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Abstract. Citrulline, arginine, and lycopene are naturally occurring compounds found in
watermelon, Citrullus lanatus (Thumb)Matsum&Nakai, with beneficial effects on plant
growth and human health. This study evaluated seven commercial cultivars and one
breeding line for citrulline, arginine, and lycopene content in mature fruit grown at two
locations in North Carolina. Correlations among these compounds and fruit quality traits
(percent soluble solids and flesh pH) were evaluated. Watermelon cultigens evaluated
were chosen for their fruit trait diversity. ‘Yellow Doll’ and NC-517 possessed the highest
citrulline and combined concentration of citrulline and arginine of all cultigens
evaluated. Lycopene content was highest in ‘Dixielee’, followed by ‘Sugar Baby’, and
‘Allsweet’, each of which have different shades of red flesh color. Location and its
interaction with genotype had no significant effect on arginine or lycopene concentration.
Broad-sense heritability was estimated for each trait. Arginine content (89%) and
lycopene content (99%) had very high heritability. Citrulline content (41%), percent
soluble solids (46%), and flesh pH (61%) had moderate heritability. Lycopene was
positively correlated with flesh pH (r = 0.517) and negatively correlated with percent
soluble solids (r = L0.344). Arginine content had a weak negative correlation with flesh
pH (r = L0.343) and was not correlated with percent soluble solids.

Watermelon [Citrullus lanatus (Thumb.)
Matsum & Nakai] is an important crop grown
worldwide. The United States is the sixth
largest producer in the world, with an industry
value of more than $430million and an annual
production of �2 million metric tons (FAO,
2012; NASS, 2014). Watermelons are grown
throughout the United States, with production
mainly in the southern states (Wehner, 2008).
Recently, watermelon has gained national
attention as a good source of antioxidants
(lycopene), arginine, and the arginine pre-
cursor, citrulline (Hong et al., 2015; Kaore
and Kaore, 2014; Wang et al., 2014).

Lycopene is a red-pigmented carotenoid
with powerful antioxidant properties that
serves as an intermediate for the biosynthesis

of other carotenoids (DiMascio et al., 1989;
Sandmann, 1994; Tomes et al., 1963). In red-
fleshed watermelon, lycopene accounts for
70% to 90% of the total carotenoids; the
remaining carotenoids include phytofluene,
phytoene, b-carotene, lutein, nerosporene,
and z-carotene (Gross, 1987; Tomes et al.,
1963). In orange-fleshed watermelon, proly-
copene, phytoene, and z-carotene are the
major carotenoids, whereas in canary yellow
and salmon yellow-fleshed watermelons,
neoxanthin is the major carotenoid (Bang
et al., 2010; Tadmor et al., 2004). Studies
have shown that the content of lycopene and
carotenoids increases rapidly and accumu-
lates 10–12 d after pollination in diploid
watermelons and continues to accumulate
as the fruit mature (Lv et al., 2015). Lycopene
concentration varied widely in the water-
melon cultigens tested, ranging from 36 to
120 mg·kg–1 of fresh weight and can vary
among production environments (Leskovar
et al., 2004; Perkins-Veazie et al., 2001,
2006). The lycopene content has generally
not been measured in most commercial
cultivars.

In humans, lycopene scavenges singlet
oxygen and peroxy radicals, and deactivates
excited molecules or DNA chain breaking
agents (Stahl et al., 1997). Several epidemi-
ology studies found that lycopene reduced
cancer cell growth and induced cell death in
malignant leukemia, endometrial, mammary,
lung, and prostate cancer cells (Amir et al.,
1999; Collins et al., 2006; Kotake-Nara et al.,
2001; Muller et al., 2002). Arab and Steck
(2000) and Matos et al., (2000) reported that
lycopene attached to low-density lipopro-
teins in blood plasma and protected against
lipid peroxidation and foam cell produc-
tion, both of which are implicated in the
initiation of atherosclerosis. In other epi-
demiological studies, Steinmetz and Potter
(1996) and Strandhagen et al. (2000) found
that a diet consisting of fruits and vegeta-
bles rich in lycopene could protect against
stroke and cardiovascular diseases, whereas
Tarazona-Diaz et al. (2013) determined that
watermelon juice containing lycopene and
citrulline could improve athlete recovery
and performance.

Besides lycopene, watermelons produce
L-arginine (arginine) and its precursor L-
citrulline (citrulline) in fruit and foliage
(Akashi et al., 2001; Davis et al., 2011). In
related Citrullus species, studies have shown
that citrulline content increases in the foliage
during drought stress and may improve plant
tolerance to stress (Akashi et al., 2001; Wang
et al., 2014). Similarly in melon, foliage
citrulline content is an important indicator
for drought stress (Kusvuran et al., 2013). In
developing watermelon fruit, citrulline con-
tent is low, reaching peak levels just before
maturity, and declining as fruit ages (Fish,
2014). In fruit, the value of citrulline accu-
mulation as a stress tolerance is unknown.

In mammals, arginine plays an essential
role in the nitric oxide pathway, contributing
to improved immune processes and cardio-
vascular health. In rats, consumption of wa-
termelon extracts with high citrulline resulted
in improved lipid profiles, lower inflamma-
tion, and higher antioxidant capacity (Hong
et al., 2015). In mice, hypothermia recovery
and vascular endothelium function were im-
proved in subjects administered a 1% dose of
citrulline (Kobayashi et al., 2014). Free argi-
nine, administered through supplements, can
result in side effects such as nausea and
gastrointestinal discomfort, prompting physi-
cians to seek alternative forms of arginine
(Collins et al., 2007; Hong et al., 2015). In
humans, the arginine precursor, citrulline, is
converted into arginine via argininosuccinate
synthase (Collins et al., 2007).

In watermelon, citrulline has not been
associated with fruit phenotypic traits such
as flesh color (red, orange, salmon yellow, or
white) (Davis et al., 2011). Previously, cit-
rulline content was evaluated in 56 water-
melon cultigens (cultivars, breeding lines,
and PI accessions) at two locations in Texas
and Oklahoma (Davis et al., 2011). Citrulline
concentration varied greatly among culti-
gens. The highest citrulline concentrations
were found in ‘Tom Watson’, PI 306364
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(Northern Africa) and ‘Jubilee’, whereas the
lowest citrulline concentrations were found in
PI 164992 (Turkey), Low Sugar 177, and Low
Sugar 194. These data suggest that citrulline
has likely not been indirectly selected by
breeders during cultivar development. Both
unadapted lines and commercial cultigens
may have useful variation in citrulline content.
The variation in arginine content has not been
directly evaluated in watermelon to date.

Watermelon breeding has resulted in a di-
versity of fruit sizes, rind color, rind patterns,
and flesh color. Most cultivars have soluble
solids content (�Brix) between 8% and 15%
and acidity (flesh pH) of 5.18–5.60 (Corey
and Schlimme, 1988). Studies have shown
that variation in citrulline and lycopene exist
within cultivated watermelons, but wild rel-
atives and heirloom cultivars can also serve
as good sources of trait variation for genetic
improvement (Wehner, 2008). Many of these
wild and weedy relatives have undesirable
characteristics such as high or low flesh pH or
low sugar content. Estimates of heritability
and correlations among traits can help in the
selection of breeding strategies and selection
of parent material. Few studies to date have
looked at the heritability and correlation of
health compounds such as lycopene, argi-
nine, and citrulline with fruit quality traits
such as percent soluble solids and flesh
acidity. The objectives of this study were to
a) evaluate a diverse set of watermelon culti-
gens for lycopene, citrulline, and arginine
content; b) determine the heritability of those
traits; and c) measure the correlation of health
compound concentrations with fruit acidity
and soluble solids content.

Materials and Methods

Germplasm and field design. Eight dip-
loid watermelon cultigens were evaluated for
lycopene, citrulline, arginine, flesh acidity,
and percent soluble solids content using field-
grown fruit (Table 1). Cultigens were chosen
to represent a range of sizes, shapes, rind
patterns, and flesh colors (including canary
yellow, salmon yellow, coral red, and scarlet
red) (Table 1). Seeds for each genotype were
sown in 72-cell polyethylene flats filled with
an artificial soilless growing medium (4P
Fafard soilless mix; Conrad Fafard Inc.,
Agawam, MA) in a greenhouse at the Horti-
cultural Field Laboratory at North Carolina
State University, Raleigh, NC. The flats were
moistened to capacity after seeding, and held
in the greenhouse at 25–30 �C until full
seedling emergence. The transplants were

moved to cold frames for 1 week of acclima-
tion before transplanting into the field at the
two-true-leaf stage. The plants were trans-
planted into raised beds covered with black
polyethylene mulch and grown according to
the recommendations in the North Carolina
Extension Service and Southeastern US Veg-
etable Crops handbook (Holmes and Kemble,
2009; Sanders, 2004).

The treatment unit for each plot was a
3.7m-long plot on rowswith 3.1m from center
to center. Soils were a sandy clay loam at the
Cunningham station near Kinston and sandy
loam at the Horticultural Crops Research
Station near Clinton, NC. Missing or damaged
transplants were replaced 1 week after the
initial transplanting. The experiment was a ran-
domized complete block design with three
replications, two locations, and eight cultigens.
Fruit from each plot were harvested at maturity
according to the number of days to maturity, as
well as the indicators of maturity; i.e., a brown
and dry tendril at the node bearing the fruit,
a dull waxy fruit surface, a light-colored
groundspot on the fruit, and a dull sound of
the fruit when struck (Maynard, 2001).

Data collection. For each location, three
fruit of each genotype per replication were
individually harvested for evaluation. Indi-
vidual fruit were cut into half (stem to
blossom) and watermelon flesh was scooped
from the center of the fruit heart. For each
replicate, the fruit were combined and stored
in 1-quart plastic freezer bags. The bags were
pressed to remove air before sealing. At least
20 g of heart tissue (without seeds) were
harvested from each plot. The Ziploc� bags
(SC Johnson & Son, Racine, WI) were firmly
pressed to macerate the tissue sample. The
samples were immediately placed on ice in an
insulated cooler in the field and later stored at
–80 �C (1 month) or for short periods at
–20 �C (3–5 d) until lycopene analysis.

Phytonutrient content was analyzed at the
Plants forHumanHealth Institute,NCResearch
Campus NCSU, Kannapolis, NC. Lycopene
was measured using a Hunter Plus colorimeter
(Hunter, NJ). Total lycopene content was
determined as mg·kg–1 using the formula
(absorbance560nm – absorbance700nm) · 37.8,
where 37.8 is the slope derived by plotting
values from the colorimeter against the same
samples analyzed with hexane extraction us-
ing a spectrophotometer and standardizedwith
an external lycopene standard (Davis et al.,
2003). Citrulline and arginine content were
determined as mg·g–1 using high-performance
liquid chromatography (Collins et al., 2007)
and external standards of L-citrulline and

arginine (Sigma-Aldrich, St. Louis, MO).
Percent soluble solids and flesh pH were
measured for bulked fruit samples using
a digital refractometer (Atago PAL-1; Atago
Inc., Bellevue, WA) and a digital pH meter
(H260G; Hach, Loveland, CO) equipped with
a stainless steel rounded electrode (PH77-SS;
Hach), respectively. A flesh pH of 5.2–5.6 is
ideal, a pH above 5.9 is considered over ripe
(Corey and Schlimme, 1988).

Data analysis. Data were analyzed for
genotype, environment, and genotype ·
environment interactions using the SAS (SAS
Institute, Cary, NC) procedure for general
linear models (PROC GLM). Locations, rep-
lications, and genotypes were analyzed as
random effects. Analysis of variance was used
to determine the size and significance of
interactions for each trait of interest. Least
squared means or adjusted trait means and
least significant difference for each genotype
were computed over the two environments for
the traits of interest. Hereafter, ‘‘mean’’ is used
to indicate least squared mean or adjusted
trait mean. Pairwise comparisons were made
if F ratio was significant (5% level). Vari-
ance components were estimated using PROC
VARCOMP implemented within SAS.

Phenotypic variance was calculated without
environmental variance according to Hallauer
and Miranda (1981). Correlation among traits
was calculated using Pearson’s correlation co-
efficient (r) implemented in PROC CORR
in SAS. Shapiro–Wilk test indicated normal
distribution for all traits with the exception of
lycopene. Transformation of lycopene using
log10 or square root did not improve the distri-
bution. Data were skewed toward the low tail
because most cultigens had a low lycopene
content. Broad-sense heritability (H) was calcu-
lated for each trait using the ratio of genotypic
to phenotypic variance (from variance com-
ponent estimation) as in Eq. [1], where VarG
is equal to genetic variance, VarG · L is the
variance due to genotype by location interac-
tions, and the VarEr is the variance due to
error (Eq. [1]).

H = VarG= VarG + VarG · L=2ð
+ VarEr=2 · 3Þ [1]

Results

Location was not significant in this study
for any of the traits evaluated except pH, and
data were combined for analyses. When the
concentration of citrulline plus arginine was
analyzed, cultigen (P = 0.0425) and the in-
teraction between cultigen and location (P =
0.0307) were significant. The mean of the
population was 3.82 ± 0.71 mg·g–1 with
a minimum of 1.7 mg·g–1 and a maximum of
5.7 mg·g–1. Highest combined concentrations
of citrulline and arginine were detected in
cultigens NC-517 and Yellow Doll. The low-
est concentrations were detected in cultivars
Sugar Baby and Charleston Gray (Table 2).

When analyzed for citrulline content,
replication was not significant. However,

Table 1. Characteristics of the eight cultigens of watermelon evaluated in this study.

Cultigen Color flesh Color gene Days to maturity Fruit size (kg)

Allsweet Coral red YCrl 90 9.1
Charleston Gray Coral red YCrl 85 8.2
Dixielee Scarlet red YScr 90 9.3
NC-517 Canary yellow C 85 6.4
Sugar Baby Deep red Unknown 85 4.5
Tendersweet OF Orange YO 90 8.6
Yellow Crimson Salmon yellow y 80 9.1
Yellow Doll Canary yellow C 65 3.0
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the interaction between cultigen and location
(P = 0.0176) and cultigen (P = 0.0008) were
significant. The population mean for citrulline
was 2.79 ± 0.56 mg·g–1 with a minimum of
1.20 mg·g–1 and a maximum of 4.76 mg·g–1.
Citrulline content was lowest in ‘Yellow Crim-
son’, ‘Sugar Baby’, and ‘Charleston Gray’.
Watermelon cultigens Yellow Doll and NC-
517 had the highest citrulline content (Table 2).

Similarly, lycopene content was signifi-
cantly affected by cultigen (P < 0.0001) but
not replicate (P = 0.7708) or the interaction
between cultigen and location (P = 0.3020).
Lycopene mean for the population was 32.12 ±
3.65mg·kg–1with aminimumof 11.72mg·kg–1

and a maximum of 62.46 mg·kg–1. Highest
lycopene was detected in red-fleshed water-
melon cultigen, ‘Dixielee’, while yellow
and orange-fleshed cultigens, ‘Yellow Doll’,
‘Yellow Crimson’, and NC-517 had the
lowest lycopene (Table 2).

When analyzed for arginine content, rep-
licate and the interaction between cultigen and
location were not significant, while cultigen
(P < 0.0001) was significant. For arginine, the
population mean was 1.0 ± 0.2 mg·g–1 with
a minimum of 0.5 mg·g–1 and a maximum of
1.8 mg·g–1. Arginine content was highest in
‘Yellow Crimson’ and ‘Tendersweet Orange
Flesh’ and lowest in ‘Yellow Doll’ (Table 2).

When analyzed for flesh acidity (pH), rep-
licate (P = 0.0439), cultigen (P < 0.0001), and
the interaction between cultigen and location
(P = 0.0017) were significant. The population
mean was 5.6 ± 0.1 with a minimum pH of
5.3 and a maximum of 6.04. Among cultigens,
flesh pH was highest in ‘Sugar Baby’ and
‘Dixielee’, and lowest in ‘Allsweet’ (Table 2).

Percent soluble solids was significant for
cultigen (P = 0.0136) but not replication or
the interaction between cultigen and location.
Percent soluble solids for the population was
10.9 ± 0.7 with a minimum of 9.3 and
a maximum of 13.3. Percent soluble solids
was highest in ‘Yellow Doll’ and ‘Yellow
Crimson’ (Table 2). The lowest percent
soluble solids was for ‘Sugar Baby’.

In the analysis of variance, the cultigen
mean square was the largest mean square for
lycopene concentration, citrulline concentra-
tion, percent soluble solids, and flesh acidity
(Supplemental Table 1). For arginine content
and flesh pH, the mean squares for location
and the location by cultigen interaction were
also relatively large.When evaluating location
effect for these three traits, most cultigens had
a higher arginine content at Clinton compared
with Kinston (Table 3). Watermelon cultigen

Charleston Gray had the largest shift in
arginine concentration between locations.
Flesh pH was not consistently higher or
lower at either location among the cultigens
examined.

Broad-sense heritability varied greatly
among fruit traits evaluated. Arginine and
lycopene were highly heritable, 89% and
99%, respectively. Broad-sense heritability
was low to moderate for citrulline, flesh pH,
and percent soluble solids (41%, 61%, and
46%, respectively) (Table 4). Variance com-
ponent estimates indicated that cultigen was
the primary contributor for variation within
most traits. Location variance was small
relative to cultigen and cultigen by location
interactions for arginine, lycopene, and flesh
pH, and near zero for other traits (citrulline
and percent soluble solids) (Table 4).

Low, but significant correlations were
detected among several pairs of traits (Ta-
ble 5). The combined citrulline and arginine
concentration was significantly correlated
with percent soluble solids (r = 0.379).
Arginine concentration and fruit flesh pH
were weakly, but significantly, negatively
correlated (r = –0.343). Citrulline and arginine
concentrations were not correlated. Citrulline
concentration was positively correlated
with percent soluble solids (r = 0.391).
Lycopene concentration was positively
correlated with flesh pH (r = 0.517) and
negatively correlated with percent soluble
solids (r = –0.344).

Discussion

Watermelon is an economically important
food crop with many potential health benefits
from its natural concentrations of lycopene
and citrulline. In mammals, a diet rich in
lycopene and citrulline has been shown to
result in improved blood circulation and lipid
profiles, and to protect against cardiovascular

disease and stroke (Hong et al., 2015; Steinmetz
and Potter, 1996; Strandhagen et al., 2000).
Historically, watermelon cultivars have not
been bred for high lycopene or citrulline
concentrations. Breeding for increased citrul-
line and lycopene could increase the market-
ability of watermelon as a health food, while
contributing to improved plant stress tolerance
(Akashi et al., 2001; Kusvuran et al., 2013;
Wang et al., 2014).

In a previous study, watermelon cultigens
were evaluated for citrulline concentration
in field-grown fruit. Differences in citrul-
line concentration were evident among and
within accessions (Davis et al., 2011). How-
ever, in this study, there were no effects of
environment (location) on citrulline or lyco-
pene concentrations. Citrulline concentration
was stable among cultigens, although argi-
nine varied greatly. Cultivars Allsweet,
Charleston Gray, Yellow Crimson, Sugar
Baby, and Tendersweet Orange Flesh were
evaluated in two locations in both studies.
When grown in Oklahoma, cultigens had
consistently higher citrulline concentration
than the same cultigens grown in Texas.
When grown in Kinston, NC, most cultigens
had a lower arginine and combined arginine
and citrulline concentration than the same
cultigen grown in Clinton, NC. Production
practices were consistent between these two
locations, although differences in soil type
and weather may contribute to the variation.
Breeding line NC-517 and cultivar Dixielee,
of which neither had been previously evalu-
ated, had higher concentrations in Kinston,
NC, compared with Clinton, NC. In each
study, ‘Charleston Gray’ had the highest
variability between locations of the cultigens
evaluated in either citrulline or arginine con-
centration. These data suggest that ‘Charleston
Gray’ would not be a suitable cultivar for
developing stable citrulline or arginine con-
centrations in watermelon.

Table 2. Mean values for citrulline, arginine, lycopene, and fruit quality traits of eight watermelon cultigens.

Cultigen Citrulline (mg·g–1) Arginine (mg·g–1) Cit + Argz Lycopene (kg·g–1) Flesh acidity (pH) Soluble solids (%)

Yellow Doll 3.55 a 0.64 d 4.18 a 14.51 e 5.55 bcd 11.60 a
NC-517 3.45 ab 0.90 c 4.35 a 12.99 e 5.61 b 10.95 abcd
Dixielee 3.04 abc 0.99 bc 4.03 ab 59.26 a 5.79 a 11.08 abc
Allsweet 2.82 bcd 1.15 b 3.97 ab 41.77 c 5.43 d 10.52 cd
Tendersweet Orange Flesh 2.59 cd 1.40 a 3.99 ab 20.33 d 5.56 bc 10.73 bcd
Sugar Baby 2.34 d 0.85 cd 3.19 c 53.37 b 5.82 a 10.30 d
Yellow Crimson 2.32 d 1.45 a 3.77 abc 14.86 e 5.44 cd 11.37 ab
Charleston Gray 2.21 d 0.86 c 3.07 c 39.84 c 5.65 b 10.42 cd
zCombined citrulline and arginine concentration in mg·g–1.

Table 3. Mean values for citrulline, arginine, and flesh pH of eight watermelon cultigens at two locations.

Cultigens

Citrulline (mg·g–1) Arginine (mg·g–1) Flesh acidity (pH)

CIz KNy CI KN CI KN

Allsweet 3.04 2.61 1.22 1.08 5.4 5.4
Charleston Gray 2.95 1.46 1.12 0.61 5.5 5.8
Dixielee 2.80 3.28 0.95 1.02 5.7 5.9
NC-517 2.87 4.03 0.88 0.92 5.6 5.6
Sugar Baby 2.63 2.04 0.91 0.80 5.9 5.7
Tendersweet Orange Flesh 2.78 2.39 1.42 1.38 5.4 5.7
Yellow Crimson 2.32 — 1.45 — 5.4 —
Yellow Doll 3.86 3.23 0.63 0.64 5.5 5.6
zHorticultural crops research station, Clinton, NC.
yCunningham research station, Kinston, NC.
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Davis et al. (2011) also reported that
differences in citrulline concentration were
not associated with flesh color or pollination
type based on citrulline concentrations of
56 cultigens with red, orange, salmon-
yellow, or white flesh. Previously, Rimando
and Perkins-Veazie (2005) determined that
yellow-fleshed watermelons had higher cit-
rulline concentrations compared with red- or
orange-fleshed cultigens. No consistent dif-
ferences were observed between red- and
orange-fleshed cultigens. In our study, the
highest citrulline concentration was detected
in ‘YellowDoll’ (canary yellow) and NC-517
(canary yellow). Cultivars Allsweet (red) and
Dixielee (scarlet) had higher levels of citrul-
line than ‘TendersweetOrange Flesh’ (orange)
and ‘Yellow Crimson’ (yellow). Considering
the differences among the eight cultigens
tested in this study, it would be important to
determine whether the other cultigens with
canary yellow flesh color have higher citrul-
line compared with cultigens having red,
orange, or salmon-yellow flesh. ‘Charleston
Gray’ (coral red) and ‘Sugar Baby’ (deep red)
had some of the highest levels of citrulline
when grown in Lane, OK, while having
moderate (‘Sugar Baby’) and low (‘Charleston
Gray’) citrulline content in North Carolina.
The differences in citrulline concentration
among the same cultigens grown in different
locations may be because of production prac-
tices or environmental (temperature, water,
etc.) effects.

Lycopene content varies greatly across
red, yellow, and orange-fleshed watermelons
with red-fleshed cultigens having higher
lycopene than yellow- or orange-fleshed cul-
tigens. Perkins-Veazie et al. (2001) evalu-
ated 13 watermelon cultigens for lycopene

content, including ‘Dixielee’ and ‘Crimson
Sweet’. Lycopene ranged from 37.9 to
71.2 mg·g–1. Another study by Yoo et al. (2012)
reported high variability in lycopene content
(4.8–47.8 mg·g–1) among cultigens. These
results have been mirrored by cultigen eval-
uations in India (Nagal et al., 2012). Simi-
larly, in this study, lycopene ranged from
11.7 to 62.5 mg·g–1 and was different among
fruit flesh colors. The scarlet red–fleshed
watermelon cultigen (‘Dixielee’) had highest
lycopene, followed by deep red (‘Sugar
Baby’), and the coral red (‘Allsweet’ and
‘Charleston Gray’) cultigens. The orange-
fleshed cultigen (‘Tendersweet Orange Flesh’)
had higher lycopene than the salmon-yellow
(‘Yellow Crimson’), and canary yellow-
fleshed (‘YellowDoll’ andNC-517) cultigens.

Breeding-improved lycopene, arginine,
and citrulline concentration has been limited
by the lack of information on the heritability of
these traits. Previously, the general combining
ability and heritability of lycopene content was
found to be high in watermelon and suggested
an additive effect for dominant genes (Zhang
et al., 2010). In this study, lycopene content
was highly heritable and demonstrated no
cultivar · environment interaction. Similarly,
arginine was also highly heritable with no
cultivar · environment interaction. Despite
being an arginine precursor, citrulline concen-
trations were highly environment-dependent
and had low heritability. Based on variability
and heritability data, breeding for improved
arginine and lycopene content, but not citrul-
line, could result in effective gains using
currently available cultigens. However, nega-
tive correlations with fruit quality traits should
also be considered when breeding for im-
proved arginine and lycopene.

Davis et al. (2013) reported that lycopene
concentration was slightly positively corre-
lated with percent soluble solids in six diploid
watermelons, their induced autotetraploids,
and their offspring. However, no correlations
were detected between citrulline and percent
soluble solids. In this study, minimal corre-
lations were detected among citrulline, argi-
nine, or lycopene concentrations and fruit
quality. Arginine had a negative correlation
with flesh pH, whereas citrulline only had
a positive correlation with Brix. In contrast,
lycopene had a negative correlation with Brix
and a positive correlation with flesh pH.
Further evaluation of more cultigens and
germplasm will present clearer information
on the potential correlations between citrul-
line or lycopene and fruit quality.

Arginine is affected by citrulline because
citrulline is its precursor but is also affected
by other physiological activities in the plant
(Kawasaki et al., 2000). Thus, we expected
some correlation between the two traits,
especially because the cultigens in this study
had moderate to high amounts of citrulline,
yet the correlation measured was low (0.103)
and not significant. The low (–0.344) but
significant negative correlation between per-
cent soluble solids and lycopene is the oppo-
site of those previously reported. This is
probably because the canary yellow cultigens
had little lycopene, but were high in percent
soluble solids. Thus, it is likely that both traits
can be improved simultaneously by breeding.

Good flesh color, moderate flesh pH, and
high soluble solids content are important
quality traits in successful cultivars. As con-
sumer preference for natural health foods
increases, the demand for watermelons con-
taining high citrulline and lycopene may
increase. Breeding for high citrulline (herita-
bility 0.41) and arginine (heritability 0.89)
content should be possible because they are
uncorrelated and have moderate to high
heritability. Lycopene content had very high
heritability (0.99) in this study as the trait
could be measured accurately over locations
and blocks. Orange and salmon yellow culti-
gens had consistently low lycopene, whereas
scarlet red and coral red cultigens had consis-
tently high lycopene content. Negative corre-
lations of lycopene with percent soluble solids
(–0.34) and arginine with flesh pH (–0.34)
suggest that breeders will find it difficult to
incorporate high lycopene, citrulline, and high
fruit quality into a single inbred line.
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Supplemental Table 1. Analysis of variance (df and means squares) for six fruit quality traits across eight watermelon cultigens, two locations, and four
replications.

Source dfz Citrulline + Argininey Citrulline Arginine Lycopene Flesh acidity (pH) Soluble solids (%)

Location 1 1.2352 0.6697 0.0875 12.7720 0.0945 0.4033
Rep (Loc) 4 0.8228 0.5167 0.0418 6.0102 0.0298 0.2658
Cultigen 7 1.2530 1.6126 0.4831 2103.3674 0.1246 1.2903
Loc · cultigen 7 1.3547 0.9511 0.0528 16.8868 0.0481 0.6909
Error 28 0.5099 0.3172 0.0372 13.3289 0.0105 0.4079
zDegrees of freedom.
yCombined citrulline and arginine.
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