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Abstract Owing to their superior agronomic perfor-
mance, the hybrids of vegetable crops are currently applied
extensively. However, effective hybrid production requires
a laborious manual emasculation to ensure the purity of
hybrid seeds in tomato because of the lack of an effective
male sterility system. Here, we created two types of tomato
nuclear male-sterile lines with different screening markers
in a clustered regularly interspaced short palindromic re-
peats (CRISPR)/CRISPR-associated protein 9 (Cas9) sys-
tem. Co-knockouts of male sterile 1035 (Ms1035) and
glutathione S-transferase (GSTAA) created a male-sterile
line marked by a green hypocotyl. The Ms1035 biallelic
mutation was introduced into the woolly tomato back-
ground, resulting in the linkage of male sterility and a
non-woolly phenotype. Two types of male-sterile lines
were easily selected at the seedling stage by hypocotyl
color or trichome density and further showed high seed
purity during hybrid seed production. Our work

established the procedure for a rapid transfer of the male-
sterile phenotype to the parents of hybrids without extra-
modification by the CRISPR/Cas9 system that can be
practically applied to hybrid seed production in tomato.
This method will be the basis and example for sterile
parent creation of multiple crops for hybrid production
with the CRISPR/Cas9 system.
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Introduction

The use of hybrid seeds in most commercial horticul-
tural and field crops is universal, which increases crop
production and improves the quality of agriculture prod-
ucts. The introduction of male sterility can reduce the
process of artificial emasculation or chemical
hybridiziation during hybrid seed production and im-
prove seed purity (Chen and Liu 2014; Song et al. 2015;
Kim and Zhang 2018). Tomato is a vital vegetable crop
with heterosis and the use of male sterility has been
receiving attention in tomato breeding. Since the dis-
covery of the first male-sterile material, various genes
controlling male sterility have been reported, including
male sterile 1035 (Ms1035), Ms32, positional sterile-2
(PS-2), and 7B-1, and few mutants have been applied
in hybrid seed production (Crane 1915; Atanassova
1999, 2000; Jeong et al. 2014; Pucci et al. 2017; Liu
et al. 2019). Currently, commercial varieties of tomato
are mainly hybrid seeds that require efficient cross-
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pollination between parental inbred lines and to avoid
self-pollination of the maternal parent. The commercial
production of tomato hybrids mainly employs artificial
emasculation, which is laborious and expensive work. If
emasculation during the hybridization process is incom-
plete, the purity of hybrid seed purity is reduced. There-
fore, creating a superior male-sterile line with a screen-
ing marker to simplify tomato hybrid production is a
very meaningful work.

It is not only laborious and time consuming to estab-
lish tomato male sterile lines through traditional breed-
ing methods, but many male sterile lines cannot be used
for practical breeding because there are no suitable
seedling screening markers or molecular markers to
screen male-sterile plants. ms-1035aa is a fully fertile
male-sterilemutation in tomato that is linked to the locus
anthocyanin absent (aa) and exhibits a green hypocotyl
at the seedling stage (Mutschler et al. 1987). Thus, it is
easy to select male-sterile plants via the color of the
hypocotyl and cotyledon during early developmental
stages (Mutschler et al. 1987). Previous studies indicat-
ed that Ms1035 encodes a basic helix-loop-helix tran-
scription factor to regulate another development, such as
through meiosis and programmed cell death of the tape-
tum (Jeong et al. 2014). GSTAA encodes a putative
glutathione S-transferase that participates in the seques-
tration of anthocyanins in vacuoles (Jeong et al. 2014).
In double mutantms-1035aa, a 398-bp insertion into the
promoter of the Ms1035 gene reduces the transcription
expression of Ms1035, thereby leading to male sterility,
while deletion of theGSTAA gene caused the absence of
anthocyanins (Zhang et al. 2016).

Trichomes are prevalent biological structures on the
epidermis of almost all terrestrial plants and play vital
roles in plant adaptation to stress, including resistance to
insects, drought, and heat (Valverde et al. 2001; Yang
et al. 2015). Woolly (Wo) and its allele are spontaneous
mutations in tomato that exhibit increased trichome
density and is thus named the woolly phenotype
(Shilling, 1959). The woolly phenotype is caused by a
single amino acid substitution in the Wo gene that en-
codes a HD-ZipIV transcription factor containing a
START domain (Yang et al. 2011). A nucleotide sub-
stitution at 1904 bp in Wo was shown to cause embryo
lethality when homozygous, and the self-pollinated off-
spring from this plant type were always divided into two
phenotypes, non-woolly and woolly (Yang et al. 2011).
Plants with a woolly phenotype can be easily distin-
guished by observing the trichome density on the leaves

or hypocotyls at the seedling stage. Thus, the woolly
characteristic has the potential to become a visual mark-
er for male sterile line screening and cultivation.

The CRISPR/Cas9 system is a new type of gene
editing tool developed after zinc-finger nucleases
(ZFN) and transcription activator-like effector nucleases
(TALEN) (Maeder et al. 2008; Mussolino et al. 2011;
Cong et al. 2013). Due to its simplicity and reliability,
the CRISPR/Cas9 system became popular all over the
world within a short time. With the wide application of
the CRISPR/Cas9 system in plant genome editing, re-
searchers can use its rapid and effective orientation to
change the function of target genes and cultivate new
germplasm resources. The CRISPR/Cas9 system has
been shown to be highly efficient in vegetable crops
and has created tomatoes that are tolerant to storage and
transportation, diploid potatoes that are self-compatible,
and cucumbers with broad virus resistance by targeted
mutagenesis of the PL, S-RNase, and eIF4E genes,
respectively (Chandrasekaran et al. 2016; Uluisik et al.
2016; Ye et al. 2018). However, there are no studies that
have used CRISPR/Cas9 technology to generate a
marked male-sterile line in vegetable crops.

Here, we used CRISPR/Cas9 technology for directed
mutagenesis of theMs1035 gene in heterozygous woolly
phenotype tomato and created a tomato male-sterile line
linked to the non-woolly phenotype. Additionally, the
Ms1035 and GSTAA double mutant was also generated
in purple hypocotyl tomato and exhibited complete male
sterility with a green hypocotyl in the first generation.
These two types of male-sterile lines were easily identi-
fied during the early developmental stage and showed
favorable application prospects in hybrid seed produc-
tion. Our results demonstrate the utility of the CRISPR/
Cas9 system for the rapid generation of male-sterile
lines with a selection marker in tomato could be an
example for generations of male-sterile lines for large-
scale application in crop breeding.

Materials and methods

Plant materials, growth conditions, and generation
of transgenic plants

CR-ms1035, CR-tpd, and CR-cyp704b1 were derived
from Micro-Tomd+ (a functional DWARF gene was
introduced inMicro-Tom) by the CRISPR/Cas9 system.
Both 6Q71 and 5N21 are tomato inbred lines obtained
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by self-crossing through six generations or more. CR-
ms1035/Wo was derived from 6Q71 by the transforma-
tion of the pCRI-Ms1035 vector. CR-ms1035/f3h and
CR-ms1035/gstaa were derived from the transformation
of the pCRI-GSTAA-Ms1035 and pCRI-F3H-Ms1035

vectors, respectively, using 5N21 as a host. Transgenic
plants were generated using Agrobacterium-mediated
transformation as previously described (Park et al.
2003). Unless indicated, all experimental plants were
grown in the field at the Northwest A & F University,
Yangling (34_N, 108_E), during the normal tomato
growing season.

Vector construct

CRISPR/Cas9 was constructed as previously described
(Xing et al. 2014). Briefly, according to the sequences
and accession number of the target genes, the appropri-
ate targets were selected as targets through online target
predicted software RGEN Tools (http://www.rgenome.
net/cas-designer/). Equivalent amounts of forward and
reverse primers (100 μM) for Ms1035 as a single target
were mixed and incubated at 65 °C for 5 min, then
gradually cooled to room temperature to form the
Ms1035 target adaptor. For the dual-target adaptor, we
paired the target primers ofMs1035with theGSTAA and
F3H target primers, and carried out nested PCR using
the vector pDT1T2 as a template to obtain the dual-
target adaptor Ms1035+GSTAA and Ms1035+F3H, re-
spectively. Approximately 500 ng each of the dual-
target adaptor was digested using 10 U Bsa I (NEB).
Three target adaptors, Ms1035, Ms1035+GSTAA, and
Ms1035+F3H, were ligated into the linearized pKSE401
vector (digested with 10 U of Bsa I). The CRISPR/Cas9
constructs for TPD1 and CYP704B1 genes were the
same as for the pCRI-Ms1035 vector, only the targets
were different. The relevant PCR primers are listed in
Supplementary Table 3.

Mutation detection and analysis of transgenic plants

To determine the mutation of target sites, genomic DNA
from the leaves of transgenic tomato plants was extract-
ed using the sodium dodecyl sulfate method (Dellaporta
et al. 1983). Primers were designed according to the
position of the target to amplify the fragments more than
300 bp upstream and downstream of the target. The
PCR products were directly sequenced or cloned into
pMD19-T (TAKARA, #6028) for sequencing.

For identification of “T-DNA free” plants, genomic
DNA from the T1 progeny was analyzed by PCR using
gRNA expression cassette specific primers. The
pKSE401 plasmids and wild-type (WT) plant DNA
were selected as positive and negative controls, respec-
tively. The relevant PCR primers are listed in Supple-
mentary Table 3.

Pollen viability assay

Pollen viability was assessed by Alexander staining
(Solarbio, #G3050). Fresh anthers from mature flower
were collected, put into a 0.5-ml centrifuge tubes con-
taining 200 μL staining solution, and mashed to release
the pollen. After instantaneous centrifugation, the super-
natant containing pollen grains was mounted on glass
microscope slides and observed with a microscope
(Olympus, Japan, BX63).

Restriction enzyme site loss assay for genotyping

Genomic DNA was extracted from T2 and T3 plants as
described above. The genomic DNA fragment containing
the target site was amplified by PCR using Es Taq
MasterMix (Cwbio, CW0718M) and the pair of Ms1035

or F3H-specific primers (Table S3). PCR cycling condi-
tions were as follows: initial denaturation at 94°C for 4
min, followed by 31 cycles of denaturation at 94 °C for 30
s, annealing at 58°C for 30 s, extension at 72°C for 30 s,
and final extension at 72°C for 2 min. The PCR product
was run on an agarose gel to confirm the presence of a
single band of the expected size (Ms1035, 557 bp; F3H,
564bp). Four microliters of unpurified amplicons was
digested with 3 U of Hph I (NEB, #R0158S) or Xba I
(NEB, #R0145L) in a 6μL reaction mix and then detected
by 1% agarose gel electrophoresis.

Performance of hybrid seeds obtained from edited plants

The edited male sterile lines and its WT were crossed
with another tomato inbred line, 5N11 or 6N55 (multi-
generational inbred lines in our lab). Hybrid seeds were
collected after fruit maturity and the number of seeds per
pollinated fruit was analyzed. The harvested hybrid
seeds were cultivated in seedling-raising plates, and
each hybrid combination was randomly selected. To
determine seed purity, 120 plants were used to extract
genomic DNA. Since 6Q71 and 5N21 did not carry the
tomato yellow flower curly leaf virus resistance gene
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Ty-3a, and 5N11/6N55 carries it, the Ty-3a molecular
marker primers were used to detect seed purification (Ji
et al. 2007).

Results

Identification of tomato male-sterility genes and its
linkage marker genes

To identify fertility gene suitable for creating male ster-
ile lines in tomato, we performed gene editing on fertil-
ity genes Ms1035, TPD1 (homologous genes of
AtTPD1), and CYP704B1 (homologous genes of
AtCYP704B1) with the CRISPR/Cas9 system. There
were no significant differences in growth and develop-
ment between the WT and edited plants until the
flowering stage. At the flowering stage, the whole flow-
er phenotypes of edited plantsCR-tpd andCR-cyp704b1
resembled those of WT plants (Fig. 1a); however, CR-
ms1035 plants had loosely spread anther cones (Fig. 1a).
To determine the fertility of these edited plants, an
Alexander’s staining assay, which distinguished aborted
and non-aborted pollen grains, was performed with
mature pollen grains released from anthers of fully
opened flowers. Pollen from WT flowers exhibited a
red spherical shape, whereas no staining signals were
observed in edited plants pollen grains (Fig. 1b). Ac-
cording to the above results, CR-ms1035, CR-tpd, and
CR-cyp704b1 were infertile, and only CR-ms1035 could
be hand pollinated without artificial emasculation be-
cause of the anther cones. Therefore, Ms1035 has appli-
cation prospects for male sterility in tomato.

Previous investigation found that Ms1035 is an im-
portant fertility gene that is localized to chromosome 2
of tomato and linked to the gene ofGSTAA (Jeong et al.
2014; Zhang et al. 2016). Based on the research of
existing tomato functional genes, five visible marker
trait genes near the region of Ms1035 were selected,
which including the anthocyanin synthesis genes dihy-
droflavonol 4-reductase (DFR) and flavonoid 3-
hydroxylase (F3H), the anthocyanin transporter gene
GSTAA, the trichome developmental regulatory gene
Wo, and the fruit shape-related gene OVATE (Fig. 1c)
(Goldsbrough et al. 1994; Liu et al. 2002; Yang et al.
2011; Maloney et al. 2014). Since GSTAA, F3H, and
Wo are close to Ms1035 on the chromosome, we chose
these genes as visible markers for further gene editing.

Using the CRISPR/Cas9 system for knockout ofMs1035

and its marker genes

To achieve edited mutants, three targets were designed
using an online analysis software that targeted exon 2 of
Ms1035, GSTAA, and F3H separately. Three CRISPR/
Cas9 vectors, single-target vector CR-Ms1035, and two
double-target vectors CR-GSTAA-Ms1035 and CR-F3H-
Ms1035 were constructed and transformed into tomato
by Agrobacterium-mediated transformation. We pro-
duced a total of 59 T0 independent transgenic lines
carrying CR-Ms1035 (15 lines), CR-GSTAA-Ms1035

(25 lines), or CR-F3H-Ms1035 (19 lines). To evaluate
the efficiency of mutations, the targets of all T0 plants
derived from the three constructs were analyzed through
sequencing. The three targets were successfully mutated
and the mutation sites were all biallelic mutants, which
caused a frameshift mutation in the target genes (Fig. 2a
and Fig. S3a). The editing efficiency of Ms1035 was
46.67, 44, and 47.37% in CR-Ms1035, CR-GSTAA-
Ms1035, and CR-F3H-Ms1035, respectively, and the ef-
ficiency of GSTAA and F3H were 28 and 26.32%,
respectively. Because the two targets sometimes cannot
work at the same time, the efficiency of double mutants
was only 24 and 26.32% in the CR-GSTAA-Ms1035 and
CR-F3H-Ms1035 transgenic plants, respectively (Fig.
2b). Due to uncertainty about whether the target had
an off-target effect, five T0 edited plants were randomly
chosen, and the two most probable off-target sites were
selected for each target site. The results indicated that no
mutations were found at any of the potential off-target
loci (Table S1).

Morphological analysis of the CR-ms1035/Wo

The higher trichome density of the tomato inbred line
6Q71 was caused by one amino acid substitution from
Pro-635 to Arg in the Wo gene (WoD), and the embryo
was lethal when the mutation was homozygous (Yang
et al. 2011). Therefore, non-woolly phenotype plants
that were isolated from 6Q71 were selected as the trans-
formation material. Edited plants of CR-ms1035/Wo
were infertile and had the woolly phenotype. Plants in
the background of 6Q71 were used to pollinate CR-
ms1035/Wo. In the T2 generation, the CR-ms1035/Wo
plants were selected as the male-sterile lines marked by
non-woolly phenotype, and Ms1035ms1035/WoDWo
plants were selected as maintainer lines to form the 1:1
line. Woolly and non-woolly phenotype plants from the
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1:1 line were easily identified at the seedling stage
through the trichome density of the hypocotyls and
leaves (Fig. 3a–3b). As the nucleotide deletion of the
Ms1035 target missed an Hph I restriction site, we were
able to easily detect the mutant allele via an Hph I
restriction enzyme assay (Fig. 3c). Moreover, a compet-
itive allele-specific PCR (Semagn et al. 2013) marker
based on the mutation in the target sequence region
could be also applied to the genotyping of WT and
CR-ms1035 plants.

With regard to the plants grown in the field during the
normal growing season, no discernible phenotypic dif-
ferences between the CR-ms1035/Wo homozygote and
heterozygote were observed before flowering (Fig.
S1a). As reported previously (Jung et al. 2020), flowers
of the CR-ms1035/Wo homozygote were slightly smaller
(Fig. S1b), and the stigma was exposed due to anther
deformation (Fig. S1c). Otherwise, mature anther cones
of the CR-ms1035/Wo homozygote were not observed in
normal pollen by Alexander’s staining (Fig. 3d).

Fig. 1 Identification of tomato male-sterility genes and their
linkage marker genes. a Morphological comparison of wild type
(WT), CR-ms1035, CR-tpd1, and CR-cyp704b1 flowers. b Alex-
ander staining assay of pollen viability of the WT, CR-ms1035,

CR-tpd1, and CR-cyp704b1; scale bar: 100 μm. c Information on
the male-sterility gene Ms1035 and its linkage marker genes
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Morphological features of the CR-ms1035/gstaa
and CR-ms1035/f3h

To confirm the morphological features of knockout
plantsCR-ms1035/gstaa and CR-ms1035/f3h, we tracked
the phenotype of these mutants for more than one gen-
eration. Owing to the complete male sterility of CR-
ms1035/gstaa and CR-ms1035/f3h plants, the next gen-
eration of edited plants was obtained by artificial polli-
nation and the non-transgenic plants were selected by
PCR. The hypocotyls of CR-ms1035/gstaa and CR-
ms1035/f3h plants appeared to have anthocyanin defi-
ciency at the seedling stage (Fig. 4a). The phenotype of
flowers of CR-ms1035/gstaa and CR-ms1035/f3h plants

tended to be consistent with CR-ms1035/Wo (Fig. 4b),
which did not set fruit containing normal seeds unless
artificial pollination occurred planting in the field (Fig.
4c and Fig. S2). Thus, CR-ms1035/gstaa and CR-
ms1035/f3h plants identified in the T2 generation were
male-sterile lines marked by a green hypocotyl; mean-
while, Ms1035ms1035/GSTAAgstaa and Ms1035ms1035/
F3Hf3h plants were the maintainer lines. Knocking out
F3H caused anthocyanin synthesis to be blocked,
resulting in green hypocotyls (Maloney et al. 2014).
Surprisingly, three hypocotyls colors, purple, lavender,
and green, appeared in T2 generation, which was isolat-
ed from Ms1035ms1035/F3Hf3h plants (Fig. S3b). With
the restriction endonuclease Xba I deletion assay, the

Fig. 2 Using the CRISPR/Cas9 system for knockout of Ms1035

and its marker genes. a The second exon ofMs1035 and its marker
genes were targeted by the CRISPR/Cas9 system using single-
guide RNAs (red arrows indicate target). Black arrows indicate the
forward (F) and reverse (R) primers used for PCR genotyping and
sequencing. The target sequences in Ms1035 and GSTAA are

underlined, and minus symbols represent deletions. The numbers
on the right show the type of mutation and how many nucleotides
are involved, with “−”or “+” indicating the deletion or insertion of
the given number of nucleotides, respectively. b Editing efficiency
ofCR-Ms1035/Wo andCR-Ms1035/GSTAA in T0 transgenic plants
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result indicated that the lavender hypocotyl plants were
F3H heterozygous mutations, while the purple hypocot-
yl plants did not contain an edited F3H (Fig. S3c).

Linkage analysis between Ms1035 and its markers

Natural mutant ms-1035aa was not completely linked in
natural isolation, which means Ms1035 and its marker
genes were genetically distant on chromosome 2. We
found that Ms1035 was not completely linked to its
marker genes because of the separation ofMs1035 from
its marker genes in T2 and T3 plants. In particular, the
CR-ms1035/f3h plants were directly discarded because
of the excess separation ratio of Ms1035 and F3H
(Table S2). To determine whether the linkage between
Ms1035 and its markers was stable, we selected two
independentMs1035ms1035/WoDWo lines as a male par-
ent to pollinate CR-ms1035/Wo plants in T3 generation.

To test the linkage between ms1035 and Wo, two inde-
pendentMs1035ms1035/WoDWo lines were crossed with
ms1035CR/Wo plants to construct two populations for
detection. The ratio of woolly phenotype plants to
non-woolly phenotype plants in these populations was
close to 1:1. By genotyping ms1035 in non-woolly phe-
notype plants to confirm fertility, we identified one
fertile plant in each of the two ms-Wo populations, the
proportion of which was less than 1% in non-woolly
phenotype plants (Table 1).

Meanwhile, two independent CR-ms1035/gstaa lines
were selected as female parent and crossed with
Ms1035ms1035/GSTAAgstaa plants in the T3 generation.
Seeds harvested from the two independent CR-ms1035/
gstaa plants were divided into two populations. The ratio
of purple hypocotyl plants to green hypocotyl plants in
these populations was close to 1:1 (Table 2). However, the
green hypocotyl was not completely linked to male

Fig. 3 Analysis of phenotypes and genotypes of plants derived
from selfed Ms1035ms1035/WoDWo . a Seven-day-old tomato
seedlings from Ms1035ms1035/WoDWo selfed progeny; scale bar:
1 cm. b The phenotype of T2 plants fromMs1035ms1035/WoDWo
selfed progeny before planting; scale bar: 1 cm. c Editing analysis

ofMs1035 using restriction enzyme siteHph I loss. The two bands
and three bands indicate the WT and heterozygous line, respec-
tively. d Alexander staining assay of pollen grains at the dehis-
cence stage
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infertility; approximately 5% of the plants with a green
hypocotyl plants were male fertile. Since the stamen was
opened and the stigma was exposed after Ms1035 loss of
function, it was y to select the mingled fertile plants during
the hybrid seed production process.

Application of edited plants in tomato hybrid breeding

Excellent male sterile lines must have not only visual
screening markers but the quality of the seeds also cannot
be reduced. Although it has been reported that the simul-
taneous mutation of Ms1035 and GSTAA had no effect on
plant and fruit characteristics, ms1035, which is a natural
mutation, is not completely knocked out in ms-1035aa
mutant; therefore, whether it has negative effects on the
growth and development of tomato after being completely
knocked out has not yet been confirmed. According to the
tomato hybrid seed production process, CR-ms1035/Wo
and CR-ms1035/gstaa female parents were crossed with
inbred lines 5N11 (in 2018) and 6N55 (in 2019), respec-
tively. The fruit of the sterile lines after pollination did not

differ significantly in the whole fruit growth and develop-
ment cycle compared with the WT, especially in the
number of seeds per pollinated fruit and seed germination
rate (Fig. S4 and Table 3). The maturity of the seeds was
not significantly different from that of the WT and the
results of molecular marker identification showed that the
seed purity of male-sterile lines was better than that of
control groups (Table 3). As recessive genes, Ms1035 and
GSTAA heterozygous mutations may have no adverse
effects on the growth and development of hybrid F1 plants.

Discussion

The CRISPR/Cas9 system is a powerful tool for gene
function research and generating genetic diversity in
crops. This system is relatively simple to operate and
can induce directed mutations in vegetable crops, such
as tomato, potato, and lettuce (Brooks et al. 2014; Wang
et al. 2015; Woo et al. 2015). According to recent
reports, the CRISPR/Cas9 system has been successfully

Fig. 4 Morphology of 5N21 plants with CR-ms1035/f3h and CR-
ms1035/gstaa at multiple stages. a Representative example for
distinguishing male-sterile plants (green hypocotyl) and WT (pur-
ple hypocotyl) at the seedling stages. Top: seedlings 3 days after
germination. Bottom: seedlings 5 days after germination. b

Morphological comparison of WT, CR-ms1035/f3h, and CR-
ms1035/gstaa flowers. Top: full-opened flower. Bottom: stamen
and stigma, red arrows indicate exerted stigmata. c CR-ms1035/f3h
and CR-ms1035/gstaa plants did not set fruit following self-
pollination; scale bar: 1 cm
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applied for the generation of male-sterile rice, tomato,
sorghum, and wheat lines (Cigan et al. 2017; Barman
et al. 2019; Okada et al. 2019). By this approach, male-
sterile lines can be easily generated in excellent tomato
breeding material by targeted mutagenesis of pollen
development genes.

Previous studies have reported a series of genes that
determine pollen development. Of them, only Ms1035

can be artificially pollinated without removing the sta-
mens through the evaluation of sterile materials in to-
mato. Therefore, Ms1035 was selected as a candidate
gene to create male-sterile lines with the CRISPR/Cas9
system. Our goal was to demonstrate the utility of the
CRISPR/Cas9 system for the rapid generation of male-
sterile lines and verify the characteristics of Ms1035,
GSTAA, and F3H in tomato. As expected, co-
knockouts of Ms1035 and GSTAA or F3H in the purple
hypocotyl tomato 5N21 resulted in complete male ste-
rility and obtained male-sterile lines marked by a green
hypocotyl in T0 generation. About 20% of green hypo-
cotyl plants from the CR-ms1035/f3h heterozygous self-
crossing progeny were identified as male fertile plants
via genotyping of Ms1035. Therefore, F3H was not
suitable as a visible marker gene for Ms1035, but it can
be used as a visible marker at the seedling stage for F1
hybrid seed purity identification. However, 90% of
progeny with a green hypocotyl from CR-ms1035/gstaa
heterozygous self-crossing plants were identified as
male-sterile plants. This result was consistent with

previous reports of male sterility in ms-1035aa double
mutant (Zhang et al. 2016). Although the obtained ster-
ile line contained about 5% fertile plants with a green
hypocotyl in hybrid seed production, fertile plants could
be removed based on the phenotypes of the stamen
cones, stigma, and flower size. Even if the fertile plants
with a green hypocotyl were not completely removed,
less F1 generation plants without hybridization could be
removed according to the hypocotyl color at the seed-
ling stage. Another type of male-sterile line was created
in the woolly phenotype tomato 6Q71. Non-woolly
phenotype plants separated from 6Q71 were selected
for edited Ms1035 to obtain completely male-sterile
plants in the T0 generation. Offspring separation testing
confirmed that linkage between Wo and Ms1035 was
close. When the male-sterile line was separated, the
number of mixed fertile plants was less than 1%. Like
male-sterile line marked by a green hypocotyl, mixed
fertile plants can be selected according to the phenotype
of the flower. These two types of sterile lines could be
crossed with their heterozygous mutant to form a 1:1
line or crossed with other tomato male parent materials
for the production of hybrid seeds.

Our tested method can be applied to the purple hypo-
cotyl or woolly phenotype (the Wo mutation type of ho-
mozygous lethal) tomato plants, but the absence of antho-
cyanin and other woolly phenotypes was limited. Addi-
tionally, the linkage between male sterility traits and mark-
er traits was not 100% satisfactory. In recent years, some

Table 1 Linkage analysis between ms1035 and Wo

Population Non-woolly No. of non-woolly plants No. of woolly plants

Male sterile Male fertility

ms-Wo #1 122 (99.19%) 1 (0.81%) 124 126

ms-Wo #2 107 (99.07%) 1 (0.93%) 108 106

Two independent lines of the Ms1035ms1035/WoDWo crossed with CR-ms1035 /Wo plants to construct populations for testing

Table 2 Linkage analysis between ms1035 and gstaa

Population Green hypocotyl No. of green hypocotyl plants No. of purple hypocotyl plants

Male sterile Male fertility

ms-g #1 121 (94.53%) 7 (5.47%) 128 125

ms-g #2 113 (95.76%) 5 (4.24%) 118 120

Two independent lines of the Ms1035ms1035 /GSTAAgstaa as male parents crossed with CR-ms1035 /gstaa plants to construct populations
for testing
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studies showed that fertility restorer genes and marker
genes can be co-transformed into the male-sterile line to
create an artificial restorer line (Chang et al. 2016). To
conquer this difficulty, the artificial maintainer line can be
created by co-overexpression of theMs1035 native expres-
sion box and anthocyanin synthesis gene (or seed-specific
expression of the red fluorescent protein) under the back-
ground of CR-ms1035 (Du et al., 2020). Moreover, the
visible marker gene can be inserted into the region that is
completely linked to the fertility genes through the
CRISPR/Cas9 system mediated by homologous recombi-
nation (Čermák et al. 2015).

In the breeding of common tomatoes, the advantages of
male sterile lines are not very obvious, but the advantages
in cherry tomato and processing tomato are quite obvious.
Due to the small fruit, cherry tomatoes are not only easy to
pollinate but also have fewer seeds per fruit. The value of
processing tomato is relatively low. However, it is impos-
sible to invest too much in seed cost during tomato culti-
vation. Therefore, the production of cherry tomato and
processing tomato are still dominated by conventional
species. At present, we have obtained cherry tomato and
processing tomato male-sterile lines marked with a green
hypocotyl via this technology but have not yet tested them.

In summary, our work provides a platform to con-
struct male-sterile lines with a screening marker for
tomato breeding with the CRISPR/Cas9 system. Using
this technology to create marked tomato male-sterile
lines can effectively reduce the labor intensity and cost
of tomato hybrid production, and significantly improve
seed purity. Our work will promote the application of

male-sterile lines with screening marker in tomato
breeding, especially for the selection of new varieties
of cherry and processing tomatoes, which will facilitate
the development of hybrid tomato breeding. Certainly,
this method can be applied for not only hybrid tomato
breeding but also the breeding of other hybrid horticul-
tural crops. Moreover, a new generation of male-sterile
lines can be developed on this basis.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11032-
021-01215-2.
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Crossa Fruit set (fruits developed/No. of
hand pollination)

Seeded fruits (fruits with seeds/No.
of fruits developed)

Seeds (No.
per fruit)

Purification of F1
hybrid seeds

♀6Q71×♂5N11 38/40 38/38 103±5.3a 98.3% (118/120)

♀CR-ms1035/Wo×♂5N11 38/40 38/38 99±4.7a 100% (120/120)

♀5N21×♂5N11 39/40 39/39 76±5.2b 95.8% (115/120)

♀CR-ms1035/gstaa×♂5N11 39/40 39/39 74±4.6b 100% (120/120)

♀6Q71×♂6N55 30/30 30/30 54±5.3d 99.2% (119/120)

♀CR-ms1035/Wo×♂6N55 30/30 30/30 64±7.4c 100% (120/120)

♀5N21×♂6N55 30/30 30/30 72±8.1b 97.5% (117/120)

♀CR-ms1035/gstaa×♂6N55 30/30 30/30 61±9.0c 100% (120/120)

aCR-ms1035 /Wo, CR-ms1035 /gstaa, and their background materials as female parents were crossed with inbred lines 5N11 (in 2018) and
6N55 (in 2019), respectively

Successful fruit set and number of fruits with seeds versus total number of hand pollination are recorded. Values are means ± SE, which
differ at the 0.05 significance level are labeled with different letters (ANOVA and Holm-Sidak test)
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