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ABSTRACT. Seeded pumpkins are important economic crops; the seeds
contain various unsaturated fatty acids, such as oleic acid and linoleic acid,
which are crucial for human and animal nutrition. The fatty acid desaturase-2
(FAD2) gene encodes delta-12 desaturase, which converts oleic acid to
linoleic acid. However, little is known about sequence variations in FAD2
in seeded pumpkins. Twenty-seven FAD2 clones from 27 accessions of
Cucurbita moschata, Cucurbita maxima, Cucurbita pepo, and Cucurbita
ficifolia were obtained (totally 1152 bp; a single gene without introns). More
than 90% nucleotide identities were detected among the 27 FAD2 clones.
Nucleotide substitution, rather than nucleotide insertion and deletion, led to
sequence polymorphism in the 27 FADZ2 clones. Furthermore, the 27 FAD2
selected clones all encoded the FAD2 enzyme (delta-12 desaturase) with
amino acid sequence identities from 91.7 to 100% for 384 amino acids.
The same main-function domain between 47 and 329 amino acids was
identified. The four species clustered separately based on differences
in the sequences that were identified using the unweighted pair group
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method with arithmetic mean. Geographic origin and species were found
to be closely related to sequence variation in FAD2.

Key words: Fatty acid desaturases; Seeded pumpkin; Sequence variations;
Nucleotide diversity

INTRODUCTION

The composition of fatty acids in oil determines its use as a food source, or its industrial
applications (Harwood, 1997). A large number of fatty acids exist in nature, but only five fatty acids
account for about 90% of the commercial vegetable oils produced: palmitic acid (16:0), stearic acid
(18:0), oleic acid (18:1), linoleic acid (18:2), and linolenic acid (18:3) (Browse, 1991). In pumpkin
seeds, approximately 60% of the oil content is composed of these five fatty acids (Qu et al., 2011).
Among the five fatty acids, oleic acid and linoleic acid could effectively lower the total serum
cholesterol level in humans (Qu et al., 2012). The relative proportions of oleic acid and linoleic acid
determine the relevant physical and nutritional properties of edible oils (Cao et al., 2013). Oleic acid
has higher oxidative stability than linoleic acid because it contains one less double bond, resulting
in the extension of its shelf life; this property of oleic acid reduces the need for hydrogenation,
a process that can generate undesirable trans-fatty acids that have adverse effects on human
health (Mozaffarian et al., 2006). Therefore, increasing oleic acid content at the expense of linoleic
acid content is an important research objective for the improvement of oilseed crops, including
pumpkins, to produce highly stable cooking oils. In our previous study, we reported a variation of
up to 35% in oleic acid content in pumpkin seeds (Qu et al., 2011).

Fatty acid biosynthesis is a complex process regulated at several points along the pathway.
In this pathway, delta-12 desaturase, encoded by the fatty acid desaturase-2 (FAD2) gene, primarily
converts oleic acid (18:1) to linoleic acid (18:2) in storage lipids in seeds by introducing a double bond
at the 12th carbon in the fatty acid hydrocarbon chain (Mikkilineni and Rocheford, 2003). Since the
first plant FAD2 gene was cloned in Arabidopsis thaliana (Okuley et al., 1994), several FAD2 genes
have been identified, isolated, and characterized from other plant species, such as maize (Mikkilineni
and Rocheford, 2003; Belo et al., 2008), safflower (Guan et al., 2012; Cao et al., 2013), Camelina
sativa (Hutcheon et al., 2010), soybean (Pham et al., 2010; Chi et al., 2011), Brassica napus (Wang
etal., 2010; Yang et al., 2012), peanut (Jung et al., 2000; Lopez et al., 2000), flax (Krasowska et al.,
2007), sunflower (Rolletschek et al., 2007), and olive (Georgios et al., 2005). Only a single copy of
FAD2 was identified in Arabidopsis and maize (Okuley et al., 1994; Belo et al., 2008), while multiple
copies of FAD2 were found in soybean (Li et al., 2007; Schlueter et al., 2007), maize (Mikkilineni and
Rocheford, 2003), cotton (Zhang et al., 2009), and safflower (Cao et al., 2013). Regulation of FAD2
has been shown to be a successful strategy for modifications of the relative proportions of oleic acid
and linoleic acid in plant lipids (Chen et al., 2010, 2011).

The aim of this study was to identify FAD2 sequence polymorphisms in different pumpkin
species and to determine the relationships between the sequence polymorphisms and the
geographic origin of the seed cultivars and species.

MATERIAL AND METHODS

Twenty-seven accessions of the seeded pumpkins - five C. moschata; twelve C. maxima,
eight C. pepo, and two C. ficifolia - from China and Russia were obtained from the Department of
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Horticulture, Northeast Agricultural University, Harbin, China (Table 1). Young leaves, randomly
chosen from five individuals of each accession, were collected from an open field and stored at
80°C after shock freezing with liquid nitrogen.

Table 1. Geographical origins and species of the 27 seeded pumpkin accessions used in this study.

Accession Name Area of origin Species
1 L128 China C. moschata
2 L127 China C. moschata
3 063116 China C. moschata
4 T4 Russia C. moschata
5 T5 Russia C. moschata
6 063114 Russia C. maxima
7 06808 China C. maxima
8 063120 Russia C. maxima
9 086-1 China C. maxima

10 H46-1261-21 China C. maxima

11 0401-11-11 China C. maxima

12 063113 Russia C. maxima

13 L129 China C. maxima

14 XieHe China C. maxima

15 HeiFeng China C. maxima

16 YinHuiYiHao China C. maxima

17 NO177 China C. maxima

18 06311 Russia C. pepo

19 2112 Russia C. pepo

20 T6 Russia C. pepo

21 JingHuiErHao China C. pepo

22 0516-2 China C. pepo

23 0512-1 China C. pepo

24 0510-1 China C. pepo

25 0508-1 China C. pepo

26 No1 China C. ficifolia

27 No2 China C. ficifolia

Genomic DNA was extracted using the cetyltrimethyl ammonium bromide (CTAB)
protocol, as described by Doyle and Doyle (1990), with minor modifications. Polymerase chain
reaction (PCR) for the sequences of the FAD2 clones was performed using the forward primer,
5'-ctcgagatgacagtaaaaaag-3', and reverse primer, 5'-tctagactatatatactctgggaac-3', which
corresponded to the FAD2 core-conserved sequence obtained from GenBank (accession No.
AY525163). The simple sequence repeat (SSR) amplification reaction mixtures (total volume =
50 pL) contained 20 ng DNA, 5 yL 10X PCR buffer (Mg#), 2 uL primers, 4 yL dNTPs, 0.5 pL
Taq DNA polymerase (TaKaRa, Japan), and 36.5 uL ultrapure water. Amplification reactions were
performed in a Bio-Rad iCycler (Bio-Rad Laboratories, Hercules, CA, USA) using the following
PCR conditions: 5 min at 94°C, followed by 35 cycles with 1 min of DNA denaturation at 94°C, 1
min of annealing at 54°C, and 1 min of extension at 72°C, followed by a final extension at 72°C
for 10 min. The PCR-amplified products were checked using 6% denaturing polyacrylamide gel
electrophoresis before sequencing. All PCR products were sequenced in both directions using
a capillary sequencer (ABI 3100; Applied Biosystems, Foster City, CA, USA). Sequences were
aligned using Clustal X (Thompson et al., 1997) or Clustal W with MEGA 5.0 (Kumar et al., 2008).

Analysis of protein functional domains was performed using conserved domain database
(CDD) (Marchler-Bauer et al., 2005). The distance matrix was subjected to cluster analysis by using
the unweighted pair group method with arithmetic mean (UPGMA) (Sneath and Sokal, 1973), a
SHAN (sequential hierarchical agglomerative nested) clustering technique (Sneath and Sokal, 1973)
that compresses the patterns of variation into two-dimensional branch diagrams (dendrograms). A
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dendrogram was constructed using the NTSYSpc 2.1 statistical package (Rohlf, 2000).
RESULTS

Sequencing analysis using known FAD2 sequences from Cucurbita pepo showed 27
highly similar FAD2 clones in C. moschata, C. maxima, C. pepo, and C. ficifolia (totally 1152 bp).
Nucleotide insertion or deletion did not occur between the sequences of the 27 selected clones,
and the polymorphisms were attributable only to nucleotide substitution.

The predicted amino acid sequences from the open reading frames of the 27 FAD2 clones
provided evidence that the 27 pumpkin FAD2 genes all encoded FAD2 enzymes with 384 amino
acids, and these enzymes showed an amino acid sequence identity between the four pumpkin
species, ranging from 91.7 to 100% over a stretch of 352 amino acids. Analysis of protein functional
domains of the FAD2 enzymes indicated that these enzymes had the same main-function domain:
the functional domain of delta-12 fatty acid desaturase, from 47 to 329 amino acids, that was
identified using the CDD.

The UPGMA was used to classify the 27 accessions into four major clusters with a
similarity coefficient (0.7) (Figure 1). The dendrogram also showed the clear separation among C.
moschata, C. maxima, C. pepo, and C. ficifolia. The four major clusters corresponded to the four
seeded pumpkin species. In cluster | (C. maxima), three accessions (6, 8, and 12) from Russia
were grouped into a sub-cluster, and two accessions (9 and 15) with a unique late-maturity trait
shared the same sub-cluster. Similarly, in cluster Il (C. moschata), three accessions (1, 2, and 3)
from China and two accessions (4 and 5) from Russia were separately grouped into two different
sub-clusters. In cluster Il (C. pepo), three accessions (18, 19, and 20) with the same geographic
origin (Russia) were closely clustered together.
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Figure 1. Dendrogram showing the relationships among 27 accessions of Cucurbita moschata, Cucurbita maxima,
Cucurbita pepo, and Cucurbita ficifolia with the nucleotide sequences of the 27 FAD2 clones.
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DISCUSSION

The sequences of the 27 selected clones shared more than 90% similarity, which implied
that FAD2 was highly conserved, and the intraspecific and interspecific divergences of FAD2 were
all low for C. moschata, C. maxima, C. pepo, and C. ficifolia. Only one copy of FAD2 was detected
in each accession of the seeded pumpkins, which was distinguishable from other crops because
they possessed several copies of FAD2 (Hutcheon et al., 2010; Pham et al., 2010; Guan et al.,
2012; Yang et al., 2012; Cao et al., 2013).

Analysis of protein functional domains of the FAD2 indicated that all 27 amino acid
sequences included three conservative histidine clusters, namely, HECGH (105-109), HRRHH
(141-145), and HVAHH (315-319). Previous studies have also suggested that the protein functional
domain of the FAD2 enzyme is composed of three conservative histidine clusters; any mutation
in this domain would lead to the inactivation of the FAD2 enzyme (Shanklin et al., 1994). Further
analyses showed that four (Valine, Alanine, Leucine, Valine) of the eight amino acids (Threonine,
Histidine, Valine, Alanine, Histidine, Histidine, Leucine, Valine) belonged to hydrophobic residues
in the third histidine cluster and the neighboring amino acid sequences, which implied that these
hydrophobic residues may be located in the interior of the active site on the spatial structure. The
top ten amino acids were all found to be leucine in the second histidine cluster, which is consistent
with the findings of a previous study (Tanhuanpaa et al., 1995). This structure might be one of the
active sites of the FAD2 enzyme. Moreover, threonine was identified as the last three residues in
the second histidine cluster and as the last four residues in the third histidine cluster, which may
play a significant role in the desaturation and hydroxylation of the FAD2 enzyme, and thus, be
another active site (Broadwater et al., 2002).

The genetic diversity of seeded pumpkin landraces suggests that the species itself, as well
as relatively isolated growing zones, could prevent FAD2 from flowing, to some extent, and affect the
mutation of FAD2. However, some C. maxima accessions from different geographic origins were still
observed to group into the same sub-cluster. For example, two accessions (9 and 15) from China
first grouped with three accessions (6, 8, and 12) from Russia, rather than with other accessions from
China. Seed exchange among farmers and/or breeders and the out-crossing nature of C. maxima
may have contributed to this confounding grouping phenomenon (Liu et al., 2013).
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