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Abstract. Watermelon vine decline (WVD) is a new and emerging disease caused by the
whitefly-transmitted squash vein yellowing virus (SqVYV). The disease has become a
major limiting factor in watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai]
production in southwest and west–central Florida and is estimated to have caused more
than $60 million in losses. Symptoms of WVD typically occur at or just before harvest and
are manifested as sudden decline of the vines, often with a reduction in fruit quality. In
this study, we present results of greenhouse and field evaluations of U.S. plant
introductions (PIs) for resistance to SqVYV. Of the 218 PIs we evaluated for resistance
to SqVYV, none were completely immune, but several showed varying levels of resistance
and these were further evaluated in two greenhouse and field trials. Disease progress was
significantly slower on the selected PIs compared with disease progress on susceptible
watermelon cultivars Mickey Lee and Crimson Sweet. Moderate resistance was observed
in two C. colocynthis (PI 386015 and PI 386024), a Praecitrullus fistulosus (PI 381749), and
two C. lanatus var. lanatus PIs (PI 482266 and PI 392291). Variability in the resistant
reaction to SqVYV within most PIs was observed. The identification of potential sources
of partial resistance to SqVYV suggests that watermelon germplasm with moderate
resistance can be developed by careful screening and selection of individual resistant
plants within these PIs for use in breeding programs.

Watermelon vine decline (WVD) caused
by squash vein yellowing virus (SqVYV) is a
new and emerging disease that has caused
devastating losses for watermelon producers
in southwest and west–central Florida
(Huber, 2006; Roberts et al., 2005). Monetary
losses resulting from WVD in Florida were
estimated at $60 to $70 million in 2004
(Huber, 2006). Symptoms of WVD typically
occur at or just before harvest, when vines
collapse rapidly (Adkins et al., 2007; Huber,
2006; Roberts et al., 2005). Although exter-

nally the fruits appear normal, rind necrosis
and flesh degradation are often evident when
fruits are cut, affecting marketability of the
fruits (Adkins et al., 2007; Huber 2006;
Roberts et al., 2005). Recent research identi-
fied the novel SqVYV (genus: Ipomovirus,
family: Potyviridae) as the causal agent of
WVD (Adkins et al., 2007, 2008). SqVYV is
transmitted by whiteflies (Bemisia tabaci,
Biotype B) and is also mechanically trans-
mitted (Adkins et al., 2007). Currently, the
known host range of SqVYV is limited to
cucurbits, including several cucurbit weeds
(Adkins et al., 2007, 2008) with the most
striking symptoms of vine collapse (WVD)
seen only in watermelon (Adkins et al.,
2007). SqVYV is now widely distributed in
cucurbits in southwest and west–central Flor-
ida (Adkins et al., 2007, 2008) and it was
recently identified in Indiana (Egel and
Adkins, 2007) and South Carolina (Kousik
and Adkins, unpublished data). WVD has
become endemic in Florida and has appeared
to varying degrees every season since it was
first observed. Watermelons infected with
SqVYV are also frequently infected with

the aphid-transmitted papaya ringspot virus
type W (PRSV-W), although SqVYV is suf-
ficient to cause WVD (Adkins et al., 2007).

Current management strategies for WVD
and SqVYV in Florida include destruction
of cucurbit weed hosts, cucurbit volunteer
plants, and the management of whiteflies by
insecticide application and use of silver
plastic mulch (Adkins et al., 2008; Kousik
et al., 2008). However, the complete destruc-
tion of virus reservoirs is difficult in practice
and in recent years there has been a marked
increase of insecticide resistant whitefly pop-
ulations in Florida, particularly to neonicoti-
noids (Schuster et al., 2006). Moreover, the
emergence of Biotype Q whitefly populations
resistant to many of the commonly used
insecticides in nurseries and greenhouse pro-
duction is a matter of great concern to growers
in most states, including Florida (Dennehy
et al., 2005; Schuster et al., 2007). At present,
it is not known if the Biotype Q whitefly can
transmit SqVYV.

Thus, the search for long-term and sus-
tainable strategies to manage SqVYV re-
mains important. Development of watermelon
cultivars resistant to either SqVYV or its
whitefly vector is a promising alternative.
Partial resistance to cucumber vein yellowing
virus (CVYV), a SqVYV relative found in
the Mediterranean region (Al-Musa et al.,
1985; Cuadrado et al., 2001; Yilmaz et al.,
1989), has been identified in wild relatives of
cucumbers (Pico et al., 2003, 2005) and
melon (Marco et al., 2003). Similarly, resis-
tance or tolerance to aphid-transmitted mem-
bers of the family Potyviridae, including
PRSV-W, watermelon mosaic virus (WMV),
and Zucchini yellow mosaic virus (ZYMV),
have been identified in watermelon (Boyhan
et al., 1992; Gillaspie and Wright, 1993;
Strange et al., 2002; Xu et al., 2004). There-
fore, it is likely that resistance to SqVYV can
be found in wild relatives of the cultivated
watermelon. In this article, we present results
of greenhouse and field evaluation of the
watermelon core collection of U.S. plant
introductions (PIs) for resistance to SqVYV.
Parts of this study have been previously
reported (Kousik et al., 2007a, 2007b).

Materials and Methods

Virus source. The original squash isolate
of SqVYV isolated from Hillsborough County,
FL (Adkins et al., 2007, 2008) was main-
tained in squash (Cucurbita pepo) cv. Prelude
II (Seminis Seeds, Oxnard, CA) plants by
mechanical inoculation in a greenhouse using
20 mM sodium phosphate buffer (pH 7.0)
containing 0.1% (wt/vol) sodium sulfite and
1% (wt/vol) celite as previously described by
Adkins et al. (2007, 2008). Mechanical inoc-
ulations were performed by gently rubbing
the inoculum on the cotyledons and the first
true leaves of 3- to 4–week-old plants using a
cheesecloth.

Seed sources. Seeds of PIs of the water-
melon core collection were obtained from the
USDA, ARS, Plant Genetic Resources and
Conservation Unit (PGRCU), Griffin, GA.
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The details of the PI in the core collection can
be obtained from the Germplasm Resources
Information Network (GRIN) online data-
base at http://www.ars-grin.gov. Seed of PI
386024, which is not part of the core collec-
tion, was also included in these studies
because of its reported resistance to white-
flies (Simmons and Levi, 2002) and were also
obtained from PGRCU. Seeds of the open-
pollinated susceptible controls ‘Mickey Lee’
and ‘Crimson Sweet’ were obtained from
Willhite Seed Inc. (Poolville, TX).

Evaluation of the watermelon core collec-
tion. Seeds of the entire core collection

consisting of 253 PIs were planted in 90-
mm square pots filled with Metro Mix 360
(Sun Gro Horticulture, Seba Beach, Alberta,
Canada) and seedlings were grown in an air-
conditioned greenhouse in Fort Pierce, FL,
under natural lighting with a daytime high
temperature of 30 �C in 2006. Four single
plant replications were used for each PI and
eight plants for the controls. The cotyledons
and the first true leaf of all plants (generally 3
to 4 weeks old) were mechanically inoculated
with SqVYV-infected squash leaves homog-
enized in the phosphate–sulfite buffer as
described previously. Only 218 PIs could be

evaluated because of low or no germination
for some of the PIs in the core collection.
Plants were monitored for symptom appear-
ance on a weekly basis and were rated on a 1
to 9 ordinal scale based on the extent of plant
foliage affected and severity of symptoms as
indicated: 1 = no symptoms; 2 = very minor
chlorosis/vein yellowing, no necrosis; 3 = minor
chlorosis/vein yellowing plus mild epinasty
of youngest upper leaves; 4 = chlorosis/vein
yellowing plus severe epinasty of youngest
upper leaves, no necrosis; 5 = chlorosis of
most basal leaves, necrotic streaks in petioles
and/or tendrils; 6 = necrosis of most basal

Table 1. Response of plant introductions (PIs) in the watermelon core collection to squash vein yellowing virus inoculation in a greenhouse in Ft. Pierce, FL.

PIz

Mean rating
(1–9)y

Median rating
(1–9)

PI 500354, PI 392291 3.0 1.0
PI 482266 3.5 2.0
PI 381734, PI 386015, PI 295850 3.7 1.0
PI 381749 3.7 5.0
PI 379237 4.3 3.0
PI 459074 4.5 4.0
PI 512361 4.7 4.0
PI 435991 4.7 4.5
PI 505595 5.0 4.0
PI 431579, PI 296341, PI 512381, PI 379249, PI 506439 5.0 5.0
PI 381753 5.5 5.0
PI 502318 5.5 6.0
PI 217522 6.0 6.0
PI 508441 6.0 7.0
PI 276445 6.3 6.5
PI 379256 6.3 7.0
PI 388770, PI 505604, PI 612459, PI 505592, PI 381715 6.3 9.0
PI 549159 6.7 6.0
PI 534596 6.7 8.5
PI 271467, PI 543211 7.0 6.5
PI 378612 7.0 7.0
PI 482359, PI 482272, PI 430615, PI 532666, PI 346787, PI 482334, PI 500329 7.0 9.0
PI 278008 7.3 7.5
PI 344395 7.5 7.0
PI 507862, PI 537269, PI 537468, PI 174812 7.5 7.5
PI 500320, PI 500317 7.5 9.0
PI 357727 7.7 7.0
PI 525095 7.7 7.5
PI 271988 7.7 9.0
Mickey Lee (susceptible control) 7.9 9.0
PI 357708, PI 560024, PI 370424, PI 542115, PI 532624, PI 370015, PI 534591 8.0 8.0
PI 345545, PI 306782, PI 357656, PI 177327, PI 299378 8.0 9.0
PI 534533 8.3 8.5
PI 189318, PI 518608, PI 357750, PI 525082, PI 357716, PI 357736 8.3 9.0
PI 368502, PI 368526, PI 271981, PI 189225, PI 254735 8.3 9.0
PI 193963 8.5 8.5
PI 494815, PI 536464, PI 512399, PI 532730, PI 344300, PI 172804 8.5 9.0
PI 176916 8.7 9.0
PI 179234, PI 190050, PI 381704 8.8 9.0
Grif 5597, PI 113326, PI 163203, PI 163574, PI 164539, PI 164634, PI 164685, PI 165448, PI 167059, PI 169289 9.0 9.0
PI 169232, PI 169237, PI 169256, PI 169266, PI 169274, PI 169282, PI 171581, PI 172786, PI 172798, PI 174100 9.0 9.0
PI 174106, PI 175102, PI 175654, PI 176494, PI 176487, PI 176923, PI 179883, PI 181935, PI 182176, PI 182933 9.0 9.0
PI 183398, PI 185635, PI 184800, PI 185635, PI 186489, PI 189317, PI 271778, PI 193490, PI 273479, PI 211915 9.0 9.0
PI 212094, PI 212209, PI 212983, PI 222710, PI 225557, PI 226460, PI 227205, PI 234603, PI 246559, PI 249008 9.0 9.0
PI 254428, PI 254623, PI 254741, PI 254740, PI 255662, PI 266027, PI 269465, PI 269677, PI 270522, PI 270545 9.0 9.0
PI 270551, PI 271132, PI 271775, PI 277976, PI 277991, PI 278020, PI 278028, PI 279461, PI 293776, PI 307750 9.0 9.0
PI 368519, PI 306367, PI 314236, PI 326515, PI 357672, PI 357690, PI 370430, PI 357681, PI 482283, PI 482284 9.0 9.0
PI 482291, PI 482311, PI 482343, PI 482305, PI 482323, PI 482367, PI 490377, PI 490384, PI 476325, PI 418762 9.0 9.0
PI 482345, PI 470249, PI 482373, PI 485579, PI 487476, PI 490386, PI 491265, PI 494530, PI 494527, PI 500313 9.0 9.0
PI 512340, PI 505584, PI 560901, PI 538888, PI 593341, PI 593365, PI 593359, PI 542617, PI 500301, PI 500307 9.0 9.0
PI 512359, PI 512368, PI 536451, PI 536459, PI 512373, PI 500343, PI 512391, PI 512405, PI 525089, PI 526235 9.0 9.0
PI 532723, PI 559995, PI 560006, PI 560020, PI 561138, PI 593347, PI 596667, PI 596671, PI 596676, PI 612464 9.0 9.0
PI 612464, PI 632751 9.0 9.0
Crimson Sweet (susceptible control) 9.0 9.0
Kruskal-Wallis test c2 379.2
Pr > c2 <0.0001
zDetails of individual PIs can be obtained from GRIN (http://www.ars-grin.gov).
yFinal rating recorded 8 weeks after inoculation. Details of the 1 to 9 rating scale is provided in the text.
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leaves, petiole collapse; 7 = necrosis of most
leaves, total petiole collapse, main stem mostly
green/yellow; 8 = necrosis of most leaves,
stem necrosis and slight collapse, stem tip
dead; and 9 = plant dying or dead. Plants
within PIs that were not dead after 4 weeks
from the time of first inoculation were inoc-
ulated a second time to ensure that they were
not escapes. Most plants were rated four
times. The last ratings were recorded 8 weeks
after the first inoculation.

Greenhouse evaluation of select PIs. The
most resistant PIs with a mean rating less than
4.5 identified in the 2006 evaluation of the
core collection were further evaluated in two
greenhouse trials in Fort Pierce, FL, in Spring
2007. In the first greenhouse trial, nine PIs (PI
381749, PI 386015, PI 386024, PI 482266, PI
392291, PI 459074, PI 381734, PI 500354,
and PI 295850) were evaluated with 10 single
plant replicates. In the second trial, six of the
nine PIs (PI 381749, PI 386015, PI 386024,
PI 482266, PI 392291, and PI 500354) from
the previous trial were evaluated with 20
single plant replicates. The susceptible culti-
var Mickey Lee was included as a control in
both the trials and ‘Crimson sweet’ served as
an additional control in the first trial. PI
386024, which is not part of the core collec-
tion, was also included in both of these
studies. Plants for both trials were grown in
90-mm square pots filled with Metro Mix 360
and mechanically inoculated as described
previously. All the plants were treated with
the insecticide imidacloprid (Admire Pro;
Bayer Crop Science, Research Triangle Park,
NC) to prevent whitefly and aphid infesta-
tions. Plants were rated twice weekly on the 1
to –9 scale described previously to monitor
disease progress for 4 weeks after inoculation
in the first trial and for 5 weeks after inoc-
ulation in the second trial.

Field evaluation. The most resistant PIs
with a mean rating less than 4.5 in the 2006
screening of the core collection were also
evaluated in field trials at the Southwest
Florida Research and Education Center in
Immokalee, FL, in the fall of 2006 and 2007.
In 2006, 4-week-old plants of nine PIs (PI
386015, PI 386024, PI 482266, PI 392291, PI
381734, PI 244018, PI 299378, PI 500354,
and PI 295850) and susceptible controls
grown in 50-cell Jiffy trays were transplanted
onto raised beds fumigated with Telone C-35
applied in-bed at 327 L�ha–1 2 weeks before
transplanting on 12 Sept. Beds were 0.81 m
wide with 3.7-m centers covered with white
plastic mulch. The experimental design was a
randomized complete block with three repli-
cations. Individual plots consisted of five
plants spaced 61 cm apart. A 4-week-old
SqVYV-infected squash plant (mechanically
inoculated as described previously) was
planted at the end of each plot and served
as the initial source of inoculum. In fall of
2007, transplants of seven PIs (PI 386015, PI
386024, PI 482266, PI 392291, PI 459074, PI
381734, and PI 500354), the susceptible
controls, and the field were prepared simi-
larly as in 2006. Seedlings were transplanted
on 11 Sept. The experimental design was a

randomized complete block with four repli-
cations and each plot contained 10 plants
spaced 46 cm apart. In both years, guidelines
established by the University of Florida/IFAS
were followed for land preparation, fertility,
irrigation, and weed management (Olson
et al., 2007). No chemicals were applied for
whitefly management.

Plants were monitored for SqVYV symp-
tom appearance on a regular basis. Symptoms
were rated on the same 1 to 9 ordinal scale
used in the greenhouse experiments. Disease
ratings were recorded on 31 Oct., 20 Nov.,
and 4 Dec. in 2006 and on 27 Sept., 4 Oct., 18
Oct., 27 Nov., and 10 Dec. in 2007. Addi-
tionally, all the fruits were cut and examined
for WVD symptoms on 10 Dec. 2007. Data
on total fruit and number of symptomatic
fruit were recorded.

Statistical analysis. The rating scale data
from evaluation of the core collection were
analyzed by using the Kruskal-Wallis test
with the SAS procedure PROC NPAR1WAY
(Version 8.0; SAS Institute, Cary, NC). The
greenhouse and field ratings collected over
time for each PI were analyzed as repeated
measures data using the nonparametric anal-
ysis described by Shah and Madden (2004)
and Brunner et al. (2002). To perform the
analysis, the SAS macro F1_LD_F1 was used
to determine the effect of PI, time, and its
interaction on the severity of SqVYV, and
the SAS macro LD_CI was used to obtain
estimates of the relative effects and their
confidence intervals. Both macros can be
downloaded for free from the web site of E.
Brunner at the University of Göttingen, Ger-
many (http://www.ams.med.uni-goettingen.
de/de/sof/ld/makros.html). In short, the rela-
tive effect for the ith treatment, pi, describes
the stochastic tendency of the normalized
distribution Fi(x) for the random variable Xi

relative to the weighted average of all the
Fi(x)s in the experiment. An estimate of the
relative treatment effect can be obtained from
the observed midranks. If Rik is the rank of Xik

among all N observations, the mean rank
for the ith treatment is estimated by �Ri� ¼

1=ni

P
ni

Ri, where ni is the number observa-
tions in the ith treatment and the relative
treatment effect is estimated as p̂i = 1=
Nð �Ri� – 0:5Þ. The macro F1_LD_F1 was used
to calculate the so-called analysis of variance-
type statistic (ATS) to test for the overall
effect of a factor on disease severity and for
testing pairwise comparisons of the relative
treatment effects within factors (Akritas and
Brunner, 1997). Detailed descriptions of the
statistical methods are provided by Shah and
Madden (2004).

Data on percentage of fruits with WVD
symptoms collected in Fall 2007 were first
transformed with the arcsine transformation
and then analyzed in an analysis of variance
using the SAS procedure PROC GLM. Treat-
ment means were separated using Fisher’s
protected least significant difference (P = 0.05).

Results

Evaluation of core collection. Only 218 of
253 PIs in the core collection were evaluated
for resistance to SqVYV as a result of low or
no germination. Initial symptoms of SqVYV
infection were observed 7 d after inoculation
on the controls and some of the PIs. Significant
differences in the severity of symptoms were
found according to the Kruskal-Wallis test
(P < 0.0001) and, in fact, all plants died in over
60% of the PIs tested. Only the last rating
recorded 8 weeks after inoculations for all PIs
evaluated is presented in Table 1 because
some of the PI were rated only twice because
of delayed germination. Seven PIs (PI 500354,
PI 392291, PI 482266, PI 381734, PI 386015,
PI 295850, and PI 381749) had an average
rating below 4.0; but despite these low ratings,
some plants within these PIs eventually suc-
cumbed to SqVYV. Plants that were not dead
for any of the PIs in the trial were maintained
for a longer period after the last rating and
plants rated greater than 5 on the 1 to 9 scale at
the time of last rating eventually succumbed to
SqVYV infection. Variability in reaction to
SqVYV among plants within most PIs also
was observed. Table 2 presents the mean

Table 2. Mean squash vein yellowing virus (SqVYV) rating (1 to 9), country, Citrullus group, median,
mean rank, and Z statistic for select U.S. plant introductions (PIs) from the watermelon core collection
evaluated in a greenhouse in Fort Pierce, FL.

PI Countryz

Citrullus
groupy

Mean SqVYV
rating (1–9)x

Median rating
(1–9) Mean rankw Zv

PI 381749 India P 3.7 5.0 53.3 –2.62
PI 386015 Iran CO 3.7 1.0 177.7 –1.70
PI 482266 Zimbabwe CLL 3.5 2.0 145.9 –2.24
PI 392291 Kenya CLL 3.0 1.0 139.0 –2.30
PI 459074 Botswana CLL 4.5 4.0 157.3 –2.14
PI 381734 India CLL 3.7 1.0 177.7 –1.70
PI 295850 South Africa CLC 3.7 1.0 177.7 –1.70
PI 500354 Zambia CLC 3.0 1.0 139.0 –2.30
Crimson Sweet USA CL 9.0 9.0 487.0 +0.98
Mickey Lee USA CL 7.9 9.0 420.7 +0.12
zCountry from which the PI was originally collected.
yCitrullus groups: P = Praecitrullus fistulosus; CL = Citrullus lanatus; CLL = Citrullus lanatus var.
lanatus; CLC = Citrullus lanatus var. citroides; CO = Citrullus colocynthis.
xMean and median rating for this table is the same as in Table 1 and is based on data recorded for four
replications for each PI on the 1 to 9 scale.
wMean rank was calculated using the nonparametric PROC NPAR1WAY procedure of SAS.
vAll PIs with negative Z scores in this table had significantly less disease compared with the controls that
had positive Z scores.

258 HORTSCIENCE VOL. 44(2) APRIL 2009



SqVYV rating, median rating, and average
rank scores for select PIs with average ratings
less than 4.5 and the susceptible controls. All
these PIs were rated for the 8-week duration
after inoculation. These PIs had significantly
less disease than the susceptible controls
‘Mickey Lee’ and ‘Crimson Sweet’ when the
ranks were compared using Z scores (Table 2).

Greenhouse trials. Two greenhouse trials
were conducted to identify the range of
response to SqVYV on the select watermelon
PI identified from the core collection screen. A
highly significant (P < 0.00001) interaction
between PIs and rating period (time) was
observed in both trials (Table 3), indicating
that disease progression occurred at different
rates among the PIs (Fig. 1). The overall effect
of SqVYV on the severity of vine decline
symptoms on the PIs in the greenhouse eval-
uation is presented in Table 4. In the first trial,
eight PIs had significantly less disease than the
controls and all six PIs (PI 381749, PI 386015,
PI 386024, PI 482266, PI 392291, and PI
500354) had less disease in the second trial
(Table 4). The disease progress on each of
these six PIs as relative treatment effect over
time is presented in Figure 1. Of the six PIs
evaluated in both trials, five had significantly
less disease than the susceptible control
‘Mickey Lee’ throughout the course of the
experiments (Fig. 1). In both greenhouse
trials, the Praecitrullus fistulosus PI 381749
from India was the most tolerant and had
significantly less disease compared with the
susceptible controls. Three C. lanatus var.
lanatus PIs (PI 482266, PI 392291, and PI
459074) from different regions of Africa had
significantly (P < 0.002) less disease com-
pared with the susceptible controls in the first
trial and of these three PIs, two had signifi-
cantly less disease in the second trial as well
(Table 4). The citron watermelon PI 500354
(C. lanatus var. citroides) from Zambia and
the two Citrullus colocynthis desert PIs from
Iran had significantly less disease compared
with the controls in both trials.

Field evaluation. Initial disease spread
during both field seasons began on the plants
closest to the previously inoculated and
symptomatic squash plant. The ATS indi-
cated that significant (P < 0.008) differences
in disease development existed among the
PIs in both years (Table 5). A significant (P =
0.009) interaction between PI · T was also
observed in 2006 further indicating the var-
iability in disease development among the
various PIs over time. In 2007, the interaction
of PI · T was at P = 0.057 (Table 5). During
both the years, the susceptible controls of
‘Mickey Lee’ and ‘Crimson Sweet’ were
severely diseased early in the season and
disease progressed very rapidly on these

two cultivars compared with the PIs. Overall,
PI 500354 (C. lanatus var. citroides) was the
most tolerant in 2006 (Table 6); however,
plants within this PI also succumbed to
WVD. Interestingly, PI 500354 that was the
most tolerant in 2006 was severely diseased
in 2007 (Table 7) and not significantly
different from the controls. The two Citrullus
colocynthis desert watermelon PIs from Iran
(PI 386015 and PI 386024) had significantly
less disease compared with the controls in
both years (Tables 6 and 7). Three Citrullus
lanatus var. lanatus PIs from southern
regions of Africa (PI 482266, PI 381734,
and PI 392291) and another C. lanatus var.
citroides, PI 299378, had significantly less

Fig. 1. Relative treatment effect (RTE) of select U.S. PIs on development of watermelon vine decline in
(A) greenhouse Trial 1 and (B) greenhouse Trial 2. Plants within each PI were mechanically inoculated
with squash vein yellowing virus and disease ratings were recorded on a 1 to 9 scale on a regular basis.
The effect of each PI on development of disease is indicated as the relative treatment effect. ‘Mickey
Lee’, a commercial watermelon (Citrullus lanatus) cultivar, was the susceptible control.

Table 3. Test statistics for the effects of select
U.S. plant introductions (PIs) and time on the
severity of squash vein yellowing virus
infection in two greenhouse trials conducted
in 2007.

Analysis of variance-type statisticz

Effect dfN dfD F P value

Greenhouse Trial 1y

PI 4.24 39.43 16.57 <0.00001
Time (T) 2.83 N 757.49 <0.00001
PI · T 9.91 N 5.98 <0.00001

Greenhouse Trial 2
PI 5.06 104.96 30.54 <0.00001
Time (T) 2.00 N 794.97 <0.00001
PI · T 7.87 N 8.78 <0.00001

zAnalysis of variance-type statistic was calculated
using nonparametric methods as described by Shah
and Madden (2004).
yIn the first greenhouse trial, there were 10
replications, and in the second, there were 20
replications for each PI. Plants were rated seven
times after inoculation over 4 weeks in the first
greenhouse trial and nine times over 5 weeks in the
second greenhouse trail.
dfN = numerator df; dfD = denominator df.
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disease compared with the susceptible con-
trols in 2006 (Table 6); however, PI 381734
was not significantly different from the controls
in 2007 (Table 7). PI 244018 (C. lanatus var.
citroides) was very susceptible to SqVYV in
2006 and was not tested again in 2007.

In 2007, all the fruits (100%) of the
susceptible control ‘Mickey Lee’ and 80%
fruits of ‘Crimson Sweet’ had typical symp-
toms of WVD. In comparison, the seven PIs
had significantly less fruits with symptoms of
WVD (Table 7). Almost none of the fruits of
the C. colocynthis PI had symptoms of WVD.
Although foliar symptoms on the C. lanatus
var. citroides PI 500354 were not different
from the controls, only 14% of the fruits
exhibited symptoms of WVD.

Discussion

The core collection of the PIs can be
considered as a representation of the entire

watermelon PI collection available with
USDA-ARS, PGRCU. We identified several
PIs in the core collection that could be useful
for developing a watermelon germplasm with
resistance to SqVYV. From the initial screen,
we selected PIs that had an average rating of
less than 4.5 for further testing. None of the
PIs tested in our study were completely
immune to SqVYV. Resistance was gener-
ally manifested by a decrease in the rate
of disease development relative to the com-
mercial cultivars tested. The major findings
of this screening are similar to what was
found when screening for resistance to WMV
(Gillaspie and Wright, 1993) and PRSV-W
(Strange et al., 2002), in which immunity
has not been found in watermelon, albeit
resistance to these two viruses have been
described.

In the evaluation of the watermelon core
collection, we used single plants as replica-
tions because the intention was to quickly
identify some potential sources of resistance
that could be tested in the field against the
newly described SqVYV. Single plant repli-
cations have been used in evaluating water-
melon germplasm against powdery mildew
(Davis et al., 2007), gummy stem blight
(Gusmini et al., 2005), and PRSV-W
(Strange et al., 2002); and it has been sug-
gested that few replications may be adequate
for rapid germplasm screening (Guner et al.,
2002). We chose to evaluate young seedlings
in the greenhouse studies because we had
found in previous studies that young suscep-
tible watermelon plants died very quickly
when infected with SqVYV (Adkins et al.,
2007). Moreover, field studies indicated that
all growth stages of watermelon plants were
highly susceptible to SqVYV (Adkins et al.,
2006), and seedlings were much simpler to
manipulate and much simpler to work with
larger numbers of plants. Similarly, inocula-
tions at the first true leaf stage were found to
be the most appropriate for evaluating a wide

variety of watermelon germplasms for resis-
tance to PRSV-W (Guner et al., 2002; Strange
et al., 2002). We also used a 1 to 9 ordinal
disease rating scale to coincide with rating
scales used by GRIN (http://www.ars-grin.-
gov) for watermelon. Moreover, the rating
scale made for quick assessment because
quantification is difficult as a result of the
variety of symptoms expressed by virus-
infected plants.

All the four C. lanatus var. lanatus PIs
that were selected from the core collection for
further evaluation were collected originally
from southern regions of the African conti-
nent and these four reduced the disease
progress significantly compared with the
susceptible controls. Thus, it may be worth-
while to evaluate all the C. lanatus and C.
lanatus var. lanatus PIs collected from this
region for tolerance to SqVYV because it is
relatively easy to cross C. lanatus var. lana-
tus PI with commercial cultivars. However, it
is our intention to evaluate the entire water-
melon PI collection, which consists of over
1700 PIs, in the near future to identify more
diverse sources of resistance. Although se-
vere symptoms were observed on the foliage
of the C. lanatus var. citroides PI 500354 in
2007, only 14% of the fruits had symptoms of
WVD. Furthermore, PI 500354 had signifi-
cantly less disease than the controls in 2006
field trials, the initial core evaluation trial,
and the two greenhouse trials, indicating that
useful selections to develop resistant germ-
plasm can be made from this PI.

In both our greenhouse trials, variability
in levels of resistance was detected among
individual plants within most of the PIs eval-
uated and at the last rating, many of the plants
within PIs were dead. Similar results were
observed in greenhouse trials on watermelon
PIs inoculated with PRSV-W, in which all
PIs infected with the virus eventually died
(Strange et al., 2002). The variability in
reaction within watermelon and other cucur-
bit PIs to diseases and pests is well docu-
mented (Boyhan et al., 1992; Davis et al.,
2007; Gillaspie and Wright, 1993; Guner
et al., 2002; Gusmini et al., 2005; Kousik
et al., 2007c; Strange et al., 2002). One of the
reasons suggested for this variability is that
most of the accessions in the collection have
been increased by open pollination at some
point, thus providing the chance for cross-
pollination of some of the accessions (Gillas-
pie and Wright, 1993; Strange et al., 2002). In
addition, these accessions were originally
collected in the open from various regions
of the world and may have been crosspolli-
nated before collection. This variability
makes it necessary to develop resistant germ-
plasm lines by careful selection and screen-
ing of the existing PIs. For example in
greenhouse Trial 2 (Table 4), when 97% of
the susceptible ‘Mickey Lee’ control plants
were dying or dead (rated greater than 8),
over half (54%) of the plants of PI 386015
and 32% of PI 392291 were rated less than 5
and were still alive (Table 4) indicating much
slower progress of the disease. These plants
also produced fruits that could be harvested

Table 4. Mean rank, and relative treatment effect (RTE) for the effects of select U.S. plant introductions
(PIs) on the severity of squash vein yellowing virus infection in two greenhouse trials (1 and 2)
conducted in Fort Pierce, FL, Spring 2007.

Citrullus Greenhouse Trial 1x Greenhouse Trial 2w
Plants rated

PI Countryz groupy Mean rank RTE Mean rank RTE less than 5 (%)v

PI 381749 India P 229.0 a 0.260 459.3 a 0.337 53
PI 386015 Iran CO 295.3 a 0.335 410.1 a 0.337 54
PI 386024 Iran CO 431.7 bc 0.490 465.0 a 0.382 33
PI 482266 Zimbabwe CLL 384.7 b 0.437 748.6 c 0.616 10
PI 392291 Kenya CLL 433.0 bc 0.492 657.3 b 0.541 32
PI 459074 Botswana CLL 443.2 c 0.503 — — —
PI 381734 India CLL 502.6 cd 0.571 — — —
PI 295850 South Africa CLC 543.6 de 0.617 — — —
PI 500354 Zambia CLC 449.0 c 0.510 663.8 bc 0.546 22
Crimson Sweet USA CL 551.1 e 0.626 — — —
Mickey Lee USA CL 582.4 e 0.661 864.9 d 0.711 3
zCountry from which the PI was originally collected.
yCitrullus groups: P = Praecitrullus fistulosus; CL = Citrullus lanatus; CLL = C. lanatus var. lanatus;
CLC = C. lanatus var. citroides; CO = C. colocynthis.
xMean ranks followed by the same letter are not significantly different (P = 0.05) based on nonparametric
individual pairwise comparisons. There were 10 replications for each PI.
wEach PI had 20 single plant replication. Mean ranks followed by the same letter are not significantly
different (P = 0.05) based on nonparametric individual pairwise comparisons. The RTE on six PIs over
time for both greenhouse trails are presented in Figure 1.
vPercentage of plants that were rated less than 5 on the 1 to 9 scale when 97% of the ‘Mickey Lee’ control
plants were dying or dead in the second trial.

Table 5. Test statistics for the effects of select U.S.
plant introductions (PIs) and time on the
severity of watermelon vine decline caused by
squash vein yellowing virus in field trials
conducted in 2006 and 2007.

Analysis of variance-type statisticz

Effect dfN dfD F P value

Field trials 2006y

PI 6.44 10.70 5.39 0.008
Time (T) 1.47 N 146.90 <0.001
PI · T 7.61 N 2.59 0.009

Field trials 2007
PI 5.21 16.76 6.70 0.001
Time (T) 1.61 N 382.70 <0.001
PI · T 8.27 N 1.87 0.057

zAnalysis of variance-type statistic was calculated
using nonparametric methods as described by Shah
and Madden (2004).
yIn the field trials in 2006, there were three
replications for each PI, and in 2007, there were
four replications for each PI. Plants were rated on
the 1 to 9 rating scale over a period of 12 weeks
after planting.
dfN = numerator df; dfD = denominator df.
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for seeds. We have made selections of the
most resistant plants within these PIs to
develop resistant germplasm. We could not
test some of the PIs in all the trials because of
limited availability of seeds.

The Praecitrullus fistulosus PI 381749
from India was the most tolerant in both
greenhouse trials. However, it will be diffi-
cult to use this resistance using traditional
breeding methods because the genetic dis-
tance between the commercially cultivated
watermelon and P. fistulosus is fairly large
(Dane and Lang, 2004; Levi et al., 2005),
such that crosses between P. fistulosus and
Citrullus sp. are very difficult to make (Levi
et al., 2005). However, this information on
some resistance in PI 381749 to SqVYV may
be useful to breeders in places where fruits of
P. fistulosus commonly called ‘Tinda’ are
used for human consumption.

The two Citrullus colocynthis desert
watermelon PIs from Iran (PI 386015 and
PI 386024) had significantly less disease

compared with the controls in all the trials.
Previously, several C. colocynthis PIs col-
lected from Iran were found to be resistant to
ZYMV (Boyhan et al., 1992). However,
resistance to one virus may not always trans-
late into resistance to others; for example, in
2006, we included PI 244018 in our field
trials because it was reported to be resistant to
WMV (Gillaspie and Wright, 1993) and
PRSV-W (Strange et al., 2002). However,
we found PI 244018 to be very susceptible
to SqVYV. Interestingly, PI 386015 and
several other C. colocynthis PIs in the col-
lection are tolerant to whiteflies (Simmons
and Levi, 2002) and broad mites (Kousik
et al., 2007c) and PI 386024 has also been
shown to posses some resistance to WMV
(Gillaspie and Wright, 1993) and PI 386015
to powdery mildew (Davis et al., 2007).
Apart from tolerance to whiteflies and broad
mites, most of the C. colocynthis PIs also
have resistance to spider mites (Lopez et al.,
2005).

A combination of resistance to whiteflies
and the virus in a plant offers an interesting
management strategy for many crops. Sev-
eral sources of resistance to whiteflies have
been identified in wild-type watermelon and
it has been suggested that this resistance may
be the result of the higher density of tri-
chomes compared with most other Citrullus
spp. (Simmons and Levi, 2002). However,
horticulturally acceptable whitefly-resistant
watermelon cultivars have not yet been
developed. It would be interesting to evaluate
the SqVYV-resistant PI identified in this
study for resistance to whiteflies. In our
greenhouse studies, the two SqVYV-resistant
C. colocynthis PIs were mechanically inocu-
lated, thus potentially overcoming any phys-
ical barriers that might offer resistance to the
whiteflies. Although the C. colocynthis PI
386015 and PI 386024 are known to possess
some resistance to whiteflies (Simmons and
Levi, 2002), based on our study, it is possible
that the whiteflies can still transmit the virus.
Furthermore, our studies also indicate that
the genes conferring tolerance to whiteflies
and to SqVYV may be different. The two
C. colocynthis can be useful sources of
resistance for developing SqVYV-tolerant
germplasm by crossing them with SqVYV-
tolerant C. lanatus var. citroides or C. lanatus
var. lanatus PIs. Although it is somewhat
difficult to make a cross of C. colocynthis
with the cultivated watermelon, successful
crosses have been made (Levi et al., 2002)
and germplasm released (Levi et al., 2006).

In summary, immunity to SqVYV was not
detected in any of the PIs evaluated. Simi-
larly, only partial resistance to the whitefly-
transmitted CVYV was detected in land races
of cucumbers (Pico et al., 2003). This partial
resistance could be transferred to F1 hybrid
by crossing with a highly susceptible cucum-
ber (Pico et al., 2005). In our studies, we did
detect varying levels of resistance in several
C. lanatus var. lanatus PIs (PI 482266, PI
392292, and PI 459074) and C. lanatus var.
citroides PI (PI 500354) that can be easily
crossed with the cultivated watermelon (C.
lanatus). Our studies did indicate that these
PIs could significantly slow down disease
development over time compared with the
susceptible cultivars. However, our study
also indicated that under extreme circum-
stances, the resistance offered by some of the
genes in these PIs may not be enough to
manage the disease. Therefore, even when
some of these resistant genes are moved into
commercial cultivars, an integrated approach,
including the use of reflective mulch, ap-
plication of pesticides to control whitefly
populations, and cucurbit weed/volunteer
control, will be needed to manage WVD.
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