers were selected from the region 
(166,710–2,371,279), and genotyping in an F2 population of 
2553 individuals delimited ms-3 to a 76  Kb region with flank-
ing marker T785241C and T861262G, respectively, with two and 
four recombinants. One non-synonymous mutation was detected in 
Csa3M006660 between WT and ms-3
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of flower bud development and showed that Csa3M006660 
expression in stage I (bud length 2 3 mm) was significantly 
higher than in the other stages (Fig. 5b).

Phylogenic analysis

To better understand the relationship between Csa3M006660 
protein and its close homologs, we searched public databases 
NCBI using BLAST with the Csa3M006660 amino acid 
sequence and used an alignment of the closest homologs 
from 17 additional species and 8 commercial crops for a 
phylogenetic analysis (Fig. 6). The resulting neighbor-join-
ing tree showed that Csa3M006660 from cucumber grouped 
together with homologs from Morus notabilis. We found 
that the site where the non-synonymous mutation occurred 
was highly conserved and that all the proteins had a typical 
PHD domain, which is a Cys4HisCys3 protein conversed 
motif (Supplementary Figure S4), including some commer-
cial crops, such as Hordeum vulgare, Triticum aestivum, and 
so on.

The results of the alignment revealed that the 
Csa3M006660 protein shared 48.96% sequence identity 
with Arabidopsis thaliana MMD1, and both shared the 
same PHD domain and nucleotide in the site where the 

non-synonymous mutation was located (Supplementary Fig-
ure S5). These data presented indicate that Csa3M006660 is 
the most likely candidate gene for Ms-3 and that a non-syn-
onymous SNP is responsible for the male sterile phenotype.

Discussion

Abnormal meiosis is the cause of male sterility 
in ms‑3

According to pollen abortion variants and the main features 
of male sterility, its underlying causes can be classified into 
different types, including: abnormal meiosis (Nonomura 
et  al. 2004; Xiao 2016); abnormal callose metabolism 
(Ostergaard et al. 2002); early or late degeneration of tape-
tum cells (Li et al. 2006); critical chemical changes in pollen 
wall development (Jung et al. 2006); failure in anther dehis-
cence (Steiner-Lange et al. 2003), and other types (Kaneko 
et al. 2004). In this study, the male sterile sporogenous cells 
appeared to be normal and could generate middle layer cells, 
tapetal cells, and microsporocytes. However, the microspo-
rocytes were highly vacuolated, with fewer cytoplasmic 
ribosomes and plastids, and could not produce tetrads and 

Fig. 5   Expression analy-
sis of the Csa3M006660 
gene in cucumber organs. 
Csa3M006660 expression 
in a roots, stems, leaves, and 
young flower buds of wild type 
(WT); and b different stages of 
flower bud development: stage 
I (shorter than 3 mm), stage II 
(3–6 mm), stage III (6–9 mm), 
stage IV (9–12 mm), stage 
V (12–15 mm), and stage VI 
(longer than 15 mm). Expres-
sion levels were determined 
using q-PCR, and values were 
normalized using UBI-ep as 
the reference gene. Error bars 
indicate standard deviation from 
three biological replicates
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microspores. Thus, the cucumber male sterile ms-3 mutant 
belongs to the type of male sterility caused by abnormal 
meiosis. Two types of pollen abortion male sterility have 
been reported: (1) a pleiotropic pollen-aborted mutant (ms-
1), whose most distinguishing external characteristic was 
the failure of anthesis in the staminate flowers. The pollen 
sterility varied from 30 to 90%, and was found to be con-
trolled by a pair of recessive genes (Shifriss 1950); and (2) 
male sterile-2 (ms-2), whose staminate flower buds usually 
aborted when they were approximately three quarters of the 
way through development, and where pollen abortion did 
not occur until after the mitotic division of the pollen grain 
nucleus (Barnes 1960). The ms-2 mutation was found to be 
in a single recessive gene (Whelan 1972). In contrast, the 
cucumber male sterile mutant described in this current study 
is completely pollen sterile, and the onset of sterility occurs 
early in the pollen mother cell, which is different from the 
above-mentioned ms-1 and ms-2 mutants. We designated the 
male sterile gene as ms-3.

In A. thaliana and rice, anther development has been well 
studied and many of the genes involved in meiosis have been 
identified. For example, rice PAIR1, PAIR2, and PAIR3, and 
A. thaliana SYN1/DIF1 are important for chromosome con-
densation and pairing (Nonomura et al. 2004, 2006; Yuan 

et al. 2009; Bai et al. 1999). A. thaliana SWITCH1/DYAD 
and rice REC8 are essential for sister chromatid cohesion 
and bivalent formation (Mercier et al. 2003; Shao et al. 
2011), and A. thaliana ASK1, ATK1, and MPS1 play impor-
tant roles in spindle formation and chromosome segrega-
tion (Yang et al. 1999; Chen et al. 2002; Jiang et al. 2009). 
In addition, A. thaliana MMD1/DUET was shown to be 
involved in regulating meiotic cell cycle progression (Yang 
et al. 2003). Mutations in these genes also cause defective 
meiocyte development and male sterility.

Csa3M006660 is the most likely candidate gene 
underlying the ms‑3 mutation

Through BSA and genotyping, we identified the ms-3 gene 
in a 76 Kb candidate region at the end of chromosome 3, 
which contained 11 predicted genes. In Csa3M006660, a 
single non-synonymous mutation was detected in the third 
exon. Further sequence alignment and expression analy-
sis suggested that the non-synonymous mutation site of 
Csa3M006660 is highly conserved and that the protein may 
play an important role in the early development of cucumber 
pollen. Thus, we propose that Csa3M006660 is the candidate 
gene underlying the male sterility phenotype.

Fig. 6   Phylogenetic analysis of 
Ms-3 and its homologs in 25 
other plant species. Evolution-
ary relationships were inferred 
using the neighbor-joining 
method. The ID numbers refer 
to the gene IDs in the NCBI 
database and the names of the 
species are given. The bootstrap 
test values (1000 replicates) 
are shown next to the branches. 
The tree is drawn to scale, with 
branch lengths in the same 
units as those of the evolution-
ary distances used to infer the 
phylogenetic relationships

 OAY60550.1Manihot esculenta

 XP 002533478.1Ricinus communis

 XP 012086460.1Jatropha curcas

 XP 006372523.1Populus trichocarpa

 XP 011038253.1Populus euphratica

 XP 002263205.1Vitis vinifera

 XP 017981172.1Theobroma cacao

 XP 006494662.1Citrus sinensis

 XP 006421081.1Citrus clementina

 XP 018816590.1Juglans regia

 XP 011652709.1Cucumis sativus

 XP 010108961.1Morus notabilis

 XP 004288593.1Fragaria vesca subsp. vesca

 XP 007216520.1Prunus persica

 XP 008244388.1Prunus mume

 XP 018505942.1Pyrus x bretschneideri

 XP 008381356.1Malus domestica

 OAP18009.1Arabidopsis thaliana

 XP 003616245.2Medicago truncatula

 XP 003544360.1Glycine max

 XP 002460302.1Sorghum bicolor

 EAZ44935.1Oryza sativa Japonica Group

 BAK05033.1Hordeum vulgare subsp. vulgare

 XP 003578202.1Brachypodium distachyon

 CDM85226.1Triticum aestivum

 XP 008657002.1Zea mays

0.1



458	 Theoretical and Applied Genetics (2018) 131:449–460

1 3

Amino acid alignments suggested that the Csa3M006660 
protein shares 48.96% sequence identity with A. thaliana 
MMD1, and that the proteins have the same PHD domain 
and amino acid in the site of the non-synonymous ms-3 
mutation.

In A. thaliana, MMD1 (also known as DUTE) encodes a 
PHD finger protein required for normal male meiosis (Reddy 
et al. 2003), and an mmd1 mutation was shown to cause 
abnormal cell death of male meiocytes (Yang et al. 2003). 
MMD1 plays a role in meiotic I-independent cell division 
by regulating the expression of two genes related to meiosis, 
TDM and JAS, which have critical functions in cell cycle 
transition and spindle organization (Andreuzza et al. 2015). 
The PHD finger can interact with different modified histone 
peptides and is required for specific binding to H3K3me2 
(Patel and Wang 2013). A recent study showed that MMD1 
is required for progressive compaction of prophase I chro-
mosome to metaphase I bivalents, by ensuring the progres-
sion of male meiotic chromosome condensation, a process 
in which the PHD domain is essential (Wang et al. 2016). 
MMD1 regulates the expression of the condensin gene, 
CAP-D3, by directly binding to its promoter region in male 
meiocytes (Wang et al. 2016). Our analyses suggested that 
Csa3M006660 and MMD1 may have similar functions.

Taken together, the data presented above provide sup-
port for Csa3M006660 as the most likely candidate gene 
for Ms-3. However, more evidence is needed to definitively 
demonstrate this.

Application of the novel male sterile mutant 
in cucumber breeding

The traditional breeding system using GMS is very labori-
ous and time-consuming as visible characteristics linked to 
male sterility have not been found so far and the phenotype 
is recognized only after flowering. To breed GMS cucum-
ber maternal parent lines, consecutive backcrosses are per-
formed to introduce the recessive ms-3 gene. MAS has been 
utilized to select the GMS individuals. Based on our result, 
the SNP marker A806246C can be used to detect the pres-
ence of ms-3 gene by KASP genotyping, which makes it 
easier and more efficient for the selection of ms-3 individuals 
in the breeding population.

In GMS system, the progeny, which from the cross of 
homozygous recessive male sterile and heterozygous male 
fertile plant, will segregate 50% male fertile and 50% male 
sterile. This problem precludes the application of GMS 
system in hybrid seed production. An effective approach 
to overcome the problem has been reported in maize using 
the Seed Production Technology (SPT) (Wu et al. 2016). 
An SPT construct was employed in this technology, which 
contains a complementary wild-type male fertility gene, a 
pollination disruption gene, and a seed screenable marker 

gene. A heterozygous SPT maintainer line could be gener-
ated by transformed the SPT construct into a homozygous 
recessive male sterile line. The SPT maintainer could only 
produce pollen grains without SPT transgenes as expres-
sion of the pollination disruption gene blocks the pollen 
germination. Hence, it is capable of propagating non-trans-
genic and homozygous nuclear male sterile lines for use 
as female parents in hybrid production. In cucumber, we 
can also construct an SPT maintainer through transgenic 
method as in maize. Crossing of SPT maintainer with the 
male sterile plants will produce homozygous male sterile 
lines for hybrid production. We infer that the SPT process 
may be the most effective, practical, and safe method to 
utilize the cucumber ms-3 gene for hybrid seed production.
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