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Abstract Watermelon [Citrullus lanatus (Thunb.)
Matsum & Nakai] is an important cucurbit crop
cultivated worldwide. In an effort to map WBNV
resistance, the current study consisted of two popula-
tions derived from a WBNYV resistant accession, IIHR-
82 belonging to Citrullus lanatus var. citroides (Syn.
Citrullus amarus). The first population is a backcross
inbred population (BCFg) of 141 families (Pop I) that
was developed by crossing IIHR-82 to an elite cultivar
Arka Manik. A resistant family, BIL-53 belonging to
Pop I was crossed to ITHR-140 to develop F;
population, consisting of 112 families (Pop II). Each
of these populations was evaluated for WBNYV inci-
dence for two years under natural epiphytotic condi-
tions. A significant correlation was observed for
various resistance traits across years and populations.
The frequency distribution graphs of Area Under
Disease Progress Curve for WBNYV incidence in both
the populations exhibited a continuous distribution,
indicating that trait is quantitative in nature. A total of
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163 markers were mapped for the Pop I which spread
onto 15 linkage groups (LGs) spanning a total map
length of 3310.17 ¢cM with a mean marker interval of
20.31 cM. The linkage map for the Pop II was
constructed with 135 markers spread over 12 linkage
groups spanning a total length of 1965.53 cM with an
average interval between markers of 14.56 cM.The
QTL analysis for WBNV resistance related traits
revealed 14 major QTL’s for Pop I and 19 for Pop II
with a maximum PVE upto 21.20%. Multi-trait QTL
regions were observed on LG 3b for Pop I and LG 2,
LG 4, LG 7 and LG 8 for Pop II. Importantly, we
observed common QTL regions for plant survival on
LG 2 and PDI on LG 3 and LG 8 for both the
populations. As this is the first attempt to map QTL’s
for WBNV resistance, the results obtained in the
present study may provide a guide for fine mapping
multi-trait QTL regions.

Keywords Resistance - Watermelon - WBNV -
Orthotospovirus - Mapping

Introduction

Watermelon [Citrullus lanatus (Thunb.) Matsum &
Nakai] is an important cucurbit crop cultivated
throughout the world in an area of 3.50 million
hectares with a production of 117 million tonnes (FAO
2016). In India, it is cultivated in an area of 1.01 lakh
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hectares with a production of 24.8 lakh tonnes
(MAFW 2017). Important among the several con-
straints limiting its cultivation in India is watermelon
bud necrosis orthotospovirus (WBNYV), (Family:
Tospoviridae, Bunyavirales) belonging to the water-
melon silver mottle orthotospovirus (WSMoV) ser-
ogroup (Jain et al. 1998, 2015; Adams et al. 2017). It
was first reported during 1991 infecting watermelon at
Indian Council of Agricultural Research-Indian Insti-
tute of Horticultural Research (ITHR), Bangalore,
India (Singh and Krishnareddy 1996) and later found
to affect several other cucurbits, such as cucumber,
ridge gourd and muskmelon (Jain et al. 1998, 2007;
Mandal et al. 2003; Kumar et al. 2010). Recently,
WBNYV was also detected in non-cucurbitaceous crops
like chilli pepper, tomato (Kunkalikar et al. 2011) and
chrysanthemum (Holkar et al. 2017) in northern India.
WBNYV is widely distributed and endemic in majority
of the watermelon growing states of India (Mandal
et al. 2012). The virus is reported to be transmitted by
melon thrips, Thrips palmi Karny (Rajasekharam
2010; Rebijith et al. 2012, 2016). Several studies have
reported up to 100% yield loss due to this disease
(Singh and Krishnareddy1996; Jain et al. 1998, 2007;
Kunkalikar et al. 2011).The field symptoms of WBNV
appear as leaf chlorosis, silver mottling of leaves,
shortened internodes, brittle and upright growth of
younger shoots, necrosis on apical bud, stem, petiole,
and fruit stalk. Infected plants produce unmarketable,
small, deformed fruits with uneven surface and
necrotic or chlorotic rings, depending on the cultivar
(Mandal et al. 2012 and Nagesh et al. 2018).

Currently, vector management (cultural, physical,
chemical and biological) has been the focus for
controlling this disease, but with limited success
(Kumar et al. 2006 and Mandal et al. 2012). Hence,
host plant resistance has been suggested as an
economically viable and environment friendly option
for managing this disease (Riley and Pappu 2000). In
this context, breeding efforts are underway at ITHR,
Bengaluru, India, to deploy resistant varieties to
WBNV. Recent work of our group has focused on
identifying source of resistance in IIHR-82, an acces-
sion belonging to Citrullus lanatus var. citroides and
understanding its genetics in a prebred line derived
from this source (Nagesh et al. 2018).

Several genomic resources including SSR markers
(Ren et al. 2012), SNP markers (Sandlin et al. 2012;
Nimmakayala et al. 2014 and Lambel et al. 2014),
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genome sequence (Guo et al. 2013), comparative map
(Sandlin et al. 2012), high resolution maps (Ren et al.
2012, 2015a, b; Reddy et al. 2014; Shang et al. 2016,
Branham et al. 2019), integrated genetic maps (Nim-
makayala et al. 2014 and Ren et al. 2014), resequenc-
ing of diverse watermelon accessions of related
species (Guo et al. 2013), cultivated and wild water-
melon accessions (Guo et al. 2019), draft genome
assemblies for two diploid watermelon cultivars (Wu
et al. 2019) became available for watermelon in the
public domain dawning a genomic era for this crop.
This aided in QTL analyses of important horticultural
traits (Prothro et al. 2012; Sandlin et al. 2012; Ren
et al. 2014; Lambel et al. 2014; Kim et al. 2015; Liu
etal. 2015; Ren et al. 2015a, b; Cheng et al. 2016; Park
et al. 2016; Zhang et al. 2018) including recent
identification of candidate genes for flesh color,
lycopene (Wang et al. 2019), flowering time (Gimode
et al. 2020) dwarfness (Dong et al. 2018) and fruit
shape (Dou et al. 2018) in watermelon. Recently,
linkage mapping has been carried out for resistance
to tomato spotted wilt orthotospovirus (TSWV) in
peanut (Khera et al. 2016) and melon yellow spot
orthotospovirus (MYSV) in cucumber (Sugiyama
et al. 2015). Dominant genes Sw-5, Tsw and Sws
conferring resistance to TSWV in tomato (Stevens
et al. 1995), chilli (Jahn et al. 2000) and MYSYV in
cucumber (Sugiyama et al. 2015) respectively have
been mapped. As no such reports are available for
WBNYV resistance in watermelon, the current exper-
iment was designed to identify QTL’s conferring
resistance to this disease in the accession IIHR-82.

Materials and methods
Mapping populations

ITHR, Bengaluru maintains a collection of 347 acces-
sions of cultivated watermelon and related species,
which were screened for WBNYV resistance in earlier
studies (unpublished results). An accession, IIHR-82
belonging to Citrullus lanatus var. citroides was
identified as possessing resistance to this disease. A
backcross inbred population (BCF¢) of 141 families
was developed by crossing [THR-82 to Arka Manik
(recurrent parent, which is a mega variety in Indian
subcontinent) hereafter called Pop I. A resistant
family, BIL-53 belonging to this population was
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crossed to a red fleshed icebox segment inbred, ITHR-
140 to develop F; population, consisting of 112
families, hereafter referred as Pop II. Genotyping was
performed in BCFs and F, families while, phenotyp-
ing was carried out in BC;Fg and F,.; families in Pop I
and Pop II respectively.

Phenotyping for WBNYV resistance

Natural epiphytotic screening of the mapping popula-
tions for reaction to WBNV was carried out during
summer season, when natural vector population is
high favouring natural disease occurrence. Paired row
spot planting technique under unmulched condition
along with infector genotypes and yellow ribbons were
used to attract thrips (Vector of WBNV). Popular
commercial varieties viz., NS-295 and Arka Manik
that are susceptible to WBNV were used as infector
lines. These were planted 10 days prior to planting of
test progenies to build up the field inoculum.

The disease severity was scored visually for
symptoms on a scale of 0-3 as suggested by Sugiyama
et al. (2009) with slight modifications: where, 0 = no
symptom, 1 = slight crinkling of leaves, 2 = crinkling
with yellowing or silver mottling of leaves and 3 = die
back or severe bud necrosis (Fig. 1). The disease
severity scores of individual plants thus recorded were
used to calculate percent disease index (PDI) using the
following formula:

PDI — $um of al¥ ratings ‘ 100
Total number of observations x Maximum rating

The PDI recorded over four intervals of 10 days
from 35 to 65 DAS was used to calculate Area under
disease progress curve (AUDPC) (Campbell and
Madden, 1990) using the formula:

n=1
Xi + X
AUDPC = > H%}X{twl - ti}:|

i=1

where X; = disease index at ith observation, X, .
= disease index at i + Ist observation tj,; — t;
= number of days between two observations, and
n = total number of observations.

Further, plant survival (%) and vine length (cm)
were recorded from 35 to 65 DAS at 10 days interval
in both the populations. Vine length is important
criteria for WBNV resistance, as apical growth is
arrested due to meristem necrosis in WBNV affected

plants. These four traits viz., PDI, AUDPC, plant
survival and vine length representing component traits
of WBNYV resistance were used for QTL analysis.

The broad sense heritability was calculated for each
trait by using the formula:

G . .
2 enotypic variance % 100

~ Phenotypic variance

Experimental design

The populations along with their parents and F,’s were
evaluated for WBNV reaction in randomized com-
plete block design (RCBD) with two replications and
five plants per replication. The phenotyping was
carried out during summer seasons of 2016 and 2018
for Pop I and during 2017 and 2018 for Pop II.

Diagnosis of WBNV

Direct antigen-coated enzyme-linked immunosorbent
assay (DAC-ELISA) and reverse transcription-poly-
merase chain reaction (RT-PCR) techniques were used
to confirm WBNYV infection in the test entries during
screening. DAC-ELISA was performed using gen-
eral orthotospovirus antiserum as per the protocol
described by Hobbs et al. (1987). To specifically
identify WBNV infection, RT-PCR was performed
using primers specific to the nucleocapsid (N) gene of
WBNV as described by Holkar et al. (2017). The
diseased samples recorded an amplification of
~ 750 bp size, while it was absent in healthy samples.

DNA isolation and marker genotyping

Genomic DNA was isolated from the true leaves of
three-week old plants of parents, F;’s and mapping
populations employing modified CTAB method (Keb-
Llanes et al. 2002). Genome wide markers including
(SSRs, Indels & SV’s) were assembled from earlier
reports in watermelon viz., Lee et al. (2007), Zhang
et al. (2012), Ren et al. (2012) and cucurbit genomics
database (https://www.icugi.org/). DNA amplification
was carried out in a 15.4 pl of master mix containing
2.5 ul of 10 x Taq assay buffer, 2.0 ul of 1 mM
dNTP’s, 2.0 pl of 5 pM of forward and reverse primer
each, 0.5 pl of 3B 1U/pl of Taq polymerase, 3.0 ul of
30 ng template DNA and 3.4 pl of nuclease free water
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2= Crinkling with yellowing or silver mottling of leaves

3= Dieback / severe bud necrosis

Fig. 1 Disease severity scale (0-3) for watermelon bud necrosis orthotospovirus under natural epiphytotic conditions

(Sanbiomed Pvt. Ltd. Bengaluru). The polymerase
chain reaction (PCR) conditions were followed as:
94 °C for 5 min initial denaturation; 35 cycles of
amplification at 94 °C for 20 s, 65 °C for 20 s and
72 °C for 90 s, and 72 °C for 8 min of final extension
followed by hold at 4 °C. The PCR was performed in
eppendorf thermal cycler machine (Effendorf, AG
22331, Hamburg, Germany). The PCR amplicons
were resolved by agarose gel electrophoresis (3%) in
0.5 x Tris acetic acid buffer (TAE) and documented
on a UV gel doc (UVTEC, Cambridge, Firereader
V10).

Construction of linkage map

The genotypic data for each of the mapping popula-
tions was used to construct linkage map using default
parameters in software package, QTL IciMapping v.
4.1, released and updated in January, 2016 (Wang
et al. 2016). The marker order was determined with a
generally accepted minimum threshold logarithm of
odds (LOD) score of 3.0 and recombination fraction
(0) of 0.3. Map distances between markers were
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estimated using Kosambi mapping function (Kosambi
1944).

QTL analysis

QTL analysis of WBNV resistance traits was con-
ducted using composite interval mapping (CIM) as
implemented in QGene version 4.4.0 (Joehanes and
Nelson 2008). The threshold values for each trait-
marker linkage were determined using permutation
tests (1000 permutations at p = 0.05). The default
parameters of interval mapping at LOD threshold of
3.0 were used to carry out the QTL analysis.

Results
Phenotyping of populations for WBNV resistance

The infector rows of susceptible checks were planted
10 days in advance of the test entries to build up
inoculum and avoid escapes. The check varieties
served as a reference to decide the level of disease
incidence. The checks used in our experiments viz.,
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Arka Manik and NS-295 recorded a PDI of 95.87%
and 98.28% during 2016 (Table 1), 87.04% and
96.67% during 2017 (Table 2) and 90.00% and
96.67% during 2018 (Table 2) respectively by 65
DAS confirming that the escapes were less than
5-10%. Affected plants were severely stunted, had
shortened internodes and became very brittle with
upright growth of younger branches. Other predom-
inant symptoms were the presence of longitudinal
brown necrotic streaks on vines, tendrils and petioles.
As the disease progressed, the necrotic streaks on stem
and the growing branches started drying from the tip
leading to bud necrosis and die-back. All these
symptoms observed during the experiment tested to
be positive for WBNV infection employing DAC-
ELISA and RT-PCR techniques.

Analysis of variance revealed significant differ-
ences for all the WBNYV resistance related traits (PDI,
AUDPC, plant survival and vine length) during 2016
and 2018 except AUDPC in 2018 for Pop I (Table 1).
Significant differences were also observed for all the
WBNV resistance related traits for Pop II during 2017,
where as significant differences were observed only
for PDI and vine length in 2018 (Table 2). The
resistant parents viz., [[HR-82 for Pop I and BIL-53
for Pop II performed better than their corresponding
susceptible parents for all resistance traits during all
evaluations.

Frequency distribution of AUDPC for both popu-
lations are shown in Fig. 2. The AUDPC for Pop I
ranged from 350 to 2306 during 2016, while it ranged
from 187 to 1729 during 2018. The parents recorded
AUDPC values of 1283 for IHR-82 and 2013 for Arka
Manik during 2016, while 742 for ITHR-82 and 1236
for Arka Manik during 2018. The AUDPC for Pop II
ranged from 611 to 1792 during 2017 and 367 to 1632
during 2018. The parents BIL-53 and IIHR-140
recorded an AUDPC of 1250 and 1833 respectively
during 2017; 1229 and 1354 respectively during 2018.

Results of correlation analysis for the Pop I and Pop
II during the years 2016, 2017 and 2018 are shown in
the Table S3. A significant positive correlation was
observed among PDI recorded at different intervals in
both populations. Vine length at 45, 55 and 65 days
was negatively correlated with PDI at different
intervals in both populations during 2016 and 2017.
Similarly, plant survival at 45, 55 and 65 days was
also negatively correlated with PDI at different
intervals in both populations and all years except for

Table 1 Summary performance of parents and BC,Fg families of the cross IIHR-82 x Arka Manik under natural epiphytotic conditions of watermelon bud necrosis ortho-

tospovirus during summers of 2016 and 2018 for Percent Disease Index (PDI), Area Under Disease Progress Curve (AUDPC), plant survival and vine length

AUDPC Plant survival (%) at 65 DAS"* Vine length (cm) at 65 DAS

PDI at 65 DAS *

Genotypes

Summer 2016 Summer 2018

Summer 2016 Summer 2018 Summer 2016 Summer 2018

Summer 2018

Summer 2016

63.48
34.73

54.60
37.59

89.44 (71.01)
44.94 (42.07)

60.00 (50.74)
47.00 (43.23)

742.59

1283.33
2013.55

41.85 (40.27)
80.56 (70.69)

80.00 (63.40)
95.87 (78.28)

IIHR-82

1236.11

Arka Manik
BC, Fg range

17.20-116.78

48.78

5.67-71.50

47.74

0.00-100.00 (0.00-90.00)
16.83 (24.18)
1.58%%*

14.46
40.56

0.00-100.00 (0.00-90.00)
15.70 (22.78)

2.25%%

187.00-1729.00
2289.00
1.22

350-2306
2196

6.67-93.33 (12.04-79.27)

96.58 (79.31)

1.39*

50.00-100.00 (44.98-90.00)
98.28 (82.44)

1.42%%
8.25

NS-295 (CC)
F value
SE (m)
CD (P

1.36*

2.12%%
8.76

1.33%*
265.68

15.76
44.20
39.75

15.00

42.00
35.90

339.68

14.39
40.35

24.54
34.52

743.65
41.22

23.09
12.99

0.05)

24.63

46.30

40.14

CV (%)

* Significant at p < 0.05, ** Significant at p < 0.01, *# Values in parentheses are arc sine transformed, CC- Commercial Check, DAS- Days after sowing, CV- Coefficient of

variation and CD- Critical difference
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é 9 - '*f Pop 1 during 2018. Likewise, significant positive
g a 5 i 8 correlation was also observed between AUDPC and
8 et Ew R o do ox o o o & PDI recorded at different intervals in both populations.
g = a §, = E ; % § § ; g § é Further, vine length and plant survival at 45, 55 and
° 5 = 65 days was negatively correlated with AUDPC at
'S = g © different intervals in both populations during 2016 and
g 8 g gl . -g 2017. Similarly, a significant correlation was observed
£ ;é ES|888% 258233 for all the four traits between the two years of
g B A I evaluation in both populations (Tables S4 and S5).

g f § ; A moderate level of heritability ranging from
g = - ® A 15.98% to 35.55% was observed for the end of season
£ E § s a % s = 2: PDI across populations (Table S6). Similarly, AUDPC
; E: gg E g = @ g a also recorded low to moderate levels (11.04 to
% é E’E £ s g % g8 842 8 é 21.40%) of heritability. Vine length (14.91 to
2R |2 RS & =E-=8 18|58 34.76%) and plant survival (11.38 to 29.73%) at the
; ;E_ T\’E g g end of season recorded a moderate level of heritability.
s <2 2 5

g% ij - E"g § Construction of linkage map

5215 |z s < @]

SE|T |82 2 O A o cludi :
Se| 3|85 828=x g ) total of 477 PCR based markers including SSR’s,
?i é E g § é é 5 § 2;5 3948 é Indel’s and SV’s were screened to assess the parental
2 2 Ela =8&&% &-2=&%3 g polymorphism between ITHR-82 and Arka Manik for
g S = Pop I. Among them, 238 (49.89%) markers were
i . 8 i found to be polymorphic. Of these, a total of 163
£ % g w | 88 g g 8 < 8 markers (109 SSR’s, 49 Indel’s and 5 SV’s) could be
i A E S § % & % % 4 5 = g mapped based on 141 BC,Fs families of Pop I (Fig. 3).
b B - g The 163 markers spanned onto 15 linkage groups
=25 § 8 (LGs) with a total map length of 3310.17 cM and a
2 519 g c e T o o _ é; mean marker interval of 20.31 ¢cM. The marker loci
5 i g E g § ; g ; § Z‘:Wr .,% 2 3|5 per linkage group varied from 3 (LG 11b) to 23 (LG
gé <les|==2c= =2 -888& ;‘ 10) with a mean of 10 loci per LG. The longest interval
k= = % inthe mapis 51.21 ¢ (LG 6) and the shortest interval is
E = 2 E 0.83 cM (LG 5) (Table 3).

g ; 0o § * A total of 593 markers were used to detect parental
E § § ze % =S g polymorphism between BIL-53 and ITHR-140 for Pop
= A E €= ¢ VI II. Of these, 156 (26.30%) markers were found to be
§ § E a8 ’é § G % 5 SRS ; polymorphic and were used to genotype Pop II.
%n"? @ BRIF F-=8= = Among them, 21 markers were eliminated from the
gé § g 8 map, because they recorded > 50 cM distance from
:5) g %, § ) g their nearest markers. Finally, linkage map was
§ ‘;‘ aﬂ g g Z’ % constructed with 135 markers (93 SSR’s, 40 Indels
g E o |9 § % g 5 E ; E and 2 SV’s) based on 112 F, individuals of Pop II
Qé?, s é cc f < s, S E (Fig. 4). The map consisted of 12 linkage groups
25 2|2 § § 3 = § E % % @ 20 spanning a total length of 1965.53 cM with an average
= = 8 interval between markers of 14.56 cM.The mapped
§ E . . 5 2 E g marker loci per linkage group varied from 4 (LG 6a) to
a P § s, 5 © < & g 24 (LG 10) with a mean of 11 loci per LG. The largest
228 nZE2082E¢8|BE interval in the map is 50.76 cM (LG 6b) and the
S218 BEcE-2.888[F¢8 smallest interval is 0.94 ¢ (LG 10) (Table 4).
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P1-2016
P2-2018

P1-2018

Frequency
P2-2016

> 30 4

w 15 4 m 2017

m2018

Fig. 2 Frequency distribution of Area under disease progress
curve (AUDPC) values for watermelon bud necrosis orthoto-
spovirus infection under natural epiphytotic conditions for
a BC,Fg families of the cross IIHR-82 x Arka Manik (Pop I)
during the years 2016 and 2018 and b F,.; families of the cross
BIL-53 x ITHR-140 (Pop II) during the years 2017 and 2018

Among the two populations, the common mapped
markers are 61. Out of this the highest number of
common markers were noticed on LG10 (13) followed
by LG (7). In our study, we have noticed that 77.91%
of markers exhibited segregation distortion (SD) in
Pop I and 28.24% in Pop II (P < 0.05). Of these SD
markers, 90.55% were skewed towards Arka Manik in
Pop I where as 56.76% were skewed towards ITHR-
140 in Pop II.

QTL analysis

QTL analysis was carried out for four WBNV resistance
traits in both populations and loci exhibiting more than
10.0% phenotypic variance explained (PVE) were
considered as major QTL’s. A total of 14 major QTL’s
were identified for WBNV resistance related traits in
Pop I with a LOD score of > 3.0. The PVE for these
QTL’s ranged from 10.0% (q_Pdi45_Iihr82_16_3.1, &
q _Audpc_Iihr82_18_3.2) to 21.20% (q _Surd5_

Iihr82_18_2.1). The 14 QTL’s were distributed on to
different linkage groups viz., one QTL each on LG 1b
(q_VL45_Iihr82_16_1.1), LG 2b (q _Surd5_
Iihr82_18_2.1), LG 5 (q _VL45_Iihr82_18_5.1), LG 6
(q_Pdi55_Iihr82_16_6.3), LG 7 (q_Pdi55_lihr82_
16_7.1), LG 8 (q_Pdi65_Iihr82_18_8.1), LG 10
(q_VL35_Iihr82_18_10.1) and LG 11b (q_Pdi65_
Iihr82_18_11.1); six QTL’s on LG 3 (q_Pdi45_
Iihr82_16_3.1, q_Pdi45_Iihr82_18_3.1, q_Pdi55_
Iihr82_18_3.1, _Pdi65_Iihr82_18_3.1, qg_Audp-
c_lihr82_18_3.1 & q_Audpc_Iihr82_18_3.2) (Table 5).

A total of 19 major QTL’s for WBNV resistance
related traits were identified in Pop II with PVE
ranging from 12.00% (q _VL55_Bil53_18_4.1 & q
_VL65_Bil53_18_4.1) to 17.00% (q _Sur65_ Bil
53_17_7.1) at LOD > 3.0.The QTL’s were distributed
on different linkage groups viz., one QTL on LG 3
(q_Pdi55_Bil53_18_3.1); two each on LG 4
(q_VL55_Bil53_18_4.1, _VL65_18_4.1), and LG 8
(q_Pdi55_Bil53_18_8.1 and q_Audpc_Bil53_18_
8.1); three on LG2 (q _Sur65_Bil53_17_2.1, q _Sur
65_Bil53_17_2.2 and q _Sur65_Bil53_17_2.3) and
eleven on LG 7 (q _Pdi65_Bil53_17_7.1, q _ Pdi
65_Bil53_17_7.2, q _Pdi65_Bil53_17_7.3, q_Sur
65_Bil53_17_7.1, q_Sur65_Bil53_17_7.2, q_Sur
65_Bil53_17_7.3, q_Sur65_Bil53_17_7.4, q_Sur65_
Bil53_17_7.5, q _Sur65_Bil53_17_7.6, q_Sur65_
Bil53_17_7.7 and q _ Sur65_Bil53_17_7.8) (Table 6).

Among the 14 major QTL’s identified in Pop I,
ITHR-82 contributed favourable alleles for five QTL’s
while Arka Manik contributed for nine QTL’s. Sim-
ilarly, BIL-53 contributed favourable alleles for 8
QTL’s and ITHR-140 for 11 QTL’s in Pop II.

Discussion

Narrow genetic base of cultivated watermelon makes
it vulnerable to several biotic stresses. Wild species of
Citrullus have the potential to provide useful diversity
and broaden the genetic base. Citrullus lanatus var.
citroides is considered a reservoir of elite genes for
several agronomic traits (Hawkins et al. 2001; Levi
et al. 2001a, b; Hashizume et al. 2003; Zhang et al.
2004; Guo et al. 2010; Levi et al. 2011; Ren et al.
2012, 2014; Nimmakayala et al. 2014). In the current
experiment, an attempt was made to map resistance
loci for WBNYV from this species.
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LG_1a LG_1b LG_2a LG_2b LG_3a
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17.9 BVWS00291  16.2 —— BVWS00255 o 302 Exwgggg%
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Fig. 3 Linkage map and QTL’s for watermelon bud necrosis
orthotospovirus resistance traits identified in the BC,Fg
population of the cross IIHR-82 x Arka Manik (Pop I). PDI:
Percent Disease Index, VL: Vine length, SUR: Plant Survival,
AUDPC: Area Under Disease Progress Curve are indicated in

The frequency distribution graphs of AUDPC
(Fig. 2) in both Pop I and Pop II showed that there
was a continuous distribution, indicating that this trait
is quantitative in nature. Our recent study also reported
that resistance to WBNYV is inherited dominantly with
involvement of major gene along with several back-
ground genes with minor effect in BIL-53 (Nagesh
et al. 2018). The segregation pattern of WBNV

@ Springer

pink, red, brown and green colors respectively. In the QTL
naming format q: QTL, 35, 45, 55 and 65: Observations taken at
different days after sowing, lihr-82: Resistant parent in Pop I and
16 and 18: Summer 2016 and 2018

resistance in the current study also suggests dominant
inheritance. Similarly, dominant genes mapped for
other orthotospovirus resistance include Sw-5 in
tomato (Stevens et al. 1995), Tsw in chilli (Jahn
et al. 2000) for TSWV and Sws for MYSV in
cucumber (Sugiyama et al. 2015). Most of these
dominant virus resistant genes encode for proteins
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Fig. 3 continued

with nucleotide binding site leucine rich repeat (NBS-
LRR) domains (Maule et al. 2007).

The highly significant correlation observed among
the four traits (PDI, AUDPC, vine length and plant
survival) across populations and years suggests that
these are related component traits contributing

towards resistance. In general, the PDI and AUDPC
were found to be negatively correlated with vine
length and plant survival of populations under WBNV
infection. However, vine length and survival did not
correlate negatively with PDI and AUDPC during
2018 in both populations (Table S3). This might be

@ Springer
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Table 3 Summary of the linkage map developed for BC,Fs population of the cross IIHR-82 x Arka Manik (Pop I)

Linkage Number of Total length Average marker interval Maximum marker interval Minimum marker interval
group markers (cM) (cM) (cM) (cM)
la 5 73.54 14.71 20.30 17.53
1b 17 398.34 23.43 45.83 2.88
2a 3 84.25 28.08 43.50 40.75
2b 10 295.91 29.59 49.19 14.99
3a 5 82.26 16.45 35.65 5.96
3b 7 140.20 20.03 36.14 9.74
4 12 135.47 11.29 38.22 3.64
5 19 372.12 19.59 42.51 0.83
6 9 274.73 30.53 51.21 24.73
7 17 324.66 19.10 42.97 4.34
8 13 155.54 11.96 45.76 1.50
9 13 255.98 19.69 47.84 4.57
10 23 577.51 25.11 44.95 3.20
11a 7 109.77 15.68 31.53 431
11b 3 29.89 9.96 24.05 5.84
Whole 163 3310.17 20.31 51.21 0.83
genome

attributed to the slow rate of disease progress observed
due to intermittent rain during the screening season.
There is no artificial screening protocol with high
through put and efficiency currently available for this
disease. Therefore, we have adopted a natural epiphy-
totic screening protocol in our experiments, which we
assume resulted in higher GXE interaction leading to
underestimation of heritability of the resistance traits.
Further, moderate levels of heritability for these four
disease resistance traits observed in the current
experiment is of typical polygenic nature of resistance
and indicates that a combined selection for all these
traits seems to be more effective (Table S6). This
further justifies the development and use of markers
for transferring resistance into a desirable background.

Linkage map

Construction of useful genetic linkage maps and
identifying QTL’s associated with disease or pest
resistance has been challenging in watermelon due to
low polymorphism (Levi et al. 2011). The majority of
watermelon genetic maps have been from inter-
varietal populations (C. lanatus var. lanatus x C.
lanatus var. citroides) because citroides is a valuable

@ Springer

source of disease resistance alleles (Levi et al. 2013),
while lanatus harbors the ideal horticultural traits such
as high sugar and lycopene content (Ren et al. 2014).
In the current study, we developed linkage maps from
two populations derived from this species of water-
melon (Citrullus lanatus var. citroides) using PCR
based markers (SSR’s, Indels and SV’s) available in
the public domain. Although the current maps are not
highly saturated, with mean marker interval of ~ 15-
20 cM, they can be definitely useful for broadly
locating the causal loci.

Reddy et al. (2013) reported the presence of wide
chromosomal structural differences between lanatus
and citroides, such groups resulting in distorted
segregation in the mapping populations derived from
them. Several researchers also opined that populations
may exhibit quasi-linkage of molecular markers (Levi
et al. 2001a, b, 2002, 2006, 2011). In the current study
also, we have noticed greater SD in Pop I (77.91%)
than Pop II (28.24%). This might be due to the reason
that Pop I is derived directly from wild species where
as Pop II is obtained from one of the advanced line
of Pop I which might have increased chromosomal
synteny reducing the SD in Pop II. Hence, using
advanced breeding lines derived from the wild species
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Fig. 4 Linkage map and QTL’s for watermelon bud necrosis
orthotospovirus resistance traits identified in the F,.; population
of the cross BIL-53 x ITHR-140. PDI: Percent Disease Index,
VL: Vine length, SUR: Plant Survival, AUDPC: Area Under
Disease Progress Curve are indicated in pink, red, brown and

green colors respectively. In the QTL naming format q: QTL,
35, 45, 55 and 65: Observations taken at different days after
sowing, BIL-53: Resistant parent in Pop II and 17 and 18:

Summer 2016 and 2018
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as one of the parent in mapping studies instead of
directly using the wild species seems appropriate
where SD is severe. Highly skewed markers result in
the over estimation of recombination frequency
leading to larger map length as observed in Pop I
(3310.17 cM) compared to that of Pop 1I
(1965.53 cM) which was well within the expected
range. Earlier reports of inter-varietal genetic maps
range from 800 to 2162 cM (Levi et al. 2001a, 2002,
2006, 2011; Zhang et al. 2004; Ren et al.
2012, 2015a, b; Sandlin et al. 2012).

QTL analysis

The additive effect observed for a QTL is an estimate
of the change in the average phenotype that would be
produced by substituting a single allele of one type
with that of another type (e.g., a replaced by A) in a
population and is calculated as half of the difference
between the mean of all cases that are homozygous for
one parental allele (aa) compared to the mean of all
cases that are homozygous for the other parental allele
(AA). Therefore, the range of absolute values for a trait
would determine the magnitude of additive effect,
which would explain the reason for observing higher
values for QTLs related to AUDPC.

The = sign of the additive effect would determine
the parent contributing the favourable allele (Sun et al.

2016). The negative additive effects for various QTLs
identified indicate that the male parent contributed
alleles for higher phenotypic value, while positive
additive effects indicate alleles for higher trait value
from the female parent (Tables 5, 6). Presence of both
positive and negative additive effects for various
resistance traits reveals that both parents are con-
tributing favorable alleles for resistance justifying the
possibility of transgressive segregation. We observed
several families performing better than the resistant
parent which might be attributed to transgressive
segregation. Such transgressive segregants were also
observed in several other studies including Ren et al.
(20154, b) in watermelon.

Out of several QTL’s detected in Pop I, LG 3b
recorded the highest number of QTL’s contributing for
PDI and AUDPC with common QTL region (6 cM &
66—-68 cM) and the favorable alleles for majority of
these QTL’s were contributed by Arka Manik. We also
identified QTLs for PDI on LG 6 (q _PdiS5_Iihr
82_16_6.3) and LG 7 (q _ Pdi55_Iihr82_16_7.1).
Multi trait QTL regions with more than one QTL in a
region were observed on LG 3b (51.28-68.49 cM).
The LG 3b recorded common QTLs for PDI/AUDPC
during both the years of evaluation in this population
(Table 5).

Among the various QTL’s detected in Pop II, LG 7
recorded the highest number of QTL’s contributing for

Table 4 Summary of the linkage map developed for F, population of the cross BIL-53 x IIHR-140 (Pop II)

Linkage Number of Total length Average marker interval Maximum marker interval Minimum marker interval
group markers (cM) (cM) (c) (cM)
1 7 104.69 14.96 37.82 7.19
2 18 186.93 10.39 32.60 1.85
3 10 184.31 18.43 37.98 5.35
4 7 135.55 19.36 38.84 11.87
5 15 241.95 16.13 45.26 5.76
6a 4 51.98 13.00 29.68 9.68
6b 5 93.64 18.73 50.76 6.03

20 316.92 15.85 35.14 4.89

9 77.40 8.60 22.43 3.72

10 210.13 21.01 47.52 2.75
10 24 284.91 11.87 30.08 0.94
11 6 77.12 12.85 25.27 7.77
Whole 135 1965.53 14.56 50.76 0.94

genome
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Favourable

allele

Additive
effect

(%)

LOD PVE

Physical interval
(Mb) *

Markers
interval (c

Flanking markers position (c

position

QTL name QTL
(©)

Linkage
group

Table 6 continued

Traits

@ Springer

33 BIL-53

4.

12.00

3.07

12.05

BVWI0O0197 (49.25) and

52.00

4 q _VL55_Bil53_18_4.1

VL-2018

WMU47661 (61.30)
BVWI00197 (49.25) and

BIL-53

3.30

12.00

3.02

12.05

WMU47661 (61.30)

52.00

18_4.1

VL65_Bil53

q_

*Physical interval as per 97103 genome version 2 available at www.icugi.org

plant survival and PDI. Among them, PDI and plant
survival recorded three common QTL regions (90 cM,
158-160 cM & 166-174 ¢) and the favourable allele
for all these QTL regions were contributed by the
susceptible parent, IIHR-140.The sign of additive
effects for these QTL’s revealed that resistance allele
was contributed by BIL-53 in Pop II, while BIL-53
itself received this allele from Arka Manik in Pop L.
This proves that seemingly susceptible varieties may
also carry resistance alleles. Multi trait QTL regions
with more than one QTL in a region were observed in
Pop I on LG 7 (72-180 ¢), LG 2 (2644 cM), LG 8
(8 cM) and LG 4 (52 cM). Importantly, we observed
common QTL regions for plant survival on LG 2 and
PDI on LG 3 and LG 8 for both the populations.

Finding the right combination of highly effective
alleles at flanking loci of the QTL region that forms a
tolerant haplotype would be more relevant than the
individual allele itself at a single marker locus and is
expected to be more effective in selection/ introgres-
sion (Collard and Mackill 2008). Therefore, haplo-
types for alleles of flanking markers of the multi-trait
QTLs observed in the current study were manually
derived and were studied for their influence on WBNV
resistance phenotype (Table 7). A clear gradation in
phenotypes was observed between the resistant and
susceptible alleles for all the loci studied.

In our analysis, the highest effect of selection for
favourable alleles at flanking markers of QTL’s was
observed for q _ Pdi45_Iihr82_16_3.1 (reduction in
PDI by 21.88%) followed by q_Audpc_Iihr82_18_3.2
(reduction in AUDPC by 15.93%) in Pop I and
q_Pdi55_Bil53_18_8.1 (reduction in PDI by 22.64%),
followed by q_Audpc_Bil53_18_8.1 (reduction in
AUDPC by 18.71%), q_Pdi65_Bil53_17_7.3 (reduc-
tion in PDI by 13.45%), q_Sur65_Bil53_17_7.1
(increase in plant survival by 29.85%) and q_Sur65_-
Bil53_17_7.5 (increase in plant survival by 25.78%) in
Pop II (Table 7). This analysis is only indicative of the
improvement that can be achieved in terms of the trait
value because of a particular QTL region. However,
fine mapping shall be a prerequisite for conduct of
selection using flanking markers.

To conclude, these multi-trait QTL regions
observed on LG 3b in Pop I and LG 2, LG 4, LG 7
and LG 8 in Pop II are potential targets for further
analysis. As this is the first attempt to map QTL’s for
WBNYV resistance, the results obtained in the present
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Table 7 Phenotypic effect of flanking marker haplotypes of multi trait QTL’s for watermelon bud necrosis orthotospovirus resis-
tance related traits screened during summer seasons of 2016 and 2018 (Pop I) and 2017 and 2018 (Pop II)

QTL name Trait Flanking Haplotype N Trait Percent trait
markers for value improvement *
flanking
markers
Pop I
q_ Pdi45_lihr82_16_3.1  PDI at 45 DAS (%)-2016 BVWV00016 and AA 18 62.04 — 21.88
BVWSO01276 BB 65 48.46
q_ Pdi45_lihr82_18_3.1  PDI at 45 DAS (%)-2018 BVWI00120 and AA 21 3044 — 4.96
BVWI00138 BB 76 28.93
q_ Pdi55_Iihr82_18_3.1  PDI at 55 DAS (%)-2018 BVWI00120 and AA 21 4544 — 8.14
BVWI00138 BB 76 41.74
q_ Pdi65_Iihr82_18_3.1  PDI at 65 DAS (%)-2018 BVWI00120 and AA 21 53.26 — 752
BVWI00138 BB 76 4925
q_ Pdi65_Iihr82_18_8.1 BVWS00991 and AA 6 4472 — 10.34
BVWS00992 BB 86 49.88
q_ Audpc_Iihr82_18_3.1 Audpc-2018 BVWI00120 and AA 21 1088.67 — 7.14
BVWI00138 g 77 1010.93
q_ Audpc_Iihr82_18_3.2 BVWV00016 and AA 18 110722 —15.93
BVWS01276  pg 50 930.77
Pop 1II
q _ Pdi65_Bil53_17_7.1 PDI at 65 DAS (%)-2017 BVWI00124 and AA 15 7644 — 12.1
BVWI00084 BB 20 67.19
q _ Pdi65_Bil53_17_7.2 BVWI00123 and AA 14 7494 — 10.76
BVWI00124 BB 21 66.87
q _ Pdi65_Bil53_17_7.3 BVWI00218 and AA 13 7596 — 1345
BVWI00034 BB 2 65.74
q _ Sur65_Bil53_17_2.1 SUR at 65 DAS (%)- 2017 BVWS00566 and AA 13 90.77 24.29
BVWSI00166 BB 25 73.03
q _ Sur65_Bil53_17_2.2 BVWI00175 and AA 13 88.72 21.36
BVWS00183 BB 18 73.10
q _ Sur65_Bil53_17_2.3 BVWS00183 and AA 11 89.09 23.03
q _ Sur65_Bil53_17_7.1 SUR at 65 DAS (%)- 2017 BVWI00124 and AA 15 67.83 29.85
q _ Sur65_Bil53_17_7.2 BVWS00345 and AA 1 80.00 3.12
q _ Sur65_Bil53_17_7.3 BVWSO01883 and AA 3 90.00 18.03
BVWI00123 BB 4 76.25
q _ Sur65_Bil53_17_7.4 BVWI00123 and AA 14 74.29 19.59
BVWI00124 BB 21 88.85

@ Springer
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Table 7 continued

QTL name Trait Flanking Haplotype N Trait Percent trait
markers for value improvement

flanking *
markers

Pop I

q _ Sur65_Bil53_17_7.4 SUR at 65 DAS(%)-2017 BVWI00123 and BVWI00124 AA 14 74.29 19.59
BB 21 88.85

q _ Sur65_Bil53_17_7.5 BVWI00218 and BVWI00034 AA 13 70.38 25.78
BB 26 88.53

q _ Sur65_Bil53_17_7.6 BVWI00034 and BVWS00345 AA 14 70.36 23.64
BB 10 87.00

q _ Sur65_Bil53_17_7.7 BVWI00084 and BVWIO0085 AA 21 7476 13.89
BB 19 84.34

q _ Sur65_Bil53_17_7.8 BVWS00324 and BVWI00218 AA 12 68.96 28.37
BB 26 88.53

q _ Pdi55_Bil53_18_8.1 PDI at 55 DAS (%)-2018 BVWS01402 and AA 7 46.31 — 22.64

BVWS01589 BB 27 59.87
q _Audpc_Bil53_18_8.1 AUDPC -2018 BVWS01402 and AA 7 1021.00 - 18.71
BVWS01589 BB 27 1256.00

q _ VL55_Bil53_18_4.1 VL at 55 DAS (cm)-2018 BVWI00197 and WMU47661 AA 29 7215 14.30
BB 10 63.12

q _ VL65_Bil53_18_4.1 VL at 55 DAS (cm)-2018 BVWI00197 and WMU47661 AA 29 74.67 10.01
BB 10 67.87

A: Allele contributed by female parent (IIHR-82) and B: Allele contributed by male parent (Arka Manik) in Pop I and A: Allele
contributed by female parent (BIL-53) and B: Allele contributed by male parent (IIHR-140) in Pop II, *Percent change in trait

between AA and BB haplotypes

study may provide a guide for further validation and
fine mapping multi-trait QTL regions.
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