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Gene expression in developing watermelon fruit
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Abstract
Background: Cultivated watermelon form large fruits that are highly variable in size, shape, color,
and content, yet have extremely narrow genetic diversity. Whereas a plethora of genes involved in
cell wall metabolism, ethylene biosynthesis, fruit softening, and secondary metabolism during fruit
development and ripening have been identified in other plant species, little is known of the genes
involved in these processes in watermelon. A microarray and quantitative Real-Time PCR-based
study was conducted in watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai var. lanatus] in
order to elucidate the flow of events associated with fruit development and ripening in this species.
RNA from three different maturation stages of watermelon fruits, as well as leaf, were collected
from field grown plants during three consecutive years, and analyzed for gene expression using
high-density photolithography microarrays and quantitative PCR.

Results: High-density photolithography arrays, composed of probes of 832 EST-unigenes from a
subtracted, fruit development, cDNA library of watermelon were utilized to examine gene
expression at three distinct time-points in watermelon fruit development. Analysis was performed
with field-grown fruits over three consecutive growing seasons. Microarray analysis identified three
hundred and thirty-five unique ESTs that are differentially regulated by at least two-fold in
watermelon fruits during the early, ripening, or mature stage when compared to leaf. Of the 335
ESTs identified, 211 share significant homology with known gene products and 96 had no significant
matches with any database accession. Of the modulated watermelon ESTs related to annotated
genes, a significant number were found to be associated with or involved in the vascular system,
carotenoid biosynthesis, transcriptional regulation, pathogen and stress response, and ethylene
biosynthesis. Ethylene bioassays, performed with a closely related watermelon genotype with a
similar phenotype, i.e. seeded, bright red flesh, dark green rind, etc., determined that ethylene
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levels were highest during the green fruit stage followed by a decrease during the white and pink
fruit stages. Additionally, quantitative Real-Time PCR was used to validate modulation of 127 ESTs
that were differentially expressed in developing and ripening fruits based on array analysis.

Conclusion: This study identified numerous ESTs with putative involvement in the watermelon
fruit developmental and ripening process, in particular the involvement of the vascular system and
ethylene. The production of ethylene during fruit development in watermelon gives further support
to the role of ethylene in fruit development in non-climacteric fruits.

Background
Cucurbit species, including watermelon [Citrullus lanatus
(Thunb.) Matsum. & Nakai var. lanatus], produce large
edible fruits that serve as an important component in the
diets of people throughout the world [1]. In fact, water-
melon accounts for 2% of the world's total area devoted
to vegetable production [2]. In the United States, water-
melon is considered an extremely important agricultural
crop, with over 4.2 billion pounds being produced in
2006 and a fresh market value of $434 million [3].

Although there is narrow genetic diversity among water-
melon cultivars [4], watermelon fruits are diverse in
shape, size, rind thickness/color, in addition to flesh tex-
ture and color, sugar content, carotenoid and flavonoid
composition (and associated aroma and flavor), and
nutrient composition. There is considerable interest by
seed companies and watermelon growers in enhancing
watermelon fruit quality and nutritional values to address
consumer desires. Like fruits of most plant species, the
watermelon fruit undergoes sequential and rapid events
during development and ripening [5,6]. Early fruit devel-
opment involves rapid cell division, followed by a long
phase of cell expansion to form large vacuolated cells that
make up the flesh of watermelon fruits [7]. Cell expansion
involves changes in cell wall structure and continuous
accumulation (in the vacuoles) of carbohydrates, organic
acids, and different compounds needed to retain the
osmotic pressure and flow of water into the expanding
cells [8]. During fruit ripening there are changes in pig-
ments and aromatic volatiles, conversion of starch to sug-
ars, and increased susceptibility to post-harvest pathogens
[9]. The structural, biochemical, and physiological events
occurring during the cell expansion and ripening phase
make up the flavor, texture, and overall attractiveness of
the ripe fruits.

Ripening is influenced by hormones, light, temperature,
and developmental gene regulation [10]. Numerous stud-
ies have been conducted on a variety of plant species with
respect to genes associated with cell wall metabolism, eth-
ylene biosynthesis, and hormones affecting fruit set,
growth, and ripening in both climacteric and non-climac-
teric fruits [11-16]. These studies report on coordinated
expression of genes during growth and differentiation of

the various tissues of the developing and ripening fruits.
However, there is little information on genes controlling
these processes in watermelon, a non-climacteric fruit [3].
Identifying, mapping, and characterizing these genes will
be extremely useful to research and breeding efforts
directed toward improvement of this crop.

In a recent study, we reported the construction of a sub-
tracted and normalized cDNA library representing early
fruit development (green flesh;12 days after pollination,
(DAP), ripening stage (pink flesh; 24 DAP), and mature
fruit (red flesh; 36 DAP) of watermelon [3]. In that study,
we identified 832 EST-unigenes for watermelon fruit that
can be classified, based on homology, into the following
groups: metabolism, membrane transport, cytoskeleton
synthesis and structure, cell wall formation and cell divi-
sion, signal transduction, nucleic acid binding and tran-
scription factors, defense and stress response, and
secondary metabolism.

In this study, we utilize oligo-based microarrays and
quantitative Real-Time PCR (Q-PCR) to identify genes
modulated at differing stages of fruit development and
ripening. Microarrays were composed of probes designed
from 832 expressed sequence tags, derived from a fruit
developmental cDNA library, which was normalized and
subtracted against leaf [3]. These arrays were used to
examine gene modulation during non-climacteric [17]
fruit ripening at an early developmental stage (green
flesh), early ripening (pink flesh), and in full ripe fruit
(red flesh). A subset of these ESTs was further evaluated
with quantitative-PCR. Biological replication for this work
was performed over three consecutive years from field-
grown watermelon fruits. The results of this study will
serve as a basis for future investigations into genetic regu-
lation of non-climacteric ripening in this important agri-
cultural crop.

Results/Discussion
Microarray analysis
Microarray technology has proven to be an effective
means for transcriptome analyses in developing and rip-
ening fruits of different plant species, including strawberry
[15,18] and tomato [19,20]. Microarray analysis of
tomato facilitated the identification of new genes, such as
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transcription factors involved in fruit ripening, and genes
controlling fruit quality including those involved in
aroma, flavor, and pigmentation [19,20]. Cucurbits are
distinct among dicotyledonous plants, primarily because
of their ability to produce giant fruits with diverse shapes,
sizes, aroma, flavors and colors. There is little information
regarding expression of genes controlling fruit develop-
ment and quality in cucurbit crops, including watermelon
[3]. High-density photolithography-microarrays were
used to profile 832 EST-unigenes that were previously
identified from a subtractive watermelon fruit library [3].
The original subtractive library consisted of normalized
and subtracted (against leaf) transcripts from all three
time-points, thus differentiation of those transcripts from
each individual time-point was not possible using the
library alone. In addition, because of the nature of a sub-
tractive library, transcript modulation, i.e. gene induction
or repression, was not known. Of the 832 ESTs analyzed
using microarrays, 335 (40%) were found to be modu-
lated by at least two-fold (2x-ESTs) in at least one fruit tis-
sue type, specifically early fruit development (green), fruit
ripening (pink), and ripe (red) fruit collected in the first
(Biorep1) of three growing seasons. At a 1.5-fold cut-off,
605 (73%) of the ESTs were differentially expressed in
fruit development as compared to leaf tissue.

Of the 335 2x-ESTs identified by microarray analysis as
modulated in developing fruits, 239 (71%) showed sig-
nificant homology (e-values < 1 × 10-5) to genes discov-
ered in other plant species or other organisms. Based on
these homologies, 211 annotated 2x-ESTs can be classi-
fied into ten categories that include primary metabolism,
amino acid synthesis, processing and protein degradation,
membrane and transport, cell division, cytoskeleton, cell
wall and metabolism, DNA and RNA related gene expres-
sion, signal transduction and defense and stress related
genes (Figure 1; Additional File 1).

Quantitative Real- Time PCR (Q-PCR)
To validate the microarray data, we performed Q-PCR on
127 2x-ESTs using all three fruit tissue types in compari-
son to leaf from the second and third growing seasons
(Biorep 2 and Biorep 3, respectively) as shown in Figure 2
and Additional File 2. Ct values were compared between
fruit tissues and leaf, and these data were compared to the
microarray experiment using Biorep 1 and a 2-fold mod-
ulation cut-off. A high degree of correlation in terms of
up- or down- regulation was found among all three
Bioreps using the two detection methods. A total of 762
Q-PCR reactions of the three fruit tissue types and the two
biological replicates (Biorep 2 & 3) were performed in
duplicate. Twelve reactions failed in three trials leaving a
total of 750 reactions. Seventy-two of the seven hundred
and fifty (9.6%) tissue-type quantitative-reactions were in
conflict with the microarray results, thus 90.4% were in

agreement. When the individual fruit stages are consid-
ered separately, the Q-PCR results correlate well with the
microarray results in terms of up or down regulation as
follows: In early fruit (green fruit) 57.3% correlation
between all Bioreps, 88% for ripening (pink fruit) across
all Bioreps, and 72.7% for ripe (red fruit) across all
Bioreps. When microarray results are compared against
each individual Biorep, the results are as follows: in green
fruit, correlation of microarray data to Q-PCR data of
Biorep 2 and Biorep 3 is 81% and 71.8%, respectively;
pink fruit is 88% and 91%, respectively; and red fruit is
75.8% and 85.9%, respectively.

Overlapping and stage specific genes
One hundred and seventy-six 2x-ESTs used in the micro-
array study were induced in one or more fruit stages com-
pared to leaf (Figures 3 and 4; Additional File 3). Of these,
the greatest number of shared 2x-ESTs between the fruit
stages were those up-regulated in all three fruit stages (89
2x-ESTs). These up-regulated 2x-ESTs encode proteins
with homology to four NAM transcription factors, six
nodulin genes, two copine-related proteins, two proteins
involved in production or response to ethylene
(AL01006B1H12, AL01006B2H09), and four genes
involved in programmed cell death (AL01006A1G08,
AL010002000D06, AL01005A1D01, AL01005B2D01).
Interestingly, 2x-ESTs that encode homologs for two cal-
tractin-like proteins of which some members are involved
in nucleotide excision repair or intercellular transport
[21,22], are induced only at the ripe fruit stage.

One hundred and sixty-six 2x-ESTs were repressed in one
or more fruit stages as compared to leaf (Figure 1; Addi-
tional File 1). Of these repressed 2x-ESTs, many encode
homologs of proteins involved in the chloroplast, such as
plastid Tic40, plastid transcriptionally active 17, chloro-
plast ribosome recycling factor, plastid ribosomal protein
L11, and red chlorophyll catabolite reductase, as well as
electron transfer such as cytochrome b5 family protein,
cytochrome b5 reductase isoform II, and cytochrome
b561.

Ethylene production and watermelon fruit ripening
Many fruits classified as non-climacteric, such as citrus,
grape, and strawberry, have been shown to produce ethyl-
ene during fruit ripening [23-25]. Once a climacteric fruit
has reached full size, ripening begins through the produc-
tion of internal ethylene, followed by softening of the cell
walls, production of secondary compounds, as well as
changes in sugar content, flavor, and aroma [3]. In con-
trast, non-climacteric fruits, by classical definition, do not
exhibit the ripening -associated elevation in respiration
typical of climacteric fruits. Most climacteric fruits also
produce increased ethylene in concert with increased res-
piration. However, recent studies and microarray analysis
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List of 2x-ESTs that show at least two-fold differential expression by microarray analysisFigure 1
List of 2x-ESTs that show at least two-fold differential expression by microarray analysis. A total of 335 2x-ESTs 
were identified by microarray analysis that showed at least a two-fold difference in modulation as compared to leaf. These 2x-
ESTs were compared to similar sequences in the Entrez database by blastx analysis and the strongest known homology was 
identified. This figure shows the upper quartile, for the full image please see Additional File 1. The 2x-ESTs induced at least 
two-fold were highlighted in red whereas 2x-ESTs repressed at least two-fold were highlighted in green. Microarray-deter-
mined fold-change is shown for each 2x-EST for green, pink, and red flesh as compared to leaf.

Accesion Number EST-unigene E value Plant species Biorep1 Biorep1 Biorep1
green pink red

Primary Metabolism
AL01005A1F08 2-oxo acid dehydrogenase, lipoyl-binding site 3.00E-50 Medicago truncatula 1.98 1.87 2.50
AL01.68.C1.Contig65 3-oxo-5-alpha-steroid 4-dehydrogenase family 4.00E-84 Arabidopsis thaliana 10.64 14.83 10.28
AL010002000D04 ADP-glucose pyrophosphorylase large subunit 1 8.00E-23 Citrullus lanatus -3.25 -5.57 -2.84
AL01004X1H09 brassinosteroid-6-oxidase 5.00E-31 Vitis vinifera 4.64 2.32 1.98
AL01005A1G02 chloroplast ribosome recycling factor protein 1.00E-23 Spinacia oleracea -3.30 -3.23 -3.19
AL01005B2B06 chloroplast small heat shock protein 1.00E-42 Capsicum frutescens 8.82 9.43 10.04
AL010001000F09 copine-related 4.00E-43 Arabidopsis thaliana 3.13 3.03 3.55
AL010002000E09 cytochrome b5 family protein #4 2.00E-15 Arabidopsis thaliana -2.10 -1.41 -1.75
AL010002000B04 cytochrome b5 reductase isoform II 4.00E-50 Zea mays -2.32 -1.53 -2.10
AL01006A1A09 cytochrome b561 4.00E-22 Citrullus lanatus -4.00 -3.87 -2.48
AL010002000A05 cytochrome c oxidase 5.00E-23 Pinguicula sp. 2.67 2.53 3.02
AL01005B1E08 cytochrome P450 protein 2.00E-26 Arabidopsis thaliana 12.51 16.29 5.39
AL01.73.C1.Contig70 cytochrome P450-like protein 2.00E-76 Arabidopsis thaliana 6.92 7.89 4.67
AL010001000G11 dihydrolipoamide succinyltransferase 8.00E-35 Arabidopsis thaliana 1.20 1.71 2.25
AL01005B1B12 disulfide bond formation protein 6.00E-37 Arabidopsis thaliana 1.42 4.34 4.09
AL01.10.C1.Contig10 enoyl-CoA hydratase 3.00E-92 Arabidopsis thaliana -2.49 -2.19 -2.01
AL010002000C03 ent-kaurenoic acid oxidase 7.00E-70 Pisum sativum 2.87 2.51 2.04
AL01005B2C07 ent-kaurene synthase 7.00E-89 Cucumis sativus -2.03 -1.38 -1.50
AL01.57.C1.Contig54 epicotyl-specific tissue protein 7.00E-15 Striga asiatica  7.88 1.36 -1.20
AL010001000C11 ferredoxin III 4.00E-40 Musa acuminata 3.14 2.90 3.83
AL01.41.C1.Contig39 formate dehydrogenase, mitochondrial precursor 4.00E-76 Quercus robur 2.04 2.74 2.25
AL01005B2F12 Glutamine synthetase cytosolic isozyme 1 9.00E-67 Vitis vinifera 5.06 3.07 2.69
AL01004X1G06 hydrolase family protein 4.00E-31 Arabidopsis thaliana -3.16 -2.68 -2.92
AL01.88.C1.Contig84 lactoylglutathione lyase family protein 4.00E-72 Arabidopsis thaliana 9.05 8.80 4.22
AL01.61.C1.Contig58 lipase class 3 family protein 3.00E-43 Arabidopsis thaliana 12.26 7.95 4.84
AL01006A2G06 malate dehydrogenase 8.00E-103 Vitis vinifera 2.42 1.98 -1.24
AL010001000H04 malate dehydrogenase, glyoxysomal precursor 5.00E-72 Citrullus lanatus -6.58 -5.86 -3.49
AL01006B2E04 peroxidase ATP2a 9.00E-19 Arabidopsis thaliana 3.84 2.86 -2.65
AL01005B2F03 phosphoenolpyruvate carboxylase 2.00E-17 Cucumis sativus  -2.01 -1.80 -2.16
AL01005B2H10 plastid ribosomal protein L11 7.00E-72 Arabidopsis thaliana -5.17 -5.25 -4.27
AL01.9.C1.Contig9 pyruvate decarboxylase 3.00E-132 Solanum tuberosum 20.45 25.44 23.66
AL01004X1F12 red chlorophyll catabolite reductase 1.00E-76 Solanum lycopersicum 1.03 -2.35 -2.33
AL01005B2B03 short-chain dehydrogenase/reductase 2 3.00E-58 Lactuca sativa 12.32 4.72 8.67
AL01003X1F01 serine racemase 8.00E-13 Arabidopsis thaliana -1.73 -2.23 -1.72
AL01.63.C1.Contig60 specific tissue protein 2 2.00E-25 Cicer arietinum 25.74 5.68 3.15
AL01005A2H02 UDP-glucose 6-dehydrogenase 2.00E-126 Glycine max 1.32 1.26 2.04
AL01006A2B05 urate oxidase 3.00E-53 Vitis vinifera 2.61 2.77 1.51

Amino Acid Synthesis, Processing, and Protein Degradation
AL01004X1A03 60S ribosomal protein L37a 2.00E-46 Capsicum chinense 2.04 1.43 1.79
AL01004X1F08 alanine:glyoxylate aminotransferase 2 1.00E-42 Arabidopsis thaliana 3.83 1.76 -1.23
AL01003X1A10 asparagine synthase-related protein 5.00E-36 Elaeis guineensis 1.23 -1.26 -3.26
AL010002000H04 cyclophilin 4.00E-57 Citrus cv. Shiranuhi -1.48 -2.38 -1.97
AL01005B2E08 cysteine protease 1 3.00E-68 Actinidia deliciosa 2.92 1.60 1.33
AL01.7.C1.Contig7 hECT ubiquitin-protein ligase 3 3.00E-09 Brassica rapa 1.05 -1.89 -3.92
AL01005A2G12 OTU-like cysteine protease family protein 2.00E-49 Arabidopsis thaliana -2.35 -1.71 -1.51
AL01.49.C1.Contig46 papain-like cysteine peptidase XBCP3 4.00E-26 Arabidopsis thaliana 2.57 3.74 3.03
AL01005A2F07 prolylcarboxypeptidase-like protein 3.00E-75 Arabidopsis thaliana -1.39 -2.18 -2.22
AL01005A1B07 putative subtilisin-like protein 7.00E-69 Oryza sativa -2.13 -1.55 -1.96
AL010002000E11 S-adenosylmethionine decarboxylase 4.00E-66 Citrofortunella mitis -4.02 -1.39 -1.46
AL01003X1E05 serine-type peptidase 2.00E-70 Arabidopsis thaliana 2.10 2.59 3.25
AL01005A1H10 subtilisin 1.00E-05 Narcissus pseudonarciss 9.54 3.03 -1.14
AL01.74.C1.Contig71 subtilisin-type protease precursor 3.00E-105 Glycine max 21.75 20.23 7.99
AL01006A1G08 ubiquitin (UBA)/TS-N domain-containing protein 4.00E-11 Arabidopsis thaliana 2.77 3.77 4.34
AL010002000D06 ubiquitin-conjugating enzyme 8 6.00E-82 Capsicum annuum 2.32 2.35 1.99
AL01005A1D01 ubiquitin-protein ligase 5.00E-79 Arabidopsis thaliana 2.88 3.67 3.39
AL01006B2B08 ubiquitin-protein ligase 7 3.00E-57 Arabidopsis thaliana 1.04 2.23 1.71

Membrane and Transport
AL01.50.C1.Contig47 globulin-like protein 9.00E-27 Arabidopsis thaliana 25.70 41.54 12.26
AL01.55.C1.Contig52 integral membrane family protein 5.00E-15 Arabidopsis thaliana 3.27 2.93 3.03
AL01.83.C1.Contig79 annexin 2.00E-16 Fragaria x ananassa 2.11 3.93 3.97
AL01.85.C1.Contig81 gamma-soluble NSF attachment protein 1.00E-48 Arabidopsis thaliana 1.47 2.29 2.51
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Differential modulation of 127 2x-ESTs was confirmed by Q-PCR using two additional biological replicatesFigure 2
Differential modulation of 127 2x-ESTs was confirmed by Q-PCR using two additional biological replicates. 
One hundred and twenty seven 2x-ESTs that show differential modulation in the microarray (Biorep 1) were confirmed by Q-
PCR (Biorep 2 & Biorep 3). This figure shows the first half of these 2x-ESTs, for the full image please see Additional File 2. The 
2x-ESTs induced at least two-fold were highlighted in red whereas 2x-ESTs repressed at least two-fold were highlighted in 
green. Q-PCR fold inductions are shown for each 2x-EST for green, pink, and red flesh as compared to leaf.

Accesion Number EST-unigene Biorep1 Biorep1 Biorep1 Biorep 2 Biorep 2 Biorep 2 Biorep 3 Biorep 3 Biorep 3
green pink red green pink red green pink red

Microarray Microarray Microarray Q-PCR Q-PCR Q-PCR Q-PCR Q-PCR Q-PCR
Primary Metabolism
AL01.68.C1.Contig65 3-oxo-5-alpha-steroid 4-dehydrogenase family 10.64 14.83 10.28 4011.71 3114.96 1351.18 337.79 2320.15 8779.97
AL01004X1H09 brassinosteroid-6-oxidase 4.64 2.32 1.98 -1.18 3.33 1.37 -1.02 8 11.51
AL01005A1G02 chloroplast ribosome recycling factor protein -3.30 -3.23 -3.19 -12.42 -9.75 -12.55 -7.36 -16.91 -27.00
AL01005B2B06 chloroplast small heat shock protein 8.82 9.43 10.04 9.25 5.33 1.00 -1.39 60.34 62.90
AL010001000F09 copine-related 3.13 3.03 3.55 12.25 8.57 2.71 12.17 6.77 11.08
AL01005B1E08 cytochrome P450 protein 12.51 16.29 5.39 19.16 33.94 37.92 159.79 535.60 36.00
AL01.73.C1.Contig70 cytochrome P450-like protein 6.92 7.89 4.67 39.26 89.57 82.42 66.49 59.51 43.87
AL01005B1B12 disulfide bond formation protein 1.42 4.34 4.09 8.40 8.88 3.00 4.29 4.87 14.12
AL010002000C03 ent-kaurenoic acid oxidase 2.87 2.51 2.04 -1.52 3.67 2.06 9.06 9.61 8.22
AL01005B2C07 ent-kaurene synthase -2.03 -1.38 -1.50 -3.56 1.31 -1.78 1.33 1.12 1.51
AL01.57.C1.Contig54 epicotyl-specific tissue protein 7.88 1.36 -1.20 -1.38 54.19 897.64 25409.51 1282.73 1247.65
AL01.88.C1.Contig84 lactoylglutathione lyase family protein 9.05 8.80 4.22 15.67 30.48 16.11 12.34 14.88 9.71
AL01006A2G06 malate dehydrogenase 2.42 1.98 -1.24 13.22 33.24 16.45 28.74 19.16 8.03
AL01006B2E04 peroxidase ATP2a 3.84 2.86 -2.65 38.19 310.83 533.74 709.18 196.04 85.04
AL01005B2H10 plastid ribosomal protein L11 -5.17 -5.25 -4.27 -21.93 -14.67 -24.93 -12.68 -19.16 -14.62
AL01.9.C1.Contig9 pyruvate decarboxylase 20.45 25.44 23.66 297.14 546.85 75.06 47.67 408.73 1541.37
AL01.63.C1.Contig60 specific tissue protein 2 25.74 5.68 3.15 5.06 544.96 2998.45 12503.12 3565.78 2583.30

Amino Acid Synthesis, 
Processing
AL01004X1A03 60S ribosomal protein L37a 2.04 1.43 1.79 -4.03 1.22 -1.67 -1.39 -1.44 -1.89
AL01004X1F08 alanine:glyoxylate aminotransferase 2 3.83 1.76 -1.23 1.12 2.23 1.36 55.72 3.13 1.85
AL01005B2E08 cysteine protease 1 2.92 1.60 1.33 1.84 8.2 8.6 20.25 24.25 11.04
AL01.7.C1.Contig7 hECT ubiquitin-protein ligase 3 1.05 -1.89 -3.92 -5.64 1.34 -1.33 34.9 -2.99 1.65
AL01005A2G12 OTU-like cysteine protease family protein -2.35 -1.71 -1.51 -5.45 -1.11 -2.32 -1.24 1.58 2.35
AL010002000E11 S-adenosylmethionine decarboxylase -4.02 -1.39 -1.46 -7.81 -1.01 1.27 1.07 -1.05 2.10
AL01005A1H10 subtilisin 9.54 3.03 -1.14 39.40 99.04 29.65
AL01.74.C1.Contig71 subtilisin-type protease precursor 21.75 20.23 7.99 102.54 243.03 236.39 617.37 484.38 308.69
AL01006A1G08 ubiquitin (UBA) domain-containing protein 2.77 3.77 4.34 10.06 12.95 3.77 4.91 13.32 35.14
AL010002000D06 ubiquitin-conjugating enzyme 8 2.32 2.35 1.99 3.75 7.31 2.66 4.42 6.73 6.17
AL01005A1D01 ubiquitin-protein ligase 2.88 3.67 3.39 3.32 14.37 7.86 6.82 20.25 46.85
AL01006B2B08 ubiquitin-protein ligase 7 1.04 2.23 1.71 -1.96 2.62 1.89 3.39 6.13 10.67

Membrane and Transport
AL01.83.C1.Contig79 annexin 2.11 3.93 3.97 14.22 19.43 8.11 14.27 13.55 30.80
AL01006B1D09 coated vesicle membrane protein 2.38 2.48 2.46 -3.68 1.21 1.01 1.8 -1.11 1.26
AL01003X1C05 copine-related 2.97 2.65 3.50 9.65 4.52 1.73 19.49 6.73 19.36
AL01005A2F02 Embryo-specific 3;lipoxygenase 2.84 7.84 6.88 6.99 22.94 2.94 2.84 18.90 30.38
AL01.50.C1.Contig47 globulin-like protein 25.70 41.54 12.26 3578.15 5025.32 891.44 8.28 2530.14 7777.01
AL01006A2A10 heavy-metal-associated protein 2.76 3.74 4.13 12.13 14.47 6.50 2.52 6.43 24.17
AL01005A1D04 membrane protein 1.12 4.20 4.65 3.54 3.69 -3.97 -4.35 2.05 5.62
AL01006A1H12 peptide transport protein -2.06 2.31 1.13 18.32 26.08 9.09 -3.10 74.03 18.32
AL01005B2C12 plasma membrane H+-ATPase 7.68 10.81 12.85 52.71 73.52 23.51 1389.16 1108.97 4938.99
AL01006A1B03 putative indole-3-glycerol phosphate synthase -2.73 -2.26 -2.45 -9.42 -3.36 -7.34 -4.07 -3.69 1.4
AL01006A1B09 sugar transporter 6.39 6.96 1.44 39.26 146.02 115.36 130.24 118.19 52.89
AL01005B2A04 sugar transporter-like protein -6.88 -6.62 -5.85 -25.9 -5.64 -7.65 -9.48 -7.97 -6.7
AL01003X1B03 tonoplast monosaccharide transporter 3.02 2.80 2.09 -1.73 4.53 5.37 6.04 13.41 2.78
AL010002000F03 type IIB calcium ATPase -3.93 -2.24 -2.99 -18.70 -2.61 -2.41 -1.65 -2.87 -15.94

Cytoskelaton
AL01005A2B04 alpha-tubulin 7 2.78 2.03 1.18 1.13 1.78 -1.13 -1.36 2.38 2.63

Cell Wall and Metabolism
AL01.48.C1.Contig45 caffeoyl-CoA O-methyltransferase 4.63 10.50 8.90 1.39 10.67 6.43 1.18 4.74 39.40
AL01006B1C05 copper-containing amine oxidase 9.51 6.88 1.64 6.43 69.07 24.76 6.02 126.24 46.37
AL01006B1D10 expansin-like protein 1.23 1.07 5.75 22.78 43.26 6.82 17.33 39.12 69.55
AL01004X1D12 fiber protein Fb19 10.11 9.95 12.39 56.10 63.34 27.76 47.34 107.26 112.60
AL01006A2E04 hydroxyproline glycoprotein family protein 2.16 2.04 2.63 8.22 22.86 9.35 41.64 105.05 87.73
AL01005B1B11 invertase/pectin methylesterase inhibitor -11.64 -12.63 -13.30 -17.63 -1.09 1.97 -1.14 1.14 -9.82
AL01006A1H06 LIM domain protein PLIM1 2.91 5.98 4.73 8.31 12.08 5.92 6.13 13.45 44.48
AL01004X1B06 microtubule-associated protein 1.85 1.96 2.21 1.88 7.36 3.58 11.16 9.38 14.27
AL01005B2A05 pEARLI 1 / extensin-like protein 13.86 12.79 11.46 390.72 1024.00 831.75 7332.05 8335.19 28231.14
AL01.84.C1.Contig80 pectin methylesterase -1.48 -6.22 -4.61 -1038.29 -3.32 -2.58 3.06 -15.83 -903.89
AL01.58.C1.Contig55 phloem filament protein PP1 4.68 -3.55 -3.65 -32.33 1.14 5.15 522.76 6.94 2.39
AL01003X1D01 proline-rich protein -5.10 -14.45 -20.16 -148.57 -1.81 3.39 13.41 -2.03 -38.45

DNA, RNA Related,
Gene Expression
AL01005A1A10 Auxin-responsive protein IAA22 6.53 4.16 2.60 54.76 79.62 99.04 1.27 184.82 96.67
AL01005A1E10 CCAAT-box binding factor HAP5 homolog 2.05 2.18 2.09 1.57 7.14 3.06 2.54 5.33 11.31



BMC Genomics 2008, 9:275 http://www.biomedcentral.com/1471-2164/9/275
of non-climacteric fruits indicate that ethylene and/or
modulated sensitivity to ethylene might participate in
physiological changes during non-climacteric fruit devel-
opment [23-29]. Indeed, many non-climacteric fruits,
including watermelon, are highly sensitive to exogenous
ethylene [17].

Differential expression of homologs of genes involved in
ethylene biosynthesis (ACC oxidase) and ethylene signal
transduction [ethylene receptor Cm-ETR1, ethylene insen-
sitive (EIN3/EIL)-like transcription factor, ethylene-
responsive binding protein (EREBP), ethylene response
factor (ERF)] was observed in our analysis. A homolog for
ACC oxidase was induced in almost all fruit stages exam-
ined in watermelon. Also, a homolog for an ethylene
receptor, Cm-ETR1 was induced in watermelon fruits.
Strawberry exhibits an increase in ethylene receptor tran-
scripts when the fruit matures from large green to white,
concurrent with an increased synthesis of ethylene pro-
duction [25]. This increase in ethylene production has
also been seen in citrus, another non-climacteric fruit,

where the young fruitlets produce relatively high ethylene
levels that decrease at later developmental stages [24]. A
homolog for an ethylene insensitive transcription factor
(EIN3/EIL) was repressed in fruit stages examined in
watermelon. This has also been shown in tomato where
three orthologs, LeEIL1, LeEIL2, and LeEIL3 are all
expressed at a higher level in leaf as compared to fruit
[30]. A homolog for ERF was up-regulated in all three rep-
licates for all watermelon fruit stages. A homolog for S-
adenosylmethionine decarboxylase, an enzyme involved
in polyamine biosynthesis, is highly down-regulated in
green fruit in two replicates in watermelon. Ethylene and
polyamine biosynthesis compete for S-adenosylmethio-
nine (SAM) when its supply is low [31], thus it appears
that competition for SAM may occur at the green stage of
watermelon fruit development.

To determine if ethylene is involved in fruit ripening in
non-climacteric watermelon, we measured the amount of
ethylene being produced in the watermelon cultivar
'Sugar Baby', one of the most popular red flesh water-
melon cultivars [32]. At the green fruit stage, 'Sugar Baby'
produced about 1.8 nl of ethylene/hr/fruit (Figure 5). As
the fruit continued to develop, there was a marked
decrease in ethylene production until, in the red fruit, eth-
ylene synthesis is below detection level (Figure 5). Thus,
from these data we show that ethylene production is high-
est in the green fruit stage of watermelon and decreases in
later developmental stages, similar to citrus [24,25]. To
our knowledge, this is the first time ethylene production
has been measured in watermelon during fruit ripening.
Our data, as well as EST-derived expression analyses of
other non-climacteric fruits, highlight the need for re-
examination of the role that ethylene may play in non-cli-
macteric fruits [33].

Vascular Development-Xylem
Tracheary elements (TE) are specialized cells in the xylem
that transport water and solutes [34]. Normally derived
from the procambium and cambium, TE differentiation
can be divided into five stages of development: (1) early
xylem differentiation, (2) cell expansion, (3) secondary
cell wall deposition, followed by (4) programmed cell
death (PCD), which leads to the formation of a (5)
mature TE [34]. Of the watermelon 2x-ESTs identified in
this study, 29 2x-ESTs have homologs that are associated
with TE differentiation (Figure 1; Additional File 1).

Tracheary elements have been extensively studied using
the Zinnia elegans mesophyll cell system. These studies
have shown that genes expressed during the initial phases
of TE differentiation (stage 1) include those involved in
wound response, such as protease inhibitors, and those
involved in protein synthesis, such as ribosomal proteins
and elongation factor genes [29,35]. In addition, calcium

Venn diagram of 176 induced 2x-ESTsFigure 3
Venn diagram of 176 induced 2x-ESTs. Venn diagram 
showing the overlapping and stage-specific genes up-regu-
lated in flesh tissue of watermelon fruit at three stages of 
development; green (12-days after pollination), pink (24-days 
after pollination) and red (36-days after pollination). Eighty-
nine genes were expressed at all stages of development; 
some genes were stage specific (green 23; pink 10; and red 
15) while others were overlapping in two stages (for gene 
identity see Figure 4 and Additional File 3).
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The 2x-ESTs that are differentially modulated at a specific fruit stage compared to leaf as determined by microarray analysisFigure 4
The 2x-ESTs that are differentially modulated at a specific fruit stage compared to leaf as determined by 
microarray analysis. One hundred and seventy-six 2x-ESTs that exhibit induction in one or more fruit types with a false dis-
covery rate (FDR) of less than 0.05 were identified. This figure shows the first 60 of these 2x-ESTs, for the full image please see 
Additional File 3.

Accesion Number EST-unigene Microarray FDR Microarray FDR Microarray FDR Timepoint

Primary Metabolism
AL01.41.C1.Contig39 formate dehydrogenase 2.04 1.54E-12 2.74 1.62E-14 2.25 2.98E-13 12, 24 &36
AL01.61.C1.Contig58 lipase class 3 family protein 12.26 3.30E-16 7.95 3.65E-15 4.84 1.32E-13 12, 24 &36
AL01.63.C1.Contig60 specific tissue protein 2 25.74 8.44E-19 5.68 1.46E-15 3.15 3.37E-13 12, 24 &36
AL01.68.C1.Contig65 3-oxo-5-alpha-steroid 4-dehydrogenase family 10.64 1.08E-17 14.83 2.13E-18 10.28 1.70E-17 12, 24 &36
AL01.73.C1.Contig70 cytochrome P450-like protein 6.92 1.04E-16 7.89 4.71E-17 4.67 1.96E-15 12, 24 &36
AL01.88.C1.Contig84 lactoylglutathione lyase family protein 9.05 5.03E-17 8.80 6.10E-17 4.22 1.17E-14 12, 24 &36
AL01.9.C1.Contig9 pyruvate decarboxylase 20.45 3.41E-20 25.44 2.35E-20 23.66 4.23E-20 12, 24 &36
AL010001000C11 ferredoxin III 3.14 1.79E-15 2.90 4.57E-15 3.83 2.38E-16 12, 24 &36
AL010001000F09 copine-related 3.13 7.32E-14 3.03 1.03E-13 3.55 1.70E-14 12, 24 &36
AL010002000A05 cytochrome c oxidase 2.67 5.04E-13 2.53 1.02E-12 3.02 9.77E-14 12, 24 &36
AL010002000C03 ent-kaurenoic acid oxidase 2.87 2.33E-12 2.51 1.37E-11 2.04 4.08E-10 12, 24 &36
AL01005B1E08 cytochrome P450 protein 12.51 1.63E-18 16.29 3.31E-19 5.39 2.17E-16 12, 24 &36
AL01005B2B03 short-chain dehydrogenase/reductase 2 12.32 2.34E-18 4.72 9.16E-16 8.67 1.70E-17 12, 24 &36
AL01005B2B06 chloroplast small heat shock protein 8.82 3.67E-18 9.43 2.18E-18 10.04 2.00E-18 12, 24 &36
AL01005B2F12 Glutamine synthetase cytosolic isozyme 1 5.06 1.04E-15 3.07 1.28E-13 2.69 6.59E-13 12, 24 &36
AL01004X1H09 brassinosteroid-6-oxidase 4.64 3.37E-16 2.32 8.50E-13 1.98 1.45E-11 12 & 24
AL01006A2B05 urate oxidase 2.61 5.41E-14 2.77 2.35E-14 1.51 3.44E-09 12 & 24
AL01006B2E04 peroxidase ATP2a 3.84 5.00E-15 2.86 1.28E-13 -2.65 3.37E-13 12 & 24
AL01005B1B12 disulfide bond formation protein 1.42 1.08E-07 4.34 7.67E-16 4.09 1.42E-15 12 & 36
AL01.57.C1.Contig54 epicotyl-specific tissue protein 7.88 1.63E-18 1.36 6.42E-08 -1.20 2.72E-05 12 only
AL01006A2G06 malate dehydrogenase 2.42 7.11E-14 1.98 2.14E-12 -1.24 6.62E-06 12 only
AL010001000G11 dihydrolipoamide succinyltransferase 1.20 4.27E-05 1.71 8.27E-11 2.25 3.37E-13 36 only
AL01005A1F08 2-oxo acid dehydrogenase, lipoyl-binding site 1.98 1.44E-12 1.87 4.70E-12 2.50 2.96E-14 36 only
AL01005A2H02 UDP-glucose 6-dehydrogenase 1.32 3.66E-07 1.26 3.99E-06 2.04 1.72E-12 36 only

Amino Acid Synthesis, Processing, and Protein Degradation
AL01.49.C1.Contig46 papain-like cysteine peptidase XBCP3 2.57 1.25E-14 3.74 1.56E-16 3.03 1.54E-15 12, 24 &36
AL01.74.C1.Contig71 subtilisin-type protease precursor 21.75 4.71E-18 20.23 6.03E-18 7.99 6.77E-16 12, 24 &36
AL01003X1E05 serine-type peptidase 2.10 4.42E-12 2.59 1.53E-13 3.25 8.98E-15 12, 24 &36
AL01005A1D01 ubiquitin-protein ligase 2.88 3.04E-14 3.67 1.92E-15 3.39 4.36E-15 12, 24 &36
AL01006A1G08 ubiquitin (UBA)/TS-N domain-containing protein 2.77 2.81E-14 3.77 8.03E-16 4.34 2.38E-16 12, 24 &36
AL010002000D06 ubiquitin-conjugating enzyme 8 2.32 1.37E-13 2.35 1.07E-13 1.99 1.80E-12 12 & 24
AL01005A1H10 subtilisin 9.54 4.31E-18 3.03 3.83E-14 -1.14 0.0026 12 & 24
AL01004X1A03 60S ribosomal protein L37a 2.04 6.28E-12 1.43 4.83E-08 1.79 8.61E-11 12 only
AL01004X1F08 alanine:glyoxylate aminotransferase 2 3.83 2.83E-14 1.76 2.62E-09 -1.23 0.0003524 12 only
AL01005B2E08 cysteine protease 1 2.92 2.59E-15 1.60 1.54E-10 1.33 7.61E-08 12 only
AL01006B2B08 ubiquitin-protein ligase 7 1.04 0.356 2.23 1.31E-11 1.71 2.36E-09 24 only

Membrane and Transport
AL01.50.C1.Contig47 globulin-like protein 25.70 9.38E-20 41.54 2.35E-20 12.26 1.36E-18 12, 24 &36
AL01.55.C1.Contig52 integral membrane family protein 3.27 1.56E-15 2.93 5.46E-15 3.03 3.74E-15 12, 24 &36
AL01.83.C1.Contig79 annexin 2.11 7.50E-13 3.93 2.48E-16 3.97 2.38E-16 12, 24 &36
AL01003X1B03 tonoplast monosaccharide transporter 3.02 7.96E-15 2.80 1.98E-14 2.09 1.67E-12 12, 24 &36
AL01003X1C05 copine-related 2.97 5.78E-14 2.65 2.34E-13 3.50 8.13E-15 12, 24 &36
AL01005A2F02 Embryo-specific 3;lipoxygenase 2.84 5.88E-14 7.84 8.65E-18 6.88 2.31E-17 12, 24 &36
AL01005B2C12 plasma membrane H+-ATPase 7.68 2.34E-18 10.81 3.03E-19 12.85 2.18E-19 12, 24 &36
AL01006A2A10 heavy-metal-associated  protein 2.76 3.94E-15 3.74 1.36E-16 4.13 5.68E-17 12, 24 &36
AL01006B1D09 coated vesicle membrane protein 2.38 4.11E-13 2.48 2.17E-13 2.46 2.41E-13 12, 24 &36
AL01006A1B09 sugar transporter 6.39 7.51E-15 6.96 3.97E-15 1.44 8.70E-06 12 & 24
AL01.85.C1.Contig81 GAMMA-SOLUBLE ATTACHMENT PROTEIN 1.47 3.36E-09 2.29 1.31E-13 2.51 3.22E-14 12 & 36
AL01005A1D04 membrane protein 1.12 0.002 4.20 7.56E-17 4.65 3.29E-17 12 & 36
AL01006B2F09 chloroplast ATP/ADP translocator 2.17 7.50E-13 1.97 4.54E-12 2.21 5.45E-13 12 & 36
AL01006A1H12 peptide transport protein -2.06 7.84E-13 2.31 1.15E-13 1.13 0.0010 24 only

Cell Division
AL01004X1A02 phagocytosis and cell motility protein ELMO1 9.33 2.01E-16 4.06 8.28E-14 1.81 6.69E-09 12 & 24

Cytoskelaton
AL01005A2B04 alpha-tubulin 7 2.78 2.63E-13 2.03 3.35E-11 1.18 0.0007 12 & 24
AL01003X1A01 caltractin / centrin 1.43 8.55E-09 1.59 3.15E-10 2.02 1.05E-12 36 only
AL01006B2D03 Caltractin (Centrin) 1.62 6.19E-11 1.66 3.21E-11 2.35 3.09E-14 36 only

Cell Wall and Metabolism
AL01.48.C1.Contig45 caffeoyl-CoA O-methyltransferase 4.63 8.68E-17 10.50 3.44E-19 8.90 1.14E-18 12, 24 &36
AL01004X1D12 fiber protein Fb19 10.11 1.75E-18 9.95 1.42E-18 12.39 7.24E-19 12, 24 &36
AL01005B2A05 pEARLI 1 / extensin-like protein 13.86 9.77E-20 12.79 1.04E-19 11.46 2.40E-19 12, 24 &36
AL01006A1H06 LIM domain protein PLIM1 2.91 6.61E-13 5.98 7.19E-16 4.73 4.44E-15 12, 24 &36
AL01006A2E04 hydroxyproline-rich glycoprotein protein 2.16 1.01E-12 2.04 2.75E-12 2.63 4.80E-14 12, 24 &36
AL01006B1E08 galactosyltransferase 3.17 3.00E-16 4.48 1.03E-17 4.04 2.71E-17 12, 24 &36
AL01006B1C05 copper-containing amine oxidase 9.51 8.71E-18 6.88 6.66E-17 1.64 3.38E-09 12 & 24
AL01005A2C07 nitrate-induced NOI protein 1.77 2.59E-11 2.13 5.89E-13 2.32 1.49E-13 12 & 36
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and calmodulin are required during the early stages of TE
formation [31]. Seven calcium or calmodulin binding EST
homologs, including a homolog for calmodulin, are dif-
ferentially regulated in watermelon during one or more of
the developmental stages.

During the next phase of TE development (stage 2–3) in
the Zinnia system, the cytoskeleton undergoes changes as
tubulin transcripts increase, causing a corresponding
increased in the number of microtubules [29]. These
microtubules form bands that mark the sites where cellu-
lose, lignin, hemicellulose, and proteins will be deposited
to form the secondary cell wall [34]. The cellulose syn-
thase complex and hemicelluloses are transported to these
microtubule sites by vesicles [34]. The hormone gibberel-
lin plays an important role in TE differentiation and ligni-
fication, as suppression of gibberellin biosynthesis in
Zinnia results in suppression of lignification in TE cells
[36]. A microtubule-associated protein homolog and a
tubulin homolog were up-regulated during watermelon
fruit development. Also, a homolog for Caffeoyl-CoA O-
methyltransferase, an enzyme involved in lignin deposi-
tion in differentiating TEs in Zinnia [37], was highly up-
regulated in the pink and red fruit stage of watermelon.
Two genes homologous to those involved in the biosyn-
thesis of gibberellins, ent-kaurene synthase and ent-kaure-
noic acid oxidase, were differentially regulated in
developing and ripening watermelon fruits.

Brassinolides have been shown to be required before sec-
ondary cell wall formation and autolysis occur in trache-
ary cells [35]. Arabidopsis brassinolide biosynthesis

mutants such as cpd, dwarf7, and det2 have fewer xylem
cells than wild-type [34]. In watermelon, 3-oxo-5-alpha-
steroid 4-dehydrogenase and brassinosteroid-6-oxidase,
both enzymes involved in brassinolide biosynthesis, are
highly up-regulated in most watermelon stages examined.

In the maturing TE, after the secondary cell wall is formed,
the vacuole collapses and releases proteases, DNAses, and
RNAses, at which point PCD occurs (stage 4) [34]. Genes
involved with PCD were highly up-regulated during all
stages of development and fruit ripening in watermelon.
This can be an indication that continuous TE formation is
an integral part of watermelon fruit development. Two
putative ubiquitin ligases (AL01005A1D01,
AL01006B2B08), one ubiquitin-conjugating enzyme
homolog, as well as an ubiquitin were induced in nearly
all watermelon fruit development stages. Two cysteine
protease/peptidase homologs (AL01005B2E08,
AL01005A2G12) and two subtilisins were induced in at
least one fruit developmental stage in our study. The
increased activity of protein degradation machinery is
characteristic of PCD and supports our hypothesis that TE
formation is an inherent trait of watermelon fruit devel-
opment.

Transcription factors that regulate xylogenesis have been
identified in previous studies, among these are the NAM,
ATAF, and CUC (NAC) family of transcription factors, of
which several have been found to be preferentially
expressed in developing wood, differentiating TEs, and
during secondary cell wall thickening [38]. In Arabidopsis,
seven vascular-related NAC-domain (VND) genes were
preferentially expressed during xylogenesis of which two,
VND6 and VND7, have been further characterized to
show that ectopic expression of these transcription factors
can cause trans-differentiation of differentiated cells into
metaxylem- and protoxylem- like vessel cells [38]. Fur-
thermore, ectopic expression of the NAC secondary wall
thickening promoting factor (NST) 1 and 2 genes in Ara-
bidopsis resulted in ectopic secondary cell wall thickening
in various tissues and epidermal cells with ectopic thick-
ening had structural features similar to TEs [39]. In our
study, three NAC protein homologs were found to be con-
sistently up-regulated in developing and ripening water-
melon fruits (AL01.82.C1.Contig78,
AL01.70.C1.Contig67, AL01004X1E11). We conjecture
that these transcription factors may play a similar role in
vascular differentiation as has been shown in other spe-
cies [38].

Vascular Development-Phloem
Six nodulin protein homologs were up-regulated during
fruit development and ripening in watermelon
(AL01.0.C1.Contig1, AL01.69.C1.Contig66,
AL01005A2B11, AL01003X1E03, AL01006A1C09,

Ethylene production during fruit developmentFigure 5
Ethylene production during fruit development. The 
watermelon cultivar 'Sugar Baby' was grown and ethylene 
production was measured during the green, white, pink and 
red fruit developmental stages.
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AL01006A2D05). Other fruit ripening studies have
reported similar differential expression of nodulin-related
genes despite these plants being non-symbiotic [40-42]. A
recent study in Arabidopsis identified an early nodulin-like
protein that localizes to the plasma membrane of differ-
entiating and mature sieve elements [43]. Sieve elements
are the conductive cells of the phloem. It is possible that
these up-regulated nodulin genes may play a role in
phloem function in watermelon.

The phloem sieve elements contain proteinacious fila-
ments and aggregates called P-proteins [44]. In Cucurbits,
the phloem filaments are composed of phloem filament
protein PP1 and the phloem lectin PP2. In our study, a
homolog for the phloem filament protein PP1
(AL01.58.C1.Contig55) was differentially regulated in
developing and ripening watermelon fruits in all three
replicates. Besides the structural proteins, the phloem
translocation stream has an antioxidant defense system,
thought to provide defense against reactive oxygen species
[45]. In accordance, the antioxidant protein peroxidase
(AL01006B2E04) is up-regulated in all three bioreps in
the green and pink fruit stages.

The process called phloem unloading allows sugars to be
moved from sieve elements to recipient sink cells in the
developing fruit [46]. These sink cells enlarge as H+
ATPase and H+ pyrophosphatase drives transport of sug-
ars, minerals, and organic acids into the vacuole [47].
Accordingly, increased expression was seen in homologs
of genes involved in sugar transport such as plasma mem-
brane H+ATPase (AL01005B2C12), a sugar transporter
(AL01006A1B09), and a tonoplast monosaccharide trans-
porter (AL01003X1B03) in developing and ripening
watermelon fruits.

The connection between fruit development and ripening
and the development of the vascular system was seen in a
similar microarray study of fruit-ripening in strawberry
[29]. The development of a vascular system in fleshy fruits
is important, as the fruit serves as a nutrient sink and the
vascular system provides the framework for water (which
constitutes 92% of the watermelon fruit), nutrients, and
sugars to flow from the vegetative parts to the developing
fruit of the plant. Thus, the rapid fruit expansion and
growth in watermelon is likely due to the development of
the vascular system.

Fruit expansion
Watermelon fruits develop and mature rapidly [3]. Thus,
it is not surprising that many of the 2x-ESTs identified in
this study are involved in or associated with the expand-
ing cell wall. Expansins, which are cell wall loosening fac-
tors, have homologs in watermelon that are highly up-
regulated. The cell wall proteins which include homologs

of proline-rich proteins, hydroxyproline-rich glycopro-
teins, and extensins show differential regulation in devel-
oping and ripening watermelon fruits. Three homologs of
auxin-related genes, indole-3-glycerol phosphate syn-
thase, auxin-repressed protein ARP1, and auxin-respon-
sive protein IAA22 were differentially expressed in
watermelon fruits. The hormone auxin is well known to
regulate cell growth and to induce tracheary element dif-
ferentiation [31,35].

Secondary metabolism
Carotenoids, including lycopene which imparts the red
color to watermelon, and flavonoids are secondary
metabolites in watermelon fruits as well as in other fruits
such as tomato [3,48]. Homologs for phytoene synthase
and phytoene desaturase, which are enzymes in the caro-
tenoid biosynthetic pathway, are repressed in almost all
developmental stages of watermelon. Two phytoene syn-
thase genes, PSY-1 and PSY-2, have been identified in
tomato. PSY-1 is responsible for carotenoid biosynthesis
during fruit ripening and PSY-2 is responsible for caroten-
oid formation in chloroplast containing tissues. Of these
two genes, only PSY-2 is repressed in ripening fruits when
compared to leaf [49,50]. It is possible that the homolog
for phytoene synthase in watermelon has a function sim-
ilar to PSY-2 in tomato.

Signal transduction/transcription
Ten homologs for transcription factors were found to be
modulated in watermelon fruits at different developmen-
tal stages. These regulatory genes include basic region/leu-
cine zipper (bZIP) proteins, zinc finger proteins, a CCAAT
box binding factor protein, a MYB transcription factor,
and a MADS box transcription factor. Other transcription
factors, such as those involved in MADS box regulation of
fruit ripening, have been implicated in both climacteric
(tomato) and non-climacteric (strawberry) fruit ripening
[51].

Defense and stress related
The ability of fruit to resist pathogen attack and environ-
mental stress decreases with fruit ripening [3,29]. Quies-
cent pathogens such as Botrytis and Alternaria, located on
or in the fruit, initiate necrotrophic development in ripen-
ing fruits [52]. Many gene homologs involved in resist-
ance, pathogenesis, and stress, such as Citrus tristeza virus
resistance gene, powdery mildew resistance, pathogenesis
protein, silverleaf whitefly-induced proteins, DNAJ heat
shock proteins, and harpin-induced proteins, show differ-
ential expression in developing and ripening watermelon
fruits. Because the Bioreps were taken from field condi-
tions over three different years, the possibility exists that
the fruits were responding to some form of pathogen
attack. A 2x-EST with homology to the PMR5 powdery
mildew resistance gene was found to be highly down reg-
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ulated in comparison to leaf tissue in all Bioreps and all
developmental stages. The powdery mildew pathogens,
Sphaerotheca fuliginea (Schlechtend.:Fr.) Pollacci and Ery-
siphe cichoracearum DC., are ubiquitous throughout the
Unites States, and can easily be found in most watermelon
fields during most times of the growing season. This is a
foliar pathogen and thus it would make sense that the
leaves would be expressing this gene more than the fruit.
In contrast, the 2x-EST homolog of the silverleaf whitefly-
induced protein is highly induced in all fruit stages during
each sampling year. It would be unlikely that this increase
in expression level to be in response to a whitefly attack
due to this pest's preference to the foliar portions and
stems of the plant as opposed to the fruit. This increase is
more likely in response to environmental stresses that are
common in field grown fruit crops. Many pathogenesis
related genes and resistance pathways are closely associ-
ated with the stress pathways in a plant, thus increased
expression patterns in a resistance gene may not be
directly related to a specific pathogen.

Conclusion
In this study we identified 335 2x-ESTs with differential
expression in developing and ripening watermelon fruits
when compared to leaf. Validation of microarray results
with Q- PCR using 127 2x-ESTs showed a high similarity
of modulation between bioreps. These 2x-ESTs comprise
a range of putative functions including metabolism
related to fruit ripening, aspects of hormone synthesis and
signalling, pathogen response, cell wall modification and
general transcriptional control. A considerable number of
genes associated with the vascular system are modulated
in the developing and ripening watermelon fruit. Addi-
tionally, this is the first report that provides data that eth-
ylene may be involved in developing and ripening of
these "non-climacteric" fruits. Along these lines we show
that watermelon produces the most ethylene during the
green fruit stage with decreased production of ethylene
during the white and pink fruit stages. The ripening-asso-
ciated watermelon ESTs described here represents a foun-
dation for further characterization of fruit development
and ripening in this important cucurbit species.

Methods
Plant Material
Watermelon fruits at green flesh stage (12 DAP), pink
flesh stage (24 DAP), and red flesh stage (36 DAP) from
the cultivar 'Illini Red' were used for RNA isolation. In
addition, several leaves in different stages of development,
immature (not fully expanded), young (fully expanded),
and mature, were collected from the experimental plants,
combined, and processed for RNA isolation as described
below. The watermelon plants were grown in a field plot
located at the South Central Agricultural Research Labora-
tory at Lane, OK. Upon collection, fruits were rinsed with

sterile de-ionized water in the field, followed by flesh-tis-
sue excision and processing as previously described
[3,53]. Three separate, biological replications (Biorep 1–
3) of fruit and leaf were performed over a three year
period and used in the described microarray and Q-PCR
studies.

RNA Isolation
Total RNA was isolated from watermelon fruits and leaves
from all bioreps as previously described [3,53]. RNA qual-
ity and quantity were determined using a spectrophotom-
eter, denaturing agarose gel electrophoresis [54] and an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). Only RNAs with an OD260:OD280 ratio of
>1.80 and no discernable degradation were used in micro-
array or PCR-based experiments.

RNA Clean-up
RNAs from all bioreps of the three stages of developing
fruit and leaf, as described above, were processed to
remove any contaminating genomic DNA as follows: 100
μg of each RNA was treated in a 100 μl DNaseI cocktail
consisting of 10 μl 10× RQ1 buffer (Promega, Madison,
WI), 5 μl RQ1 RNase-free DNAseI (Promega) and RNAse-
free H2O (Gibco/Invitrogen, Carlsbad, CA). This reaction
was performed at 37°C for 30 min, followed by the addi-
tion of 5 μl Stop Solution [20 mM EGTA, pH8.0
(Promega)], then placed at 65°C for 10 min. The entire
reaction was then run through the RNA clean-up protocol
using the Qiagen RNeasy kit (Qiagen, Inc., Valencia, CA).

Microarray design and production
Eight-hundred and thirty two EST-unigenes associated
with watermelon fruit development were previously iden-
tified and described [3]. These EST-unigenes, from a nor-
malized and subtracted cDNA library representing three
distinct time points in fruit development; green stage,
pink stage, and red stage were used for the basis of the
gene expression analysis in this study. Each of the 832
EST-unigenes was used by NimbleGen Systems (Madison,
WI) to design and manufacture high-density photolithog-
raphy-microarrays. A single microarray chip containing
twelve, independently-hybridisable, identical mini-arrays
[3 technical replicates × 4 tissue type/developmental
stages (green, pink, and red, and leaf)] was utilized for this
study. Each of the 12 mini-arrays contained ~12,500
probes representing 832 EST-unigenes. Each EST-unigene
was represented by a minimum of fifteen 24-mer probes.
Probes were synthesized in situ by photolithography on
glass slides using a computer-generated randomized pat-
tern on the array. RNA from a single biological replicate,
Biorep 1, was used for the microarray experiment. cDNA
from each tissue type was labelled and hybridized to three
individual mini-arrays, thus three technical replications
were performed for each RNA sample. A subset of identi-
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fied, modulated genes from this experiment was used in
quantitative-PCR for Biorep 2 and 3 RNAs, which are
described below.

Hybridization, Cy-2 conjugation and antibody 
amplification
RNA samples from flesh tissue of watermelon fruits at the
green, pink and red stage, as well as from leaf were pro-
vided to NimbleGen Systems, Inc. All hybridizations,
staining, and processing of arrays were performed by
NimbleGen Systems.

Array scanning, data extraction, normalization, analysis, 
and deposition of data
Scanning, data extraction, and array calibrations were per-
formed by NimbleGen Systems, Inc. Each array was
scanned using an Axon 4000 scanner at a PMT setting that
allows all features to be slightly below saturation. These
data were extracted using the NimbleScan software. This
extraction included an initial pass to identify possible out-
liers in the probe sets. Outlier probes were flagged and
removed from further calculations. In addition, probe
that were more than three standard deviations from the
mean of the probe set were also flagged. Any probe
flagged and omitted from one data set, was also elimi-
nated from the other technical replicate sets as well so that
all calculations for each gene were performed using the
same set of data points. Normalization of the data, which
attempts to remove variation within and across arrays,
was performed using the Robust Multichip Average
(RMA) method at the probe level [55,56]. Differentially
expressed genes were identified using LIMMA [57], and
multiple test correction of raw p-values was performed
using the False Discovery Rate (FDR) [58]. 2x-ESTs with a
fold change of at least two, when gene expression in fruit
was compared to that in leaf, and FDR less than 0.05, were
identified as differentially expressed. All identified differ-
entially expressed genes were clustered using the k-means
algorithm implemented in Cluster 3.0 software package
[59]. All microarray data from these experiments have
been deposited into the National Center for Biotechnol-
ogy Information (NCBI) Gene Expression Omnibus
(GEO) [60] and are accessible through GEO series acces-
sion number GSE11246.

Oligonucleotide design for Q-PCR
Primer sets for a total of 127 different ESTs (Additional File
4) were designed with PrimerQuest© software (Interna-
tional DNA Technologies (IDT), Inc., Coralville, IA). The
oligonucleotides were synthesized by IDT. Primer sets were
used in quantitative-PCR (Q-PCR) studies described below.

Quantitative Real-Time PCR
cDNA was generated using 3 μg of the purified RNA
described above. The Invitrogen SuperScript™ III First-

strand synthesis system for RT-PCR was used according to
the manufacturer protocol and the Oligo(dT)20 (50 mM)
primer supplied with the kit was used for reverse tran-
scription (Invitrogen, La Jolla, CA). cDNA concentrations
were quantified using a Biophotometer (Eppendorf, West-
bury, NY) or an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA). Q-PCR reactions were run in a
Stratagene Mx3000P Real-Time PCR system (Stratagene,
La Jolla, CA). Each 25 μL reaction consisted of 0.5 ng
cDNA, 5 μL of primer mix (1.5 μM of each forward and
reverse primer) (additional file 1), 12.5 μL of Brilliant®

Sybr® Green Master Mix (Stratagene, Cedar Creek, TX),
0.375 μL ROX reference dye and H2O. Template DNA
from the watermelon "Illini Red" was used to determine
optimal Q-PCR reaction conditions for each primer pair.
Individual reactions were run with each primer pair with
annealing temperatures ranging from 57°C to 63°C.
Cycling conditions were 95°C for 10 min, followed by 40
cycles of: 95°C for 30 sec, gradient from 57°C to 63°C,
and 72°C for 30 sec. Dissociation curves were performed
at the end of each reaction run to detect primer-dimer and
secondary products. All Q-PCR runs were performed
using the above cycling conditions and times with the
exception of using a single annealing temperature of
60°C. cDNA from each tissue type: early development
stage fruits, ripening stage fruits, ripe fruits, and from leaf,
were run in duplicate on the Real-Time system. Quantifi-
cation was achieved by normalizing the number of target
gene copies to an endogenous reference gene by using the
comparative Ct method [61]. The ΔCt was calculated by
subtracting the average Ct value of each tissue type from
the average Ct values of 18S rRNA (ribosomal primers
obtained from Applied Biosystems, Foster City, CA). The
ΔΔCt was calculated by subtracting the ΔCt of each of the
three fruit stages from the ΔCt of the leaf tissue. The for-
mula 2 ^-(ΔΔCt) was used to calculate a relative fold
change between the leaf and the fruit. This relative fold
change was determined by assuming a near perfect ampli-
fication resulting in a doubling of amplification product
per cycle.

Measurement of ethylene production
Ethylene production was determined in watermelon fruits
of the 'Sugar Baby' cultivar at four developmental stages:
fruitlets (7 grams), young fruit (483 grams), ripening
fruits (1,660 grams) and ripe fruits (3,266 grams). Fruits
were sealed for 4 h in a gas-tight nylon bag equipped with
a closed syringe fitted with a serum cap. The air was emp-
tied from the fruit-containing bag with a vacuum pump
and 50 ml of fresh air was injected into the bag through
the serum cap [24]. Two-ml samples were withdrawn
from the bag with a hypodermic syringe and injected into
a Varian 3300 gas chromatograph equipped with an alu-
mina column at 100°C and detected using a flame ioniza-
tion detector (FID) at 120°C.
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