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Abstract Melon (Cucumis melo L.) is highly nutritious

vegetable species and an important source of b-carotene

(Vitamin A), which is an important nutrient in the human

diet. A previously developed set of 81 recombinant inbred

lines (RIL) derived from Group Cantalupensis US Western

Shipper market type germplasm was examined in two

locations [Wisconsin (WI) and California (CA), USA] over

2 years to identify quantitative trait loci (QTL) associated

with quantity of beta-carotene (QbC) in mature fruit. A

moderately saturated 256-point RIL-based map [104 SSR,

7 CAPS, 4 SNP in putative carotenoid candidate genes, 140

dominant markers and one morphological trait (a) spanning

12 linkage groups (LG)] was used for QbC–QTL analysis.

Eight QTL were detected in this evaluation that were dis-

tributed across four LG that explained a significant portion

of the associated phenotypic variation for QbC (R2 = 8 to

31.0%). Broad sense heritabilities for QbC obtained from

RIL grown in WI. and CA were 0.56 and 0.68, respec-

tively, and 0.62 over combined locations. The consistence

of QbC in high/low RIL within location across years was

confirmed in experiments conducted over 2 years. QTL

map positions were not uniformly associated with putative

carotenoid genes, although one QTL (b-car6.1) interval

was located 10 cM from a b-carotene hydroxylase gene.

These results suggest that accumulation of b-carotene in

melon is under complex genetic control. This study pro-

vides the initial step for defining the genetic control of QbC

in melon leading to the development of varieties with

enhanced b-carotene content.

Introduction

Carotenoids play essential functions in plants to include

roles in phyto-hormone precursor action (Schwartz et al.

2003) and environmental adaptation through modulation of

the photosynthetic apparatus (Demming-Adams and

Adams 2002). In addition, some carotenoid pigments (e.g.,

a-carotene, b-carotene) are important for human health and

nutrition (Mares-Perlman et al. 2002; Giovannucci 2002)

resulting from their conversion to vitamin A by molecular

cleavage and subsequent reduction.

The genes and enzymes involved in the biosynthesis of

carotenoids pigments have received extensive research and

review (Bartley and Scolnik 1995; Cunningham and Gantt

1998; Hirschberg 2001) to indicate that the carotenoid

pathway is highly conserved in plants. The genes and

cDNAs encoding nearly all the enzymes required for

carotenoid biosynthesis in plants have been identified and

sequenced, and their products have been characterized

(Cunningham and Gantt 1998). Although the carotenoid

biosynthetic pathway is known, the complex regulation and

inheritance of carotenogenesis in plants remains poorly

understood (Römer and Fraser 2005).

Melon (Cucumis melo L.; 2n = 2x = 24) is an econom-

ically important, cross-pollinated vegetable species that is

subdivided into seven cultivar groups (i.e., Flexuosus,

Communicated by Y. Xue.

H. E. Cuevas (&) � J. E. Staub � P. W. Simon � J. E. Zalapa

US Department of Agriculture, Agricultural Research Service,

Vegetable Crops Unit, Department of Horticulture, University

of Wisconsin, 1575 Linden Dr., Madison, WI 53706, USA

e-mail: hcuevas@wisc.edu

J. D. McCreight

US Department of Agriculture, Agricultural Research Service,

Agricultural Research Station, 1636 East Alisal, Salinas,

CA 93905, USA

123

Theor Appl Genet (2008) 117:1345–1359

DOI 10.1007/s00122-008-0868-2



Conomon, Cantalupensis, Inodorus, Chito, Dudaim, and

Momordica), where numerous market classes (e.g., Ogen,

Galia, Charentais, and US Western Shipping) exist within

many of these groups (Munger and Robinson 1991).

Although fruit of these market classes are morphologically

diverse, edible portions are rich in phytonutrients important

for human health and nutrition (Mares-Perlman et al. 2002;

Giovannucci 2002). Fruit of market classes having orange

mesocarps, for instance, are a rich source of dietary caro-

tenes (e.g., b-carotene; Gross 1987), where concentrations

of b-carotene can range from 9 to 18 ppm in fresh tissue

(Navazio 1994).

Genetic maps in melon have been constructed using a

wide array of dominant (RAPD and AFLP) and codomi-

nant (RFLP, SSR, and SNP) markers employing F2 and

backcross populations (Baudracco-Arnas and Pitrat 1996;

Danin-Poleg et al. 2002; Liou et al. 1998; Oliver et al.

2001; Silberstein et al. 2003; Wang et al. 1997). These

maps, however, are unsaturated and define the position of

only relatively few horticulturally important traits. More

recently, genetic maps have been constructed using

recombinant inbred lines (Perin et al. 2002a, b; Fukino

et al. 2008; Zalapa et al. 2007b) and doubled haploid lines

(DHL; Monforte et al. 2004) for the analysis of economi-

cally important qualitatively and quantitatively inherited

traits. For instance, a 181-point (114 RAPD, 35 SSR, and

32 AFLP) genetic map constructed by Zalapa et al. (2007b)

using RIL derived from Group Cantalupensis US Western

Shipping germplasm spanned 1,032 cM with a mean

marker interval of 5.7 cM on 15 linkage groups. Although

this map was useful for identifying many yield and quality

QTL (Zalapa et al. 2007b; Paris et al. 2008), it must, along

with other currently constituted maps, be considered rela-

tively unsaturated.

The inheritance and mapping of carotenoids in melon

has not been documented, and enhanced, high carotene

([30 lg/g fresh wt.) germplasm is not publicly available.

Recently, Monforte et al. (2004) evaluated the inheritance

of orange mesocarp color using F2 populations and double

haploid lines, and hypothesized that three putative loci

control the orange color expression in melon. This

hypothesis, however, was not confirmed by comparative

analysis of nearly isogenic lines differing in fruit color

variation (Eduardo et al. 2007).

The recent dramatic increase in the number of published

SSR markers for melon ([400; Chiba et al. 2003; Ritchel

et al. 2004; Kong et al. 2007; Gonzalo et al. 2005; Fukino

et al. 2007), and genomics resources [e.g., expressed

sequence tag (EST) libraries; cucurbit genomics resource

(http://cucurbit.bti.cornell.edu)] affords opportunities for

map merging to increase map saturation and colinearity

analyses. Given the need for increased saturation in

melon maps and the economic importance of melon

carotenes in human diets, a study was designed to: (1)

increase the amount of SSR markers of the melon map

published by Zalapa et al. (2007b); (2) use this revised

map for identifying QTL associated with the quantity of

b-carotene (QbC) in melon fruit; and (3) characterize

and map putative carotenoid biosynthetic genes. This

approach will allow the subsequent candidate gene

analysis of QTL-associated sequences related to the

quantity and expression of melon carotenoids.

Materials and methods

Plant material

A set of 81 recombinant inbred lines (F7) was developed

from a cross between US Department of Agriculture Group

Cantalupensis breeding line ‘USDA 846-1’ (P1; *11 lg/g

b-carotene) and western shipping type ‘Top Mark’ (P2;

*13 lg/g b-carotene) (Zalapa 2005; Zalapa et al. 2007b),

where both parents develop orange-fleshed (mesocarp)

fruits. Although color pigmentation of mesocarp tissue

between the parents is not visually different (Royal Hor-

ticultural Society 2005; 19B), the RIL population differ in

mesocarp color pigmentation. These RIL have previously

been employed for mapping of fruit yield- (Zalapa et al.

2007b) and quality-related components (Paris et al. 2008)

in melon.

Experimental design

Experiments were conducted using these RIL in 2005 and

2006. In 2005, the two parental lines, 81 RIL, and two

Cantalupensis commercial cultivars (‘Sol Dorado’, and

‘Esteem’ Syngenta Seeds, Gilroy, CA, USA) were evalu-

ated at the University of California Desert Research and

Extension Center in El Centro, CA, USA (DREC) and the

University of Wisconsin Experimental Farm in Hancock,

WI, USA (HES) during the spring and summer of 2005,

respectively (Experiment 1). These locations differed

dramatically in growing conditions, where average tem-

peratures are typically 34�C in California (May–July) and

26�C in Wisconsin (May–August), and average relative

humidity is 36 and 68% in California and Wisconsin,

respectively.

The experimental design at both locations was a ran-

domized complete block design (RCBD), consisting of

three blocks with eight plants per plot. In Wisconsin, seeds

were sown (Growing Mix No. 2; Conrad Fafard, Inc.,

Agawam, MA, USA) in a greenhouse (Madison, WI,

USA), and then seedlings were transplanted to the field at

the three-leaf stage every 0.35 m within rows on 2 m

centers (72,600 plants/ha) into Planefield loamy sand
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(Typic Udipasamment) soil at HES. In California, seeds

were sown directly into Imperial silty clay Vertic Torri-

fluvents soil at the same row and plant spacing used in

Wisconsin.

In order to confirm line performance and thus QTL

placement, a subset of 20 RIL were identified based on

relative QbC ranking in Experiment 1. In this regard, the

most informative RIL in a mapping population are those in

the lower and upper tails of a phenotypic distribution

(Bernardo 2002). Thus, the five RIL possessing the highest

and lowest QbC from each location (WI and CA) repre-

senting 25% of the populations were selected for

phenotypic reevaluation to confirm putative QTL control-

ling QbC. The RIL subset, parental lines, and ‘Sol Dorado’

(SD) and ‘Esteem’ (ES) were planted and evaluated at

DREC and HES during the spring and summer of 2006,

respectively (Experiment 2). The experimental design at

both locations was a RCBD, consisting of four blocks with

eight plants per plot. Planting culture and plant density in

each location was the same as described in Experiment 1.

Data collection

Although parents and RIL differ in flowering time (Zalapa

et al. 2007a), the length of the harvesting period between

RIL overlapped sufficiently to allow for the identification

of a period where mature fruits from each RIL could be

harvested simultaneously. Three mature fruit at same stage,

i.e., full-slip, within treatment plot and from different

plants were harvested and sampled for QbC. Fruit meso-

carp samples (*5.0 g fresh weight) were collected from

freshly, transversely cut fruits, and stored at -80�C until

carotene extraction, which was performed according to

Simon and Wolff (1987). Sample lyophilization and QbC

was accomplished by processing each block (based on

experimental design) at one time to minimize experimental

error. QbC was determined by reverse phase high-perfor-

mance liquid chromatography (HPLC) using a standardized

synthetic b-carotene curve (Simon and Wolff 1987).

Analysis of variance and estimation of heritabilities

Location data for each experiment were initially combined

to perform analyses of variance (ANOVA) using the Proc

mixed covtest method type3 procedure of SAS (SAS

1999). Variance components were estimated employing

restricted maximum likelihood (REML), and each vari-

ance estimate was tested for significance using the

likelihood ratio statistic (Littell et al. 1996). The linear

random effects model for such ANOVA was the follow-

ing: Y = l ? L ? B(L) ? R ? LxR ? e; where Y is the

trait, l is the common effect, L is the location effect, B(L)

is the block within location effect, R is the effect of the

RIL, L 9 R is the location 9 RIL interaction, and e is the

plot to plot variation within RIL. Analyses of the RIL

were also performed by location, where phenotypic dis-

tributions for QbC in RIL were evaluated for normality

by box plot analyses, and Shapiro–Wilk normality tests

(Shapiro and Wilk 1956).

Best linear unbiased predictors (BLUPs; Bernardo

2002), standard errors (SE), and 95% confidence intervals

(CIs) were estimated for each RIL using the solution option

of the random statement of the Proc mixed covtest proce-

dure in SAS (SAS Institute 1999). Best linear unbiased

estimators (BLUEs) were also estimated for P1, P2, F1, and

commercial varieties using the solution option of the model

statement of the Proc mixed covtest procedure (SAS

Institute 1999). This procedure estimates fixed effect val-

ues from the raw data while making variable value

adjustments during such estimations (de Leon et al. 2005).

In order to assess whether genotype 9 environment

(G 9 E) interactions were due to trait magnitude changes

between locations or changes in the direction of the

response (i.e., RIL rank changes), Spearman (rank) corre-

lation coefficients (rs) were calculated using RIL data for

b-carotene content across locations according to Yan and

Rajcan (2003). When the correlation coefficient between

data across locations was rs B 0.5, G 9 E interactions

were considered more likely to be due to RIL rank changes,

and when rs C 0.5, GxE interactions were considered more

likely to be due to trait magnitude changes between

locations.

Phenotypic correlations (r; n = 81) between QbC

(Experiment 1 only), and the fruit yield and quality com-

ponent traits evaluated by Zalapa et al. (2007b) and Paris

et al. (2008) using the same RIL at the same locations

employed herein were also calculated by location using the

Proc corr spearman procedure of SAS (SAS Institute

1999).

The broad-sense heritabilities based on RIL BLUPs (hBS
2 )

were calculated as hBS
2 = (rR

2)/rPR
2 ; where rR

2 and rPR
2 are the

variance among RIL and phenotypic variance based on RIL

BLUPs, respectively. The estimate of rPR
2 was calculated as

rR
2 ? rL9R/b

2 ? re/bl
2 ; where b, l, rR

2, rL9R
2 and re

2 refer to the

number of blocks, the number of locations, the variance

among RIL, the variance due to location 9 RIL interactions,

and the plot-to-plot variation within RIL, respectively (Fal-

coner and Mackay 1996). The standard error (SE) of broad-

sense heritabilities based on RIL BLUPs were calculated as

SE (hBS
2 ) = [Var(rR

2)]1/2/rRF
2 .

Target genes, primer design, and PCR amplification

of putative carotenoid structural and related genes

Genes and their abbreviations defined herein are listed in

Table 1. Since a melon EST library was not available at

Theor Appl Genet (2008) 117:1345–1359 1347

123



T
a

b
le

1
C

h
ar

ac
te

ri
st

ic
o

f
ca

n
d

id
at

e
p

u
ta

ti
v

e
ca

ro
te

n
o

id
st

ru
ct

u
ra

l
an

d
re

la
te

d
g

en
es

ev
al

u
at

ed
in

m
el

o
n

(C
u

cu
m

is
m

el
o

L
.)

R
IL

p
o

p
u

la
ti

o
n

d
er

iv
ed

fr
o

m
a

cr
o

ss
b

et
w

ee
n

‘U
S

D
A

8
4

6
-1

’
(P

1
)

an
d

‘T
o

p
M

ar
k

’
(P

2
)

E
n

zy
m

e
n

am
e

G
en

e

sy
m

b
o

l

S
eq

u
en

ce
o

f
d

eg
en

er
at

iv
e

p
ri

m
er

s
(�

C
)a

F
ra

g
m

en
t

si
ze

(b
p

)
A

cc
es

io
n

n
u

m
b

er
o

f

cl
o

se
st

p
u

ta
ti

v
e

o
rt

h
o

lo
g

an
d

%
id

en
ti

ty
b

M
el

o
n

E
S

T

d
at

ab
as

e

S
eq

u
en

ce
o

f
p

ri
m

er
s

u
se

d
to

am
p

li
fy

fr
ag

m
en

t
u

se
d

fo
r

g
en

o
ty

p
in

g
an

d

se
q

u
en

ci
n

g

A
n

n
ea

li
n

g

te
m

p
er

at
u

re

(�
C

)

F
ra

g
m

en
t

S
iz

e

P
o

li
y

-

m
o

rp
h

is
m

E
x

o
n

In
tr

o
n

T
o

ta
l

P
h

y
to

en
e

sy
n

th
as

e

P
S

F
-

A
T

IG
A

A
G

G
R

A
T

G
M

G
D

A
T

G
G

A

R
-G

C
Y

T
C

D
A

T
C

T
C

R
T

C
C

A
R

T
A

T

6
0

4
7

8
(2

) 1
0

3
4

1
,5

1
2

D
Q

4
9

4
2
1

4

(9
5

)

M
U

1
0
9
4
2

F
-T

G
C

T
G

G
T

A
C

A
G

T
T

G
G

G
T

T
G

A

R
-

T
G

A
A

A
G

A
C

C
T

G
C

C
T

G
T

G
C

T
A

6
0

6
7

2
S

N
P

d

b
-c

ar
o

te
n

e

h
y

d
ro

x
y

la
se

B
O

H
-1

F
-

T
G

G
G

C
V

IG
R

T
G

G
G

C
B

C
A

R
-

IC
C

R
T

C
G

T
G

R
A

C
R

A
A

C
A

T
G

T
A

6
0

2
4

3
(2

)
4

4
1

6
8

4
D

Q
1

5
7

1
6

9

(8
3

)

M
U

9
5
1
1

F
-

T
G

G
G

C
V

IG
R

T
G

G
G

C
B

C
A

R
-T

C
C

C
C

A
G

T
G

A
T

T
A

A
A

C
A

A
A

C
A

6
0

5
2

3
S

N
P

d

B
O

H
-2

6
0

2
4

3
(2

)
3

5
6

5
9

9
D

Q
1

5
6

9
0

7

(7
7

)

–
F

-T
C

G
T

T
A

T
G

G
G

A
T

A
T

G
C

A
C

G
A

R
-T

G
G

A
G

A
C

C
C

A
C

G
T

C
A

T
A

C
A

A

6
0

5
9

5
–

L
y

co
p

en
e

b
–

cy
cl

as
e

L
y

cB
F

1
-

G
A

T
G

A
R

T
T

T
G

A
R

G
C

Y
A

T
G

G
A

R
1
-

G
G

R
T

T
R

T
A

IG
G

IT
T

R
T

C
R

T
A

Y
T

G

5
2

3
2

0
0

3
2

0
D

Q
6

4
1

1
2

7

(9
8

)

M
U

9
4

1
7

–
–

–
–

F
2

-
C

A
R

T
A

IG
A

IA
A

R
C

C
IT

A
Y

A
A

Y
C

C

R
2

-A
T

R
T

C
C

A
T

IC
C

R
A

A
R

C
A

G
A

A
G

A
A

5
2

5
9

0
0

5
9

0
E

F
1

8
3

5
2

2

(9
5

)

M
U

2
5

4
–

–
–

–

C
ar

o
te

n
o

id

is
o

m
er

as
e

C
R

T
IS

O
F

-
A

A
T

G
C

T
A

C
W

A
G

A
T

G
G

G
A

Y
A

C

R
-

G
T

T
G

T
A

A
A

W
A

T
G

T
G

A
A

G
W

A
T

A
T

G

5
4

2
8

7
(2

)
2

3
0

5
1

7
A

B
1

1
4

6
6

7

(8
0

)

M
U

4
5

9
2

–
–

–
–

Z
ea

x
an

th
in

ep
o

x
id

as
e

Z
E

P
F

-
A

A
R

A
T

G
C

A
R

T
G

G
T

A
Y

G
C

A
T

T

R
-

G
C

A
T

C
R

T
C

R
T

C
Y

T
C

R
A

A
C

C
A

6
3

6
3

6
(6

) 1
4

1
4

*
2

1
0

0
D

Q
6

4
1

1
2

6

(1
0

0
)

M
U

7
8

1
5

F
-T

C
A

C
A

T
T

G
T

C
A

C
A

C
C

A
A

C
C

A

R
-A

A
A

C
A

C
C

C
C

A
A

T
C

A
A

C
C

A
G

A

6
0

4
3

0
S

N
P

d

Z
et

a
ca

ro
te

n
e

d
es

at
u

ra
se

Z
C

D
S

c
F

-
G

T
G

G
G

A
T

C
C

W
G

T
T

G
C

N
T

A
Y

G
C

R
-A

Y
C

T
C

Y
C

T
R

C
A

H
C

C
C

C
A

C
C

6
0

1
9

2
(1

)
9

1
2

8
3

A
F

3
7

2
6

1
7

(8
1

)

M
U

4
1

0
7

–
–

–
–

P
h

y
to

en
e

d
es

at
u

ra
se

P
D

S
c

F
-T

G
A

T
W

T
T

T
G

C
W

A
T

G
C

C
A

A
R

Y
A

A
R

C
C

R
-C

A
Y

T
G

C
A

T
Y

G
A

M
A

G
Y

T
C

R
T

C
W

G

6
0

1
5

0
(2

)
5

4
9

7
0

0
A

B
M

4
5

8
6

0

(9
1

)

M
U

9
0

7
0

–
–

–
–

V
io

la
x

an
th

in

d
e-

ep
o

x
id

as
e

V
D

E
F

-T
G

T
G

G
D

G
A

Y
IT

G
T

T
Y

G
A

R
A

A

R
-T

A
T

C
C

A
T

C
C

C
A

D
G

C
R

T
C

R
T

T

5
4

4
7

2
(1

)
7

6
8

1
2

4
0

D
Q

2
3

3
2

4
6

(7
7

)

–
F

-T
G

T
A

C
C

C
G

A
C

C
C

T
T

C
T

G
T

T
C

R
-T

T
G

G
C

T
C

A
T

T
T

C
G

G
T

C
C

T
A

C

6
0

6
3

9
S

N
P

d

O
ra

n
g

e
g

en
e

O
r

F
-T

G
C

T
G

A
T

T
G

A
G

C
C

A
G

T
A

T
C

G

R
-T

G
Y

T
C

R
C

T
N

G
C

C
A

T
W

S
C

C
A

T

6
0

1
4

8
(1

)
6

5
5

8
0

3
D

Q
4

8
2

4
5

9
.1

(5
9

)

M
U

4
0

1
4

–
–

–
–

a
A

n
n

ea
li

n
g

te
m

p
er

at
u

re
o

f
th

e
p

ri
m

er
s

b
S

eq
u

en
ce

si
m

il
ar

it
y

at
p

ro
te

in
le

v
el

b
as

ed
o

n
tb

la
st

x
h

it
s.

P
er

ce
n

t
si

m
il

ar
it

y
is

sh
o

w
n

fo
r

lo
n

g
es

t
m

at
ch

in
g

st
re

tc
h

o
f

b
es

t
h

it
se

q
u

en
ce

la
b

el
ed

as
a

d
es

ir
ed

o
rt

h
o

lo
g

g
en

e
c

D
eg

en
er

at
iv

e
p

ri
m

er
s

w
er

e
fr

o
m

p
re

v
io

u
sl

y
p

u
b

li
ca

ti
o

n
(J

u
st

et
al

.
2

0
0

7
)

d
S

N
P

w
er

e
g

en
o

ty
p

e
w

it
h

d
ir

ec
t

se
q

u
en

ce
w

it
h

th
e

p
ri

m
er

s
d

es
ig

n
ed

fo
r

th
at

1348 Theor Appl Genet (2008) 117:1345–1359

123



project initiation, and only one structural carotenoid gene

had been published, phytoene synthase (Karvouni et al.

1995), degenerative primers were designed for eight

carotenoid structural genes. Homologous gene sequence

information (nucleotide and protein) was obtained for

several plants species (Arabidopsis, Citrus, Daucus, etc.)

from the NCBI database, and then aligned using ClustalX

(Thompson et al. 1997) to design 28 degenerative primers

originating from the most conserved genomic regions

examined. Published degenerative primers for some

carotenoid structural genes (Just et al. 2007) were also

evaluated for their utility in generating gene sequence

information. Additionally, the complete protein and

nucleotide sequences from the recently identified Or gene,

which is associated with the accumulation of b-carotene in

cauliflower (Brassica oleracea) (Lu et al. 2006), were

aligned using ClustalX, and four degenerative primers were

designed from highly conserved genomic regions.

Polymerase chain reactions (PCR) and PCR cycling

conditions were performed according to Zalapa et al.

(2007b), where annealing temperatures were adjusted

depending on the primers set (Table 1). After gel electro-

phoresis, unique amplicons were physically isolated,

purified using the Wizard SV Gel clean-up system (Promega

Corp., Madison, WI, USA), sequenced via BigDye termi-

nator chemistry, and then evaluated with other species

homologous using the NCBI Basic Local Alignment Search

Tool (BLAST; http://www.ncbi.nlm.nih.gov/BLAST).

Putative genes were declared if the BLAST results con-

tained matches in regions not covered by the original

degenerative primers. Sequence polymorphisms between

RIL parental lines were examined, and more specific pri-

mer sets flanking each polymorphism were then designed

(Table 1).

Melon SSR and cucumber EST evaluation

Three hundred and eighty-four SSR markers (31, Chiba

et al. 2003; 144, Ritchel et al. 2004;183, Fukino et al. 2007;

26, Gonzalo et al. 2005; Monforte, personal communica-

tion 2008), and 42 EST-SSR markers (Kong et al. 2006,

2007) were used to amplify parental DNA for polymor-

phism detection according to Zalapa et al. (2007b).

Parental screen was performed using capillary electropho-

resis employing fluorescent dUTP (ChromaTide Alexa

Fluor 546-14-dUTP, Invitrogen, CA, USA) in the PCR

reaction, and GeneMarker V1.5 software was used to

determine alleles sizes (Soft Genetics LLC, 2005). RIL

genotyping was performed using 4% (w/v) Metaphor

agarose (Lonza, NJ, USA) or capillary electrophoresis,

depending on differences in allele sizes.

One hundred and ninety-one cucumber (Cucumis sativus

L.) EST primers (Johnson, unpublished) were evaluated for

amplification in melon. Primers combinations that pro-

duced unique amplicons were purified using the Wizard SV

Gel clean-up system (Promega Corp., Madison, WI, USA),

and sequenced via BigDye terminator chemistry. Single

nucleotide polymorphisms (SNP) between RIL parental

lines were identified, and then utilized to develop cleaved

amplified polymorphic sequences (CAPS) markers using

appropriate restriction enzymes (RE). After performing

specific primer-based PCR, 5 ll of the recovered ampli-

cons were mixed with a 15-ll containing 1 U of RE and

buffer supplied by manufacturer, and subsequently incu-

bated for 2 h at temperatures that optimized RE. Digestion

products were then evaluated using 1% (w/v) agarose.

Linkage map construction

The degree of segregation distortion associated with newly

identified SSR and SNP markers was determined by marker

data comparison against the expected 1:1 ratio for RIL

using chi-square tests, where significant distortion was

declared at P \ 0.01 (Vuylsteke et al. 1999). Genotypic

data originating from RIL analysis conducted herein were

combined with previous map information (Zalapa et al.

2007b) to produce a matrix of 256 markers [104 SSR, 7

CAPS, 4 SNP, 140 dominant markers (104 RAPD, 29

AFLP, and 7 dominant SSR), and the a locus (andro-

monoecy)] for analysis.

A linkage map was constructed using MapMaker/EXP

3.0 (Lander et al. 1987), where markers were associated

with the group command at LOD = 5.0 and a recombi-

nation frequency value of 0.20. Markers within a group

were ordered using the Order command with LOD of 3.0.

The remaining markers were the located with the Try

command and the map order was re-tested using the Ripple

command. Map distances were calculated with the Kos-

ambi function. Some of the ordered groups were joined

using a LOD = 4.0 or 3.0 depending on the recombinant

distance between them, and the map order was then re-

tested using the Ripple command.

QTL mapping

Composite interval mapping (Zeng 1993, 1994) was per-

formed using Windows QTL Cartographer 2.5 (Wang et al.

2001–2004) with a walking speed of 1 cM and a window

size from 0.5 to 5.0 cM; up to 12 maximum background

marker loci were selected by stepwise forward regression

to reduce background effects. A QTL was declared sig-

nificant when the LOD score was higher than the LOD

threshold calculated using 1,000 permutations for an

experimental-wise (type I) error rate of P = 0.05.

Two-dimensional genome scans for detection of epi-

static interactions were performed by employing the
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Haley–Knott protocol (HK; Haley and Knott 1992) in R/qtl

(Broman et al. 2003) which identifies putative epistatic

interactions by pair-wise comparisons. The multi-point

genotype probabilities for the HK analysis were calculated

using the Calc.genoprob command with a step interval of

2 cM and error probability of 0.01. Two-dimensional

genome scans calculated LOD scores for the full (two QTL

plus interaction) and additive (two QTL but not interaction)

model, which were then used to calculate interaction LOD

scores by subtracting LOD full from LOD additive

(LODINT = LODFULL - LODADD). The LOD threshold

for the interaction was determined by 1,000 permutations

and an experimental-wise (type I) error rate higher of

P = 0.05 for both experimental locations (Experiment 1).

Results

Analysis of variance and heritabilities estimate

The QbC in RIL population ranged from 8.1 to 22.3 lg/g

in California, and 3.7 to 24.4 lg/g in the Wisconsin

Experiment 1 (2005 evaluation). The RIL population was

normally distributed in both locations, and the ANOVA

indicated significant (P B 0.001) RIL main effects and

environment 9 RIL interactions (data not presented).

Results of variance component analyses (Table 2) mirrored

those of the ANOVA [i.e., significant (P B 0.01) differ-

ences among RIL and environment 9 RIL interactions;

Table 2] when analyses were conducted over and by

location. RIL were also the largest variance component

either in combined or independent location analyses.

Spearman correlations (rs) between environments indicated

that the interaction between environment and RIL was due

to changes in trait magnitude and changes in the direction

of the response (i.e., RIL rank changes) in the locations

examined (rs = 0.51).

The hBS
2 for QbC was moderate with values ranging

from 0.56 (CA) to 0.68 (WI) (Table 2). The hBS
2 in com-

bined location analysis was 0.61. Regardless of location, all

hBS
2 estimates were at least twice the value of their standard

errors.

Parent and RIL comparisons

Given that parental performance differed between environ-

ments (Table 3) and significant RIL genotype 9 location

interaction effects (Table 2) were detected over years and

locations, data are hereafter presented by location. Although

QbC in parental and F1 fruits grown in California were

similar, fruits harvested from ‘Top-Mark’ (17.9 lg/g) in

Wisconsin contained, on average, more (P \ 0.05) b-caro-

tene than ‘USDA 846-1’ (11.3 lg/g) and F1 progeny

(11.8 lg/g), which were themselves similar (Table 3). These

Table 2 Variance components, percentage of variance component

contribution to the total variance, and broad-sense heritabilities (hBF
2 )

for b-carotene content (lg g-1) in melon (Cucumis melo L.)

recombinant inbred lines (RIL) derived from a cross between ‘USDA

846-1’ (P1) and ‘Top Mark’ (P2) grown at El Centro, CA and

Hancock, WI, 2005

Source of variation El Centro, CA Hancock, WI

Variance component Percent of total Variance component Percent of total

Block [B] 10.42 ± 11.7NS 36.0 1.54 ± 1.7NS 7.6

RIL 12.40 ± 2.6** 42.9 16.24 ± 2.9** 80.4

RIL 9 Block [RIL 9 B] 6.09 ± 1.2** 21.1 2.42 ± 1.0* 12.0

Total 28.91 20.20

h2
BF 0.56 ± 0.16 0.68 ± 0.17

Source of variation El Centro and Hancock

Variance component Percent of total

Location [L] 0 ± 1.4NS 0.0

Block (Location) [B(L)] 5.86 ± 4.5NS 27.4

RIL 9.18 ± 2.2** 29.6

RIL 9 Location [RIL 9 L] 6.33 ± 1.4** 43.0

Total 21.37

hBF
2 0.61 ± 0.14

(rs) 0.51**

NS not significant

*, ** The effect is significant at P B 0.05 and P B 0.01
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differences and similarities and attending GxE interactions

were confirmed in Experiment 2 (Table 3).

The mean QbC performance of ‘Top-Mark’ (17.9 lg/g)

was significantly different (P \ 0.05) from that of the RIL

population (13.8 lg/g) in Wisconsin (BLUE vs. BLUP

CI’s comparisons (Table 3). The location RIL BLUP QbC

values (lg/g) were similar across years [WI = 13.8 ± 0.9,

CA = 14.1 ± 1.8 (Experiment 1); WI = 11.4 ± 1.8,

CA = 12.4 ± 1.3 (Experiment 2)]. The lowest QbC values

in subset RIL were higher in California (aver-

age = 9.32 lg/g) than in Wisconsin (average = 6.62 lg/

g) regardless of growing season. Twenty-three RIL trans-

gressed the mean performance of either parent across

locations (8 RIL with higher and 15 RIL with lower QbC

than parents in WI and CA) (data not presented). Similarly,

fruit of six RIL had higher QbC than either commercial

variety (‘Sol Dorado’ and ‘Esteem’), whose values were

either higher or lower than the average of the RIL popu-

lation depending on location and year. Although the BLUP

QbC values across years indicated that six RIL (RIL-169,

RIL-49, RIL-122, RIL-75, RIL-61, and RIL-47) performed

similarly in both locations, RIL producing fruit having

lower QbC (\10 lg/g) were less sensitive to environ-

mental effects than their high b-carotene ([18 lg/g)

producing counterparts. Nevertheless, results indicated that

RIL performed consistently in each environment [i.e., no

rank changes among subset RIL (high vs. low) in Experi-

ments 1 and 2; Table 3].

Significant (P B 0.05) phenotypic correlations were

detected between QbC and some previously evaluated

traits (Zalapa et al. 2007b; Paris et al. 2008). Fruit weight

(FW) and average fruit weight (AWF) were positively

correlated with QbC in Wisconsin (r = 0.29 and r = 0.26;

respectively), but not in California. Similarly, mesocarp

pressure (MP, i.e., fruit firmness) was negatively correlated

with QbC only in Wisconsin (r = -0.41), and seed cavity

to fruit diameter ratio (CD) was positively correlated with

QbC in California (r = 0.23), but not in Wisconsin.

Table 3 Best linear unbiased estimations (BLUE’s) for b-carotene

content (lg g-1) of commercial melon (Cucumis melo L.) hybrids

‘Sol Dorado’, ‘Esteem’, and line ‘USDA 846-1’ (P1), ‘Top Mark’

(P2), and F1 progeny, and best linear unbiased predictions (BLUP’s)

for RIL population and related statistics as evaluated at Hancock, WI

and El Centro, CA, 2005 and 2006

Hancock, WI. El Centro, CA

Cultigen 2005a 2006b Cultigen 2005a 2006b

Sol Dorado 19.6 16.9 Sol Dorado 10.7 13.7

Esteem 11.3 10.7 Esteem 12.4 8.8

Top-Mark 17.9 a 11.4 a Top-Mark 13.28 a 10.47 a

USDA 846 11.3 b 8.6 b USDA 846 15.30 a 10.80 a

F1 11.8 b 10.6 b F1 12.57 a 9.88 a

RIL’s 13.8 ± 0.9 11.4 ± 1.8 RIL’s 14.1 ± 1.8 12.4 ± 1.3

CI (95%) lower 10.1 5.6 CI (95%) lower 5.8 8.3

CI (95%) upper 17.5 17.3 CI (95%) upper 22.3 16.5

Highest RIL-049c 24.4 20.5 Highest RIL-049c 22.3 22.9

RIL-045 23.5 15.1 RIL-064 19.7 12.3

RIL-024 23.0 16.9 RIL-067 19.7 10.43

RIL-124 22.8 16.3 RIL-144 18.9 11.4

RIL-066 21.0 20.4 RIL-028 18.2 14.8

Lowest RIL-122c 3.7 6.0 Lowest RIL-122c 8.1 6.8

RIL-075c 5.7 3.3 RIL-075c 8.8 6.3

RIL-063 6.4 10.7 RIL-061 8.8 9.3

RIL-047c 8.2 6.5 RIL-174 10.4 8.7

RIL-147 9.1 6.4 RIL-047c 10.5 9.5

rs across years 0.84** rs across years 0.78**

a Evaluation of all recombinant inbred lines (n = 81)
b Evaluation of sub-set of recombinant inbred lines (n = 20)
c RIL that transgressed mean of P1, or P2 and were consistent across location

Values are amount of b-carotene content (lg g-1) in the fresh flesh tissue of the fruit, extracted according to Simon and Wolff (1987), and

quantified by HPLC analysis

Values in columns followed with the same letter are not significantly different at 0.05 significance level

*, ** The effect is significant at P B 0.05 and P B 0.01, respectively
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Carotenoid related genes

Genomic sequences from eight structural carotenoid genes

and one carotenoid related gene were characterized using

degenerative primers (Table 1). Gene sequence informa-

tion regarding BOH-2 and VDE is not currently present in

the only publicly released EST melon library (International

Cucurbit Genomic Initiatives (ICuGI); access: July 2008,

http://www.icugi.org). However, since this library is solely

composed of partial gene sequences and given the ampli-

cons derived from the LyCB and Or sequence generated

herein originated from a unique and different protein

region, the partial sequence information obtained was

considered informative. In support of this contention, sin-

gle nucleotide polymorphisms (SNP) in four carotenoids

genes (PS, BOH-1, ZEP, and VDE; Table 1) were identi-

fied in structural elements of introns, and were, in turn,

used for RIL-based gene mapping.

The degenerative primers for the b-carotene hydroxy-

lase (BOH) gene produced two amplicons [684 and 599 bp

(base pair)] (data not presented). The posterior sequence of

both amplicons was indicative of gene duplication, where

inherent size differences resulted from intron sequence

variation. Although genomic sequence alignments were not

possible (i.e., intron sequences were too degenerate), the

partial nucleotide and protein sequence of the exon could

be aligned after intron deletion. The large and small

sequence fragments of BOH were designated gene BOH-1

and BOH-2, respectively. The nucleotide sequence of

melon EST accession MU9511 was found to have con-

siderable homology with BOH-1, and gene-specific primers

were designed using the intron sequence of each gene.

Subsequently, single nucleotide polymorphisms were

identified for BOH-1, but not for BOH-2.

SSR evaluation and cucumber EST

The parental screening identified 65 polymorphic SSR

markers which were identified from SSR arrays published

by Chiba et al. (2003; 6), Ritchel et al. (2004; 17), Fukino

et al. (2007; 27), Kong et al. (2006, 2007; 7), and Gonzalo

et al. (2005; 6, personal communication; Monforte 2008;

2). These SSR, in conjunction with 39 previously identified

polymorphic SSR in this RIL population (Zalapa et al.

2007b), allowed the use of 104 allele-variable SSR markers

in map construction. While about 61% (64 SRR) of this

SSR marker pool have previously been placed on various

melon maps (Perin et al. 2002a; Silberstein et al. 2003;

Gonzalo et al. 2005; Zalapa et al. 2007b; Fukino et al.

2008), 40 markers are unique to the map construction

herein. Regardless of marker origin, no segregation dis-

tortion was detected in this SSR marker array as evaluated

by RIL chi-square segregation analyses.

Fifty-three cucumber EST primers produced unique

amplicons in melon, where SNP were identified in nine

(CU2477, CU2527, CU2557, CU2522, CU6, CU2578,

CU468, CU340, and CU2484) of these primers (*17%).

Two cucumber EST markers (CU2477 and CU468) were

not used in marker construction since segregation distor-

tion was detected in RIL chi-square analysis. Comparative

analysis of the nine polymorphic EST-Cucumber sequen-

ces identified that CU2557, CU2522, CU6, CU2578,

CU468, CU340 and CU2484 were homologous to EST-

Melon MU4718, MU12036, MU10410, MU16153,

MU5734, MU3626, MU15536, respectively.

Linkage map construction

The 256 markers [104 SSR, 7 CAPS, 4 SNP, 140 dominant

markers, and one morphological trait (a)] employed for the

linkage analysis allowed for the construction of an initial

map consisting of 21 linkage groups (LG). These LG were

subsequently relegated to 12 linkage groups based upon

SSR markers that were common to previously published

melon genetic maps (Perin et al. 2002a; Gonzalo et al.

2005; Zalapa et al. 2007b; Fukino et al. 2008; Fig. 1).

Similarly, eight SSR markers that remained unlinked were

positioned in their corresponding LG using previously

published melon maps. The resulting map spanned

1180.2 cM, with a mean marker interval of 4.6 cM, where

the largest distance between any two markers was 22.3 cM

(CMTCN19 locus and OPS12_570; LG X).

QTL analysis

Composite interval mapping detected eight QTL, three in

California and five in Wisconsin (Table 4; Fig. 1). These

QTL were distributed over four LG such that one was

Fig. 1 Linkage map and locations of quantitative trait loci associated

with b-carotene content estimated in melon (Cucumis melo L.)

recombinant inbred lines (81) derived from a cross of ‘USDA 846-

1’ 9 ‘Top Mark’. Linkage numbers are designated according to Perin

et al. (2002a), and yield component QTL are designated using the

backbone map of Zalapa et al. (2007b), and quality QTL are

according to Paris et al. (2008). Italicized numbers (1-15), underlined

numbers (1–12) and, roman numerals (I–XII) correspond to linkage

groups in Zalapa et al. 2007b, Gonzalo et al. 2005 and Fukino et al.

2008, respectively. SSR markers are in bold, EST-SSR markers are

italicized and in bold, EST-Cucumber (Cucumis sativus L.) are in

bold and underline, Carotenoid related genes are italicized, bold and

underlined (see Table 1), and fn, fw, and scc designate fruit number,

fruit weight, and total soluble solids QTL, respectively, W refer to

QTL identified using Wisconsin data independently, C refer to QTL

identified in California data independently, W–C refer to QTL

identified using Wisconsin and California data collectively, *Markers

or groups of markers joint at LOD 4, **Markers or groups of markers

joint at LOD 3, Aligned of unjoined LG were based on syntentic

analyses employing common SSR markers with Gonzalo et al. (2005)

and Fukino et al. (2008)

c
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II
[(8) (8) (II)] 

III
[(2) (III)] 

β -car.2.1 W

β -car.2.3 C

β -car.1.2 W

I
[(3, 15) (6) (I)] 

*

β -car.1.1 W-C

β -car.2.2 W-C

CM070.0
CM492.1
OPAL8_9500.0
CM221.0
CMBR1476.3
CM178.6
CMCT44dom11.4
CMN23_4417.3
OPAE9_72524.7
OPAP13_95026.8
E14M48_18328.1
OPAJ3_57030.7
OPK4_83134.7
CMCT50543.4
OPAB11_50044.8
OPAU2_83045.4
CMCCA14546.0
TJ3dom47.3
BC413_80050.6
BC299_12552.5
BC318_75055.1
OPAL11_95056.4
OPAL11_125057.0
OPAP2_82061.8
OPAV11_65072.5
OPAC11_57077.8
TJ2780.9

CMMS35_30.0

E13M48_2940.0

BC551_5706.6
CMN07_7011.6

CMBR0410.0
CMBR1200.0
a0.0

E14M50_15919.6
OPAL9_75022.9
OPAR11_30023.5
OPAT15_55024.2
E13M51_20330.8
OPAL8_40038.4
CMMS_3_242.0

TJ2448.8
CMAGN6851.2
CMN01_1557.8
CMGT10860.3

OPAD14_40068.5
OPAP2_80070.6
OPAI9_25072.6

CMGA5985.4

GCM54891.7

CU25780.0

OPN8_12505.9

OPAD16_850cod25.1
OPAI17_75029.4

E25M17_16536.7
E19M61_32641.3
OPC13_130043.3

CMN22_850.0
CMCTN5b2.8
CMN01_020.0

ssc1.1 

CU6(Csf-2)0.0
CMN_B102.5

OPAI11_60015.7

OPM7_75028.3
CMTCTN4036.1
OPAV11_90037.5
CMN21_8241.0
CMN21_0643.7
CMN22_5446.5
OPAH14_120054.0
OPAV11_60061.1
OPAV11_40062.4
OPR13_40065.7
OPAJ20_83170.4
BC388_12571.0
CMGA127dom73.6

CMN05_6086.3

OPG8_40096.7
OPZ18_13750.0

CMBR09015.7

E16M54_7921.6

CMMS_15_432.7

CMTC16844.4

CMN21_6760.6
CMN23_4865.3

CMTCN4476.3
CMBR11679.5

*

*

IV
[(7) (10) (IV)] 

β-car.4.1 W, C, W-C

β -car.4.2 W

V
[(10) (4) (V)]

CMTC158dom0.0
CMTCN92.8

CMCTN3510.6

OPAG15_75022.7

OPAD19_55038.0

OPAB4_75045.9

VDE51.9
CMN05_690.0

CMBR1230.0

* β -car.6.2 W

*

*

VIII
[(1) (1) (VIII)] 

E25M60_2090.0

CMTTAN28dom11.7
OPF4_85013.7
OPAX6_550/ CMGAN2514.9
BC526_83115.5
OPR3_831/ TJ10dom16.1
BC641_12520.1
E18M58_18624.6

CMAT14136.7

CMN21_9542.0

E14M4_91048.3

OPAD19_120058.5

OPAT1_550cod76.2
CM0480.3

CMAGN470.0

CMCTT14413.7

CMAGN750.0

CMN04_0115.6
E24M48_13321.3
OPAE7_35022.9
E19M51_299/ OPC10_900
OPAD16_72523.5

E19M51_30227.2
OPAD16_137530.1
OPY51_25032.0
E14M48_14033.9
CMBR027/ CMBR053
CMBR09241.1

TJ3847.8
CMGAN2151.6

E19M54_24873.3
OPAD15_83077.4

E24M17_9184.6
E18M62_10086.7

CU252799.1

CMGA15105.7
CMGAN48107.9

CMTCN500.0
CMBR143/ CMBR1390.0

CMN21_87R7.5

OPO6_137514.7

E26M17_28621.8
E19M47_32826.0

CMMS_34_446.0

CU252255.0
BOH_157.0
OPAI8_80060.4
BC299_65066.7
CMTC12370.8
OPR11_70073.4
CMN21_3778.4

OPS12_130088.8
OPAX16_75092.0
OPV12_70092.7
CMBR002/ CMBR12599.7
BC413_750103.8
OPU15_564109.3
OPAG15_600/ OPAB11_550111.9
OPAB11_400/ BC641_500113.8
OPAH2_1375115.2

CSCT335124.6

OPAX6_400135.0

OPAT1_575142.5
CMTCN41/ OPC13_950144.4
OPR5_500148.4
E26M17_1780.0
OPAE2_12504.7
CMBR108/ CMBR0396.7
CMCTN380.0

VI
[(2) (12) (VI)] 

fn2.4 
β -car.6.1 C

VII
[(4) (3) (VII)] 
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located in LG I, two in LG II, three LG IV, and two in LG

VI. Additionally, one location-independent QTL was

detected in LG IV (b-car.4.1), totaling 7 QbC-associated

QTL. Three QTL detected in California and four detected

in Wisconsin were defined above the mapping threshold

(P B 0.001; LOD [ 4.0 and 4.3 for locations, respec-

tively). The proportion of the phenotypic variance

explained by a single QTL (R2) ranged from 8.0% (b-

car.4.2) to 31.0% (b-car.4.1). Two QTL (b-car.4.1 and, b-

car.2.2) detected in California must be considered as major

QTL (R2 [ 20%), and three QTL detected in Wisconsin

had R2 values between 12.0 and 14.0%. The direction of

allelic effects varied depending on specific QbC QTL,

where the effect on QbC was increased by some QTL

alleles (b-car.6.1, b-car.4.1, b-car.2.1, and b-car.2.3)

contributed by line ‘USDA 846-1’ or increased by QTL (b-

car.6.2, b-car.1.2 and, b-car.4.2) resident in ‘Top Mark’.

Composite interval mapping also detected three QTL

using Wisconsin and California collectively (Table 4;

Fig. 1). These QTL were distributed over three LG (LG I,

LG II, and LG IV) as defined by the mapping threshold

(P B 0.001; LOD [ 4.0), and thus must be considered

major QTL (R2 [ 20%). One QTL detected on LG I

(bcar.1.1) is located 25 cM apart from QTL b-car.1.2,

which was detected in Wisconsin. Similarly, a QTL

detected in LG II (b-car.2.2) resides near QTL bcar.2.1

and QTL b-car.2.3 as detected in Wisconsin and

California, respectively. Likewise, the third QTL was

positioned on LG IV at about the same position as the

independent location QTL b-car.4.1, thus it consider the

same QTL. Because of the stability of expression of b-

car.4.1 across growing locations, this QTL should be pre-

ferred for MAS.

Two-dimensional epistasis genome scans

The evaluation of 496 pair-wise genomic combinations

identified three and four putative epistatic interactions

(LOD [ 3) in Wisconsin and California, respectively (data

not presented). Since these interactions were location

dependent with LOD values lower than the established

LOD threshold [LOD [ 4.4 (P [ 0.05)], they were not

considered remarkable.

Discussion

Recently, considerable effort has been placed on the

identification of QTL associated with carotenoid pathways

and biosynthetic genes in tomatoes (Lycopersicon spp.;

Fulton et al. 2000), pepper (Capsicum spp.; Throup et al.

2000; Huh et al. 2001), carrots (Daucus spp.; Santos and

Simon 2002; Just et al. 2007), maize (Zea spp.; Wong et al.

2004), and wheat (Triticum spp.; Pozniak et al. 2007).
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Although these pathways may relate to health-related

aspects and the mode of b-carotene accumulation in melon,

the genetic analysis of carotenoids in this species is in its

infancy largely because of the lack of appropriate test

populations. Recently, melon mapping populations have

been developed using exotic PI accessions and elite vari-

eties differing in mesocarp color: white versus green,

orange versus green (Perin et al. 2002b; Monforte et al.

2004). These populations allowed for the study of fruit

color inheritance, but not to study QbC. In contrast,

although the parents of the RIL used herein typifying US

Western Shipping market type commercial melon did not

differ significantly in orange mesocarp pigmentation, the

derived RIL segregated widely for QbC (Table 3). Since

the RIL used vary in mesocarp color and QbC, this study

represents the first step towards understanding the genetics

of QbC and carotenoid-related genes in melon.

Environmental effects on quantity of b-carotene

Even though the effect of environmental factors (i.e.,

temperature, humidity, and soil) influencing QbC has been

described for some vegetable species (e.g., muskmelon,

Lester and Eischen 1995; sweetpotato, Manrique and

Hermann 2001), the G 9 E interactions associated with

QbC in melon are not well documented. In the present

study, locations differences were likely due, in large part,

to dramatic disparities in growing environments (i.e.,

temperature and humidity). For instance, the comparatively

higher temperatures during fruit set, development, and

maturation in California likely promoted rapid b-carotene

accumulation and rapid fruit development. In fact, com-

parative analysis of RIL across locations (Table 3), reveal

that QbC was in general lower in WI than in CA (e.g., RIL-

122, RIL-75, and RIL-047; Table 3). Although, GxE

interactions (i.e., ranking inconsistencies across location

within years) were detected in Experiment 1, QbC con-

sistency for high/low RIL within locations was confirmed

in Experiment 2 (RIL ranking; rs across year = 0.78 and 0.84,

CA and WI, respectively; Table 3). These results indicate

that selection to increase QbC in specific environments will

be achievable. However, although extensive location test-

ing might be required, it may be possible to identify and

select genotypes possessing a stable QbC across environ-

ments (e.g., RIL-49; Table 3). Since reliable QTL effects

across locations (experiments) are a prerequisite for

exploiting QTL in breeding programs (Bernardo 2002), the

consistent within-location RIL performance differences

described herein (Experiments 1 and 2) suggests that high

performance RIL can be used as donor parents in back-

crossing to elite germplasm with lower QbC to enhance

carotene content in derived progeny. Certainly the loca-

tion-independent QbC–QTL detected herein should be

considered for marker-assisted selection (MAS) to intro-

duce alleles conditioning high QbC.

Linkage map and SSR relationships

Moderately saturated melon genetic maps exist for melon

(Baudracco-Arnas and Pitrat 1996; Perin et al. 2002a;

Gonzalo et al. 2005), and those incorporating SSR markers

have been proposed for map merging experiments (Gonzalo

Table 4 Quantitative trait loci (QTL), linkage group position (LG),

associated logarithm of odd (LOD), percentage of explained pheno-

typic variation (R2), and additive effects for b-carotene content

estimated in a population of melon (Cucumis melo L.) recombinant

inbred lines (81) derived from a cross of line ‘USDA 846-1’ 9 ‘Top

Mark’ evaluated in El Centro, CA and Hancock, WI in 2005

Linkage group QTLa Location Position (cM) Nearest marker locusb LOD R2 (%) Additive effectc

I b-car.1.2 WI 77.8 OPAC11_570 6.06 12.0 -1.52

II b-car.2.1 WI 20.6 OPAR11_300 6.40 14.0 1.57

IV b-car.4.1 WI 0.0 CU6 (csf-2) 6.33 13.0 1.49

IV b-car.4.2 WI 72.0 BC388_125 3.96 8.0 -1.79

VI b-car.6.2 WI 142.5 OPAT01_575 4.62 9.0 -1.33

II b-car.2.3 CA 52.2 CMAGN68 6.82 20.0 1.96

IV b-car.4.1 CA 5.5 CMN_B10 9.01 31.0 1.92

VI b-car.6.1 CA 66.7 BC299_650 4.71 11.0 1.78

I b-car.1.1 WI-CA 52.5 BC299_125 9.24 20.0 -3.62

II b-car.2.2 WI-CA 43.1 CMMS_3_2 8.18 20.0 1.32

IV b-car.4.1 WI-CA 0.0 CU6 (csf-2) 9.69 22.0 1.31

QTL analysis was performed using data by location independently (e.g., WI or CA) and collectively (e.g., WI-CA)
a QTL designated by abbreviated trait name, linkage group name, and QTL number
b Nearest marker to peak of the detected QTL
c Additive effect as obtained from a composite interval mapping (CIM) model resident in QTL cartographer (Wang et al. 2001–2004) and

represent the effect from ‘USDA 846-1’

Theor Appl Genet (2008) 117:1345–1359 1355

123



et al. 2005). The Zalapa et al. (2007b; nomenclature by Perin

et al. 2002a) backbone-map used herein consists predomi-

nantly of dominant markers (1,116 cM over 15 LG with a

mean marker interval of 5.9 cM). Thus, since dominant

markers tend to over-estimate the total length of genetic

maps (Mackay 2001), the improved map construction

described herein sought to eliminate dominant markers (10

RAPD, and 4 AFLP) that were difficult to position, while

integrating an additional 65 SSR, 7 CAPS, and four SNP

markers to increase marker density (mean marker interval

4.6 cM; map length = 1,180 cM; Fig. 1). The introduction

of additional markers in this revised map undoubtedly

facilitated a reduction in LG number to the expected 12 by

joining resident small, independent LG (Fig. 1).

Genome homology allows for the comparative analysis

of cucurbit mapping populations where common QTL for

horticultural traits have been defined (Staub et al. 2007).

SSR markers, in fact, were used by Danin-Poleg et al.

(2000) to define colinearity among three melon maps

(Baudracco-Arnas and Pitrat 1996; Danin-Poleg et al.

1997; Oliver et al. 2001). However, such intra-species

comparisons may be complicated by inadequate numbers

of syntenic markers (Moore et al. 1993). At least 60–70

polymorphic SSR markers are required to define three to

four common markers per LG for map merging in melon

(Danin-Poleg et al. 2000). The 104 SSR markers resident in

our revised RIL-based melon map incorporates 64 SSR

markers common to maps of Gonzalo et al. (2005; 97

SSRs) and, Fukino et al. (2008; 124 SSRs), and thus will

allow for inter-map synteny/colinearity and QTL compar-

isons such as those defined in cucumber (Staub et al. 2007).

Carotenoid genes and quantity of b-carotene

None of the QbC-associated QTL identified herein closely

aligned with the four mapped carotenoid genes, except b-

car.6.1 (LG VI), which was *10 cM from BOH-1 gene

(Fig. 1). While the associated QTL alleles had a positive

additive effect on QbC (Table 4), BOH-1 alleles had a

negative additive effect, thus indicating that BOH-1 gene is

likely not associated with this QTL. The lack of associa-

tions between QbC–QTL and structural carotenoid gene

detected herein mirrors observations in tomato and carrot

(Fulton et al. 2000; Santos and Simon 2002; Just et al.

2007). Nevertheless, comparative map analysis using the

common SSR identified in this LG suggests that the QTL

b-car.6.1 and b-car.6.2 are syntenic with orange flesh color

QTL identified by Monforte et al. (2004).

At least 19 genes have been identified in the carotenoid

pathway (Cunningham and Gantt 1998). Also, recently

identified genes [Or (cauliflower) and DEETIOLATED1

(tomato)] associated with carotenoid accumulation were

found to be unrelated to the carotenoid biosynthesis pathway

(Lu et al. 2006; Davuluri et al. 2005). The location inde-

pendent QTL, b-car.4.1 (Calif; R2 = 31% LOD = 9.01 and

Wisc; R2 = 13.0%, LOD = 6.33), aligned with the gene

Csf-2 (cucumber EST CU6) identified in cucumber (Suyama

et al. 1999). This gene is highly expressed during cucumber

fruit development, and was found in a melon EST library

developed from mature fruits. Although their function is

currently unknown, they may be related to QbC. If true, then

the map location of other genes associated or not associated

with QbC should be aligned with the QbC–QTL defined

herein in an effort to confirm potential genetic relationships.

Moreover, the genomic sequence information defined herein

might be used to locate such QbC associated genes in other

melon market class mapping populations.

Breeding strategies for quantity of b-carotene

Six QTL identified herein explained a significant amount of

the observed variation for QbC (four QTL R2 [ 10%, and

two QTL [ 20%; Table 4), and have potential for use in

MAS. Nevertheless, the importance of G 9 E interactions

associated with these QTL (Experiments 1 and 2; Table 3)

suggests that MAS must be environment specific.

Identification and characterization of correlative and

epistatic effects associated with yield and quality compo-

nents in melon is critical to their strategic deployment in

MAS (Zalapa et al. 2007b; Paris et al. 2008). Even though

consistent location-independent epistatic interactions were

not detected, such interactions are undoubtedly important

in QbC. Classical populations (e.g., RIL) typically used to

map QTL, are often ineffective in detecting epistatic

effects (Causse et al. 2007). Therefore, the development

and comparative analysis of nearly isogenic lines differing

in QbC might be prescriptive for defining such effects in

this melon population.

Albeit relatively low, the positive correlation between

QbC and seed cavity to fruit diameter ratio (CD; r = 0.23)

identified in California should be considered during breeding

to improve genotypes, since high QbC and smaller CD are

both commercially desirable. Rigorous selection (high-

selection intensity) for increased QbC during the creation of

new lines may result in a concomitant undesirable increase in

CD value. The location-dependent QTL b-car.6.1

(R2 = 11.0%, LOD = 4.71, Table 4) is in the same genomic

region (LG VI, Fig. 1) as a QTL for fruit number (fn2.4;

R2 = 21.0%; LOD = 11.86; Zalapa et al. 2007b), where

both QTL have positive additive effects for increased QbC

and fruit number. Thus, these results and information

regarding the two major QTL (b-car.4.1, R2 = 31.0%,

LOD = 9.01; b-car.2.3, R2 = 20.0%, LOD = 6.82) iden-

tified in California (Table 4) suggest that high fruit number

and high QbC are likely achievable using MAS specific to

California environments.

1356 Theor Appl Genet (2008) 117:1345–1359

123



Marker-assisted selection has been effective for increas-

ing gain from selection (DG) for yield components in

cucumber, but its successful deployment depended on a

knowledge of source/sink relationships, G 9 E and epistatic

interactions (Fazio et al. 2003; Fan et al. 2006). In these

cases, appreciable DG was detected when selection was

practiced on some traits using QTL that explained relatively

small portions of the phenotypic variation (R2 = 5–20%).

Given that the QbC QTL identified herein in Wisconsin did

not explain substantial amounts of the phenotypic variation

(R2 = \20%; Table 4) and moderately low negative corre-

lations were detected between QbC and other economically

important traits, MAS maybe ineffective in facilitating dra-

matic DG for QbC in this population and environment. For

instance, the negative correlation between QbC and MP

(r = -0.41) must be considered during breeding since

selection for increased QbC could negatively change this

important fruit quality parameter (i.e., soft fruit). Neverthe-

less, the horticulturally important positive correlation

between QbC and AWF (r = 0.26) might be exploited since

selection could theoretically be employed to increase QbC in

large fruit sizes without significant reductions in yield.

Likewise, QbC-QTL b-car.1.2 (R2 = 12.0%, LOD = 6.06,

Table 4) mapped close to a QTL for fruit soluble solid (i.e.,

sugars) content [(ssc1.1), R2 = 10%; LOD = 6.0, Paris

et al., 2008], but have opposite phenotypic effects. Thus,

selection for positive QbC alleles contributed by ‘Top Mark’

may result in a concomitant reduction in fruit total soluble

solid content. Fine mapping of this region may, however, aid

in the identification of recombinant genotypes which carry

the positive allele for QbC without association with the

negative allele(s) for soluble solid content.

The development of improved, high yielding melon vari-

eties that bear high quality fruit is difficult (Paris et al. 2008).

The lack of genetic information relating to epistatic effects

between yield, quality and, nutrition components limits the

effective use of germplasm and the deployment of efficient

methodologies during melon breeding. Nevertheless, the RIL

populations used herein, having been phenotyped for yield

(Zalapa et al. 2007b), and quality (Paris et al. 2008), allow for

in depth studies of epistatic effects. Moreover, RIL with high

yield, quality and nutritional value (i.e., high QbC) identified

herein, could be used as donor parents in strategic back-

crossing to develop novel germplasm.
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