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Abstract The papaya ring spot virus (PRSV) causes
significant fruit yield loss in cucurbit crops. Under-
standing of the inheritance and molecular mapping of
PRSV resistance will facilitate development of resis-
tant varieties to control this disease. In the present
study, an F, population was developed from the cross
between susceptible ‘65G’ and resistant ‘02245’
cucumber inbred lines. Genetic analysis of PRSV
resistance in 144 F,.3-derived F5 families showed that
resistance is controlled by a single recessive gene
which was designated as prsv’??*’. Simple sequence
repeat (SSR) markers were employed in polymor-
phism screening between PRSV-susceptible and re-
sistant DNA pools. The PRSV resistance gene,
prsv???* | was mapped on chromosome 6 that was
flanked by two SSR markers, SSR11-177 and SSR11-
1, which was 1.1 and 2.9 ¢cM away from the prsv’***
locus, respectively. The physical distance between the
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two markers was approximately 600 kb. The accuracy
rate of marker-assisted selection of PRSV resistance
among 35 cucumber lines using the marker, SSR11-
177 was more than 80 %. Results from this study
provide a valuable tool for fine mapping, gene cloning,
and marker-assisted breeding for PRSV resistance in
cucumber.
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Introduction

Papaya ring spot virus (PRSV) belongs to the genus
Potyvirus in the family Potyviridae. This viral
pathogen, which is mainly transmitted by aphids, is
found in many crop plants throughout the tropics and
subtropical regions of the world (Bateson et al. 2002).
Two major biotypes of PRSV have been identified
based on differences between host plants, the papaya
infecting type (PRSV-P) which affects both papaya
and cucurbits, and the cucurbit infecting type (PRSV-W)
which affects cucurbits but not papaya (Bateson et al.
1994; Attasart et al. 2002). These two biotypes are
serologically indistinguishable (Tomlinson 1987).
PRSV-P was isolated first from papaya in Hawaii
(Jensen 1949) and was a major limiting factor for
papaya production (Purciful et al. 1984). The virus can
be transmitted experimentally to cucurbits, but not
usually under field condition (Gonsalves 1998).
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PRSV-W does not infect papaya (Tomlinson 1987),
but can readily infect cucurbit crops and cause
significant damage. Cucurbit plantings are particularly
vulnerable from the end of summer through early
autumn, when increased aphid vector populations
promote virus epidemics that eventually induce severe
losses in fruit yield (Kosaka et al. 2006). No chemical
treatment has yet been found to effectively control the
virus in infected plants, and thus genetic resistance
against the virus is the optimal method for PRSV-W
control.

PRSV-W is an important disease in cucumber
(Cucumis sativus L.) production in China. PRSV-W
resistance has been identified in several cucumber
lines such as ‘Surinam,’ a cultivar from South America
(Wang et al. 1984), ‘TMG-1,” an inbred line derived
from a single plant selection from the Taiwanese
cultivar ‘Taichung Mou Gua’ (Provvidenti 1985), and
‘Dina-1,” an inbred line derived from self-pollinations
of Dutch hybrid ‘Dina’ (Kabelka and Grumet 1997).
Wang et al. (1984) reported the inheritance of PRSV-W
resistance. AFLP (amplified fragment length poly-
morphism) markers for PRSV resistance was also
reported (Park et al. 2000), but its chromosomal
location is unknown. The specific objectives of this
study were to better depict the genetic architecture of
the PRSV-W resistance, and to identify molecular
markers for this resistance that would be useful for
marker-assisted selection (MAS) breeding program
aimed at introgressing this resistance into commercial
cucumber cultivars.

Materials and method
Experimental materials

The two parental plant materials used in the present
study included the PRSV-susceptible inbred line
‘65G’ and the resistance inbred line ‘02245°. These
were provided by the Cucumber Research Group of
the Institute of Vegetable and Flowers Chinese
Academy of Agricultural Science IVF CAAS) and
were sequenced by Qi et al. (2013). For study of the
inheritance of PRSV resistance and linkage mapping,
F,, F,, and F,-derived F3 populations from the two
parental lines were used. For screening of PRSV
resistance, 144 F,.; families were used, and at least 15
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plants of each family were used for responses to PSRV
inoculation.

To validate molecular markers linked to the PRSV
resistance locus, 35 cucumber inbred lines or hybrids
developed by the Cucumber Research Group of the
Institute of Vegetables and Flowers of the Chinese of
Academy of Agricultural Sciences were examined for
PRSYV inoculation test and marker analysis (Table 1).

Virus cultures and inoculation

For the inheritance studies, the PRSV inoculum
sources were maintained on squash plants. In order
to achieve uniform germination, seeds were treated
with 1 % hydrogen peroxide for 2 h, placed on moist
filter paper in culture dishes and incubated at 28 °C for
1-2 days. At least 15 plants each of the Py, P,, F; and
144 F,.; families were inoculated. Phenotypic data
collection for plant responses to PRSV inoculation
followed guidelines set by the Ministry of Agriculture
of the People’s Republic of China (2010).

In brief, viral inoculum was prepared by blending
systemically infected leaves (1:10 w/v) in 0.03 M
phosphate buffer (pH = 7.0) and filtering through a
double layer of cheesecloth. Seedlings at the first true
leaf stage were dusted with carborundum and inoculat-
ed by gentle rubbing with a pestle dipped in the viral
inoculum. A second inoculation was performed 3 days
later to ensure uniform infection. After inoculation,
plants were rinsed with water and grown in an artificial
climate chamber at 25-28 °C with supplemental
lights.

Evaluation of PRSV resistance

Scoring of responses was conducted on each test plant
approximately 2 weeks after inoculation according to
a six-step disease rating scale ranging from 0 to 9,
where 0 = no symptoms; 1 = apical leaves with
dispersed vein clearing or slight mottle; 3 = pro-
nounced mosaic in the apical leaves; 5 = mild mosaic
and mild leaf distortion in the three youngest leaves;
7 = mosaic and leaf distortion in the three or four
youngest leaves; and 9 = severe mosaic and leaf
distortion on all leaves or even death. Disease index
(DI) was calculated for all test materials following
Zhang et al. (2010), where DI =X [(s x n)/
(S x N)] x 100 %, with s = disease rating scale,
n = number of plants with each disease rating,



Mol Breeding (2015) 35:110

Page 3 0f 9 110

Table 1 Disease reaction of 35 diverse cucumber inbred lines and hybrids used to test the flanking markers SSR11-177 linked to

02245

prsv gene

Code Accession Ecotype Phenotype Genotype
1 Zhongnong no. 21B Northern China type R b
2 W18 Northern China type R b
3 W19 Northern China type R b
4 F20 Japanese type R b
5 081550 Northern China type R b
6 181572 Northern China type R b
7 081757 Northern China type R b
8 03489 Northern China type R b
9 071085 Northern China type R b
10 0881 Northern China type R b
11 PI183697 Wild type R b
12 K34 Northern China type R b
13 9930 Northern China type R b
14 0859 Northern China type R b
15 081764 Northern China type R b
16 181578 Northern China type R a
17 081540 Northern China type R a
18 081524 Northern China type R a
19 061006 Southern China type R b
20 04796 Northern China type R b
21 081547 Northern China type R b
22 081784 Hybrid of northern China type R b

and European type
23 C32 Northern China type R h
24 185 Japanese type R b
25 Zhongnong no. 29 European greenhouse type S a
26 081545 Northern China type S b
27 Zhongnong no. 116 Northern China type S h
28 K33 European greenhouse type S a
29 GY14 American processing type S a
30 F22 Japanese type S h
31 9110GT Hybrid of northern China type S a
and European type

32 156G European greenhouse type S a
33 08688 European greenhouse type S a
34 06517 European greenhouse type S a
35 8794 Japanese type S b

Inoculation test phenotype designation: R resistant, S susceptible
Marker genotype designation: a, 65G allele (Prsv???#[Prsy??2%); b, 02245 allele (prsv02245/prsv02245); h, F1 allele (Prsv???%/

prsv02245)

N = total number of plants, and S = highest disease 5 % < DI <20 % were considered resistant, those
rating scale. The PRSV resistance for each F3 family with 20 % < DI < 40 % were considered moderate
was evaluated based on its DI value: Families with DI resistance, those with 40 % < DI < 64 % were con-
<5 % were considered to be high resistant, those with sidered intermediate susceptible, and those with
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DI > 64 % were considered high susceptible (Min-
istry of Agriculture of the People’s Republic of China
2010).

Serological procedures

The presence of virus in plants was confirmed using a
double-antibody sandwich enzyme-linked im-
munosorbent assay (DAS-ELISA). DAS-ELISA was
carried out with PRSV-specific antiserum purchased
from Agdia (Elkhart, Indiana, USA). Absorbance
values (405 nm) were monitored using an iMark
Microplate Absorbance reader. Well in which color
developed indicated positive results, those in which
there was no significant color development indicated
negative results. Test results were valid only if positive
control wells gave a positive result and buffer-only
wells remained colorless after incubating for 60 min.
The ELISA threshold signal was calculated as the
mean of the absorbance + standard deviations. Sam-
ples were considered positive if the measured ab-
sorbance was more than twice that of healthy plants.

Molecular marker analysis

The modified CTAB method (Wang et al. 2006) was
used for genomic DNA extraction from Py, P,, Fy, and
each plant of F, population. The concentration and
quality of extracted DNA in samples were detected by
electrophoresis on a 1 % (w/v) agarose gel and diluted
with distilled water to get a working dilution
of 15 ng/uL.

Two DNA bulks, the resistant bulk and the
susceptible bulk were constructed by pool equal
amount of DNA from seven resistant and seven
susceptible F, plants based on the DI mean of
respective F3 families. Microsatellite (SSR) markers
selected from the cucumber genetic map by Ren et al.
(2009) were used to screen two parental lines and
bulks; polymorphic markers were applied to the F,
population for linkage analysis.

The PCR system (10 pL) included 3 pL. of DNA
(15 ng/pL), 1 pL of both forward and reverse primers
(50 ng/uL), and 5 pL of Go Taq Green Master Mix
(Promega, USA), and PCR amplification was carried
out using the following program: denaturation at
94 °C for 4 min; 35 cycles of denaturation at 94 °C for
15 s, annealing at 55 °C for 15 s, extension at 72 °C
for 30 s; and followed by 72 °C for 5 min. Amplified
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products were separated on 6.0 % non-denaturing
polyacrylamide gel at 150 V for 1 h, and the bands
visualized and photographed after silver staining.

Linkage analysis

The genotypic data from 144 F, plants were used to
perform linkage analyses using JoinMap 4.0. The
Calculate command was first used to calculate the
relevant parameters, followed by grouping of linkage
group with the Groupings (tree) command with LOD
>3.0. Finally, the map was drawn with Create Groups
for the Mapping and Map commands, and the genetic
and physical distance of resistance gene regions were
calculated.

Results

Inheritance analysis of PRSV resistance
in cucumber

Approximately 2 weeks after inoculation, all the
inoculated plants of ‘65G’ were susceptible to PRSV
and showed severe mosaic and leaf distortion, whereas
all plants of ‘02245’ showed no symptoms. Plants of
the F; were susceptible, showing mosaic and leaf
distortion (Fig. 1a). Consistent with this observation,
ELISA values obtained for plants of ‘02245’ were
significantly lower than those for both ‘65G’ and the
F, plants (Fig. 1b). Chi-square test of segregation
ratios among F, plants with DI means of F5; families
indicated that progeny of the F, generation exhibited a
ratio of homozygous dominant (susceptible),
heterozygous dominant (susceptible), homozygous
recessive (resistant) of approximately 1:2:1 (Table 2),
confirming that PRSV resistance in ‘02245’ is con-
ferred by a single recessive gene, which was desig-
nated as prsv02245 hereinafter.

Development of a framework map for PRSV
resistance gene prsv’>**

Among 1,288 SSR markers tested, 296 (23.0 %) were
polymorphic between ‘65G’ and ‘02245’, of which, 10
were polymorphic between the resistant and suscep-
tible bulks. A linkage map was developed with the 10
SSR markers and 144 F, plants, which is shown in
Fig. 2a, b. This linkage group covered a genetic
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Fig. 1 a Symptoms of the
susceptible line ‘65G’, the a
resistant line ‘02245’, and

their F| progeny after

inoculating with PRSV.

b ELISA results for PRSV in

leaves of ‘65G’, ‘02245’,

and their F;
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Table 2 Genotype of the F, population derived from a cross between 65G and 02245 to PRSV

Populations Total Number of plants Expected ratio Goodness of fit x2
(AA/Aa/aa)
AA Aa aa
P, (65G) 15 15 0
P, (02245) 15 0 15
F, 15 0 15 0
F, 144 33 81 30 1:2:1 xZ = 2.375

AA, Homozygous dominant; Aa, Heterozygous dominant; aa, Homozygous recessive

AA/Aa, susceptible; aa, resistant x2(0.05,2) =599

distance of 44.4 cM, with an average of 4.4 cM/mark-
er. Based on the marker information (Zhang et al.
2012), the prsv’*?* locus was mapped in cucumber
chromosome 6 flanked with SSR18405 and SSR33284
that were 7.1 and 10.6 cM away from the target gene,
respectively.

Further mapping of the prsv??**’ gene

In the genomics region delimited by SSR18405 and
SSR33283, 184 new SSR makers were designed

based on the 9,930 draft genome sequence (Huang
et al. 2009). Six of these showed distinct polymor-
phisms between the parents. Thus, 16 pairs (Sup-
plemental Table 1) were selected to analyze the F,
mapping population based on the polymorphisms
produced. Linkage analysis identified two closer
markers, SSR11-177 and SSR11-1 flanking the
prsv??** locus with genetic distances of 1.1 and
2.9 cM, respectively (Fig. 2c). The physical dis-
tance between the two markers was approximately
600 kb.
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Fig. 2 Linkage map of PRSV resistance gene in cucumber. a A genetic map of cucumber chromosome 6. b A framework map with

SSR markers linked with the PRSV resistance gene prsv02245

Validation of molecular markers linked

to the prsv’?*** gene for MAS breeding

The SSR marker SSR11-177 that was the closest to
prsv???* Jocus was tested among 35 cucumber inbred

@ Springer

. ¢ Further mapping for prsv

02245

lines and hybrids, in which 24 were resistant and 11
susceptible to PRSV. Consistent results between
phenotypes and genotypes were obtained for 29 of
the 35 (Table 1; Fig. 3), suggesting an accuracy rate
for SSR11-177 of 82.9 %.



Mol Breeding (2015) 35:110

Page 70f 9 110

Discussion

There have been contrasting results in previous studies
with regard to the inheritance of PRSV resistance in
cucumber. Based on the cross between resistant
Surinam Local and susceptible Wisconsin 2757 Wang
et al. (1984) found that PRSV resistance was con-
trolled by a single recessive gene, prsv-1. Wai and
Grumet (1995) suggested that a single dominant or
incompletely dominant gene (Prsv-2) determined
resistance to PRSV-W in the cucumber line TMG-1.
However, Wai et al. (1997) showed that Prsv-2 from
TMG-1 and prsv-1 from Surinam Local were at the
same locus. Zhang et al. (2005) reported that PRSV
resistance was controlled by a major gene and some
minor genes by studying a recombinant inbred line
(RIL) population derived from No. 8 European (a
susceptible line) and Qiupeng (a resistant line). In the
present study, based on the PRSV inoculation tests of
144 F,.; families, we found that PRSV resistance in
the cucumber inbred line ‘02245’ is conferred by a
single recessive gene, prsv’?*%.

Sequential inoculation experiments, using F;
families derived from TMG-1, showed that the gene
for PRSV resistance was either at the same locus, or
was very tightly linked to, the gene for resistance to
Zucchini yellow mosaic virus (ZYMV) (Kabelka
1996). Wai et al. (1997) detected linkages between
resistance to ZYMV and Watermelon mosaic virus
(WMYV), between resistance to PRSV-W (prsv-2),
ZYMV (zym), and bitterfree cotyledon (bi). The
ZYMV resistance gene, zym, has been recently fine
mapped, and a candidate gene was proposed (Amano
et al. 2013). Based on the SSR markers linked with
prsv???# resistance gene in ‘02245° from the present
study (Fig. 2), it seems the prsv??** locus in ‘02245’
is close to the zym locus but not the same. This finding
confirms that PRSV resistance is linked closely to

ZYMV, but that the two loci are at different locations
on this chromosome.

In recent years, several recessive plant virus
resistance genes have been characterized to be
mutated genes of eukaryotic translation initiation
(Maule et al. 2007). Meyer et al. (2008) constructed
a fosmid library of cucumber (TMG-1) and com-
paratively analysis the eIF4E and elF(iso)4E regions
from cucumber and melon, whereas the results
indicated that eIF4E and elF(iso)4E were not linked
to the cluster of recessive potyvirus resistance loci
in TMG-1. Besides, we predicated genes by Soft-
berry (http://linux1.softberry.com/) within our map-
ping region, no genes were found encoding
translation initiation factors typical of recessive re-
sistance genes against plant viruses. Therefore, the
translation initiation factors of 4E family may be
one of the factors to mediate plant virus resistance.
In cucumber, there also exist some other factors
associated with virus replication in plants to confer
resistance. The pathogenesis-related proteins (PRs)
that may be effective in inhibiting pathogen growth,
multiplication and spread, and be responsible for the
state of systemic acquired resistance have been re-
ported (Van Loon and Van Kammen 1970; Ryals
et al. 1996). In our mapping region, we found a
gene, pathogenesis-related transcriptional factor/ERF
DNA-binding (Csa6P133770.1), which can regulate
the ethylene synthesis. Ethylene can induce the
translation of pathogenesis-related proteins (PRs).
Since there are no reports related to PRSV resistant
genes in cucumber, we can only speculate that some
genes capable of regulating and producing induced
resistant factors may control PRSV resistance in
cucumber. To ascertain whether PR transcriptional
factor/ERF DNA-binding is relative to PRSV resis-
tance, we will make fine mapping and identify the
candidate gene in the further research.

Fig. 3 Effectiveness of tagging PRSV resistant cucumber lines with prsv”??*-linked SSR marker SSR11-177 among 35 cucumber

inbred lines and hybrids. R resistant, S susceptible
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Conclusion

We found that the PRSV resistance in cucumber
inbred line ‘02245’ is controlled by a single recessive
gene, prsv’??* . The prsv®?* locus was mapped to
chromosome 6 with genetic distances of 1.1 and
2.9 cM from two closely linked SSR markers. Among
35 cucumber lines tested, the closest marker, SSR11-
177 to the prsv®??* locus was associated with PRSV
resistance in >80 % lines. These results should be
valuable for cucumber breeders in marker-assisted
selection of PRSV resistance, which also provide the
basis for fine mapping of the PRSV resistant gene in
cucumber.
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