Breeding Science 63: 183-196 (2013)
doi:10.1270/jsbbs.63.183

Diversification and genetic differentiation of cultivated melon inferred
from sequence polymorphism in the chloroplast genome
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Molecular analysis encouraged discovery of genetic diversity and relationships of cultivated melon (Cucumis
melo L.). We sequenced nine inter- and intra-genic regions of the chloroplast genome, about 5500 bp, using
60 melon accessions and six reference accessions of wild species of Cucumis to show intra-specific variation
of the chloroplast genome. Sequence polymorphisms were detected among melon accessions and other
Cucumis species, indicating intra-specific diversification of the chloroplast genome. Melon accessions were
classified into three subclusters by cytoplasm type and then into 12 subgroups. Geographical origin and seed
size also differed between the three subclusters. Subcluster Ia contained small-seed melon from Southern
Africa and South and East Asia and subcluster Ib mainly consisted of large-seed melon from northern Africa,
Europe and USA. Melon accessions of subcluster Ic were only found in West, Central and Southern Africa.
Our results indicated that European melon groups and Asian melon groups diversified independently and
shared the same maternal lineage with northern African large-seed melon and Southern African small-seed
melon, respectively. Cultivated melon of subcluster Ic may have been domesticated independently in Africa.
The presence of 11 cytoplasm types in Africa strongly supported African origin of cultivated melon and
indicated the importance of germplasm from Africa.

Key Words: chloroplast genome, Cucumis, genetic differentiation, genetic diversity, maternal line, melon,
polyphyletic origin.

Introduction

Classification for the Cucurbitaceae has been focused by
several studies (e.g., Jeffrey 1980). The Cucurbitaceae com-
prises 15 tribes, and includes 942—-978 species of 95 genera
(Schaefer and Renner 2011). Genus Cucumis belongs to the
tribe Benincaseae and comprises 65 species, most of which
grow wild in Africa and includes two important horticultural
crops, melon (Cucumis melo L.) and cucumber (Cucumis
sativus L.). Melon is divided into weedy melon (Group
Agrestis) and cultivated melon. The latter is further classified
into Groups Cantalupensis, Inodorus, Dudaim, Conomon,
Flexuosus and Momordica (Robinson and Decker-Walters
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1997). Groups Cantalupensis and Inodorus are cultivated
mainly in Western countries, such as USA, European coun-
tries and Russia and have sweet flesh and some fruits are
netted. The other groups are distributed in Asia, except
Group Agrestis, which is distributed worldwide, and are
characterized by low sugar content and smooth skin. These
Asian melons are clearly separated from US and European
melon by analysis of 35 plant and fruit traits (Liu ef al. 2004).

Seed length (Akashi et al. 2002, Fujishita 1983) and com-
plimentary genes causing bitterness of the young fruit pla-
centa of inter-varietal F, hybrids (Fujishita ef al. 1993) also
reflect genetic and geographical differentiation among di-
versified melon groups. Based on the seed length, melon is
classified into large-seed type (=9.0 mm) and small-seed
type (<9.0 mm). Melon accessions of Groups Cantalupensis
and Inodorus are mostly classified as large-seed type and
those of Groups Agrestis and Conomon as small-seed type.
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In contrast, both seed types are found in Groups Flexuosus,
Dudaim and Momordica collected from South to Southeast
Asia (Akashi et al. 2002). Genetic differentiation between
melon groups of different geographical origins detected by
analysis of the above-mentioned complimentary genes sepa-
rated Asian melon into a South-Southeast Asian melon
group and an East Asian melon group (Fujishita ez al. 1993).
DNA markers were used to classify melon, and genetic dif-
ferentiation was shown between Groups Cantalupensis and
Inodorus and Group Conomon (Monforte et al. 2003,
Stepansky et al. 1999). Phylogenetic relationships between
melon groups from USA, Europe, Africa and Asia were an-
alyzed using random amplified polymorphic DNA (RAPD)
markers (Garcia et al. 1998, Lépez-Sesé et al. 2003, Mliki et
al. 2001, Nakata et al. 2005). Although molecular markers
of the nuclear genome are highly polymorphic and are suit-
able to detect polymorphism among melon accessions, a
DNA marker specific to each Group has not been estab-
lished. Therefore, molecular markers whose sequences are
relatively conserved compared with nuclear genome mark-
ers should be developed to explain the phylogenetic relation-
ship of melon groups of different geographical origins.

The chloroplast genome generally shows maternal inher-
itance in higher plants (Reboud and Zeyl 1994) and has a
similar gene arrangement among plant species and a low rate
of base substitution (Clegg ef al. 1994, Hiratsuka ef al. 1989,
Palmer 1985, Perl-Treves and Galun 1985, Provan et al.
1999). Nakamura et al. (1997) detected sequence polymor-
phism in the linker sequence between Rpl//6 and Rpll4
genes and designated it as a plastid subtype ID (PS-ID) se-
quence. Polymorphism in the PS-ID sequence was detected
between subspecies japonica and indica of rice (Nakamura
et al. 1997) and the maternal lineage of Japanese rice culti-
vars was investigated by PS-ID analysis (Ishikawa et al.
2002a, 2002b). Chung and Staub (2003) developed 23 con-
sensus chloroplast simple sequence repeat (ccSSR) markers
for Cucurbitaceae crops based on the complete chloroplast
genome sequence of Nicotiana tabacum (NC_001879).
Analysis of ccSSR markers using 18 accessions of Cucumis
species showed that cucumber and melon are distinct from
African wild species of Cucumis (Chung et al. 2000).
Renner et al. (2007) and Sebastian et al. (2010) compared the
DNA sequence of five regions of the chloroplast genome as
well as the nuclear internal transcribed spacer (ITS) region
and showed that cucumber and melon are related closely to
Asian and Australian wild species Cucumis hystrix Chakr.
and Cucumis picrocarpus F. Muell., and rather closely to
African wild species Cucumis sagittatus Peyr. and Cucumis
metuliferus E. Mey. These results clearly showed that se-
quence polymorphism of the chloroplast genome can ex-
plain phylogenetic relationships within Cucumis and suggest
its applicability to phylogenetic analysis of melon.

In this study, we determined the nucleotide sequences of
nine regions of the chloroplast genome to determine the
plastid type of 66 accessions of Cucumis species. Genetic di-
versity among 60 accessions of melon and six accessions of

Cucumis wild species is shown by sequence comparison and
their phylogenetic relationships are discussed based on their
plastid types.

Materials and Methods

Plant materials

Sixty-six accessions of Cucumis, which included six ac-
cessions of four Cucumis wild species and 60 accessions of
melon (C. melo L.), were analyzed (Table 1). The six acces-
sions of wild species consisted of one accession each of
Cucumis anguria L. from Zimbabwe, C. metuliferus from
South Africa and C. sagittatus from Namibia and three ac-
cessions of C. hystrix from China. Of the 60 accessions, 18
accessions were selected from six horticultural groups: three
accessions of Group Cantalupensis (European cantaloupe: 1,
netted melon: 2 [England glasshouse type: 1, American field
type: 1]), three accessions of Group Inodorus (Chinese
Honeydew: 1, Spanish winter melon: 1, Chinese Hami melon:
1), one accession each of Group Flexuosus (India), Group
Momordica (India) and Group Conomon var. makuwa (Japan)
and nine accessions of Group Agrestis (Sudan: 2, Cameroon:
1, Senegal: 4, Ghana: 1, Korea: 1). The remaining 42 acces-
sions, consisting of unclassified landraces, were: 21 acces-
sions from Africa (Egypt: 2, Morocco: 1, Ethiopia: 1, Sudan:
1, Chad: 1, Mali: 1, Senegal: 1, Sierra Leone: 1, Cameroon:
1, Zambia: 4, Zimbabwe: 7), 13 accessions from West and
Central Asia (Turkey: 5, Syria: 2, Iraq: 1, Iran: 1, Afghani-
stan: 4) and eight accessions from South Asia (Maldives: 1,
India: 7). Because sequence polymorphism was detected be-
tween two plants in each of the following three accessions,
the two plants of each accession were treated as different ac-
cessions (Zambia: PI 505599-1 and -2; PI 505602-1 and -2 ;
Turkey: PI 169379-1 and -2) (Table 1). The complete chlo-
roplast genome sequence of cucumber (DQ865976) regis-
tered in the GenBank, was also included for data analysis.

Seeds of these accessions were mostly provided by the
National Institute of Vegetable and Tea Science (NIVTS),
Japan, the North Central Regional Plant Introduction Sta-
tion, Iowa State University (USDA-ARS), USA (Table 1)
and they were cultivated in the field or in a glasshouse of
Okayama University, Japan.

Fruit characteristics, such as height and diameter of fruit
and soluble solid content (Brix grade) were measured for
two fruits of 52 melon accessions. Length and width of the
representative seeds were measured for all accessions,
which were then classified into a large-seed type (=9.0 mm)
and a small-seed type (<9.0 mm), according to Akashi ef al.
(2002) (Table 1). As shown in Table 1, of the 60 melon ac-
cessions examined here, 49 were used in our previous RAPD
analysis (Akashi et al. 2006), and 55 were used for dCAPS
analysis of the linker sequence between Rp/l/6 and Rpli4
(Tanaka et al. 2006).

DNA extraction
Seeds were sown on a filter paper and were grown at
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Table1. Details of 66 accessions of Cucumis species analyzed in this study
N f Seed? Fruit size (cm) ngple

ame o Group/Species Seed Brix studied by Cluster
cultivar/ 5 Country Market class/Area . o
; name source Lengt )
Accession No. g Height Diameter Akashi Tanaka
(mm)

Rio Gold Cantalupensis America 1 L 9.5 11.6 10.9 14.4 - + Ib-2
Earl’s Favourite Cantalupensis England 1 L 9.6 16.0 15.5 14.0 - + Ib-2
Ogen (780045) Cantalupensis France 1 L 10.1 13.0 14.0 - - + Ib-1
Hami-gua 6 Inodorus America Chinese Honeydew 1 L 14.2 18.5 16.5 12.8 - + Ib-3
Tendral® Inodorus Spain 1 L 12.5 18.0 15.0 8.6 - + Ib-3
Hami-gua Inodorus China 1 L 11.7 25.5 12.0 - - + Ib-2
P1 614576 Flexuosus India (Center) Madhya Pradesh 2 L 9.0 65.0 7.5 2.0 + + la-1
PI 182952 Momordica India (West)  Gujarat 2 L 10.0 12.5 10.0 2.8 + + Ib-1
Kinpyo Conomon Japan 1 S 6.8 9.5 7.0 13.8 + + la-1
940111 Agrestis Sudan 1 S 6.0 7.0 4.5 5.0 + + Ic-5
sud-4 Agrestis Sudan 1 S 4.9 - - - - - Ic-5
940065 Agrestis Cameroon 1 S 6.0 - - - + + Ic-5
940108 Agrestis Senegal 1 S 5.5 4.0 2.0 9.6 + + Ic-3
PI 436532 Agrestis Senegal 2 S 6.5 10.3 5.7 6.6 + + Ic-3
P1436534 Agrestis Senegal 2 S 4.8 - - - + + Ic-3
940112 Agrestis Senegal 1 S 5.0 4.0 3.0 5.0 + + Ic-4
PI 185111 Agrestis Ghana 2 S 6.4 - - - + + Ie-1
Weedy melon  Agrestis Korea 3 S 6.0 4.0 3.0 5.0 + + Ia-3
PI 525111 - Egypt 2 L 13.0 14.0 7.5 5.0 + + Ib-2
PI 525105 - Egypt 2 L 14.0 16.0 11.5 4.0 + + Ib-1
P1207661 - Morocco 2 L 12.0 11.3 9.2 5.6 + + Ib-3
PI 193495 - Ethiopia 2 S 7.0 - - - - - Ib-1
119 - Sudan 1 L 11.5 7.9 5.6 4.8 - - Ib-1
940281 - Chad 1 S 6.0 9.0 6.5 4.0 + + Ic-5
PI1 490388 - Mali 2 L 13.0 - - - + + Ic-3
PI1 436533 - Senegal 2 S 5.8 8.6 6.5 8.0 + + Ic-2
PI 320993 - Sierra Leone 2 L 11.5 14.0 11.3 6.2 + + la-1
Cam-84-3 - Cameroon 1 S 7.0 12.0 7.0 5.4 + + Ic-5
PI 505599-1 - Zambia 2 S 5.7 14.5 9.5 4.0 + + la-1
PI 505599-2 - Zambia 2 S 7.6 14.5 9.5 4.0 + + Ic-6
PI 505602-1 - Zambia 2 S 7.9 13.5 7.5 3.0 + + la-1
PI 505602-2 - Zambia 2 S 7.9 13.5 7.5 3.0 + + Ic-6
PI1482411 - Zimbabwe 2 S 7.0 12.0 7.0 4.0 + + la-1
PI 482424 - Zimbabwe 2 S 7.0 11.0 8.0 4.0 + + la-3
PI 482429 - Zimbabwe 2 S 8.0 15.0 9.0 4.0 + + la-3
PI 482398 - Zimbabwe 2 S 6.0 8.0 5.0 5.0 + + Ic-6
PI1 482413 - Zimbabwe 2 S 6.0 6.0 5.5 5.0 + + Ic-6
PI 482422 - Zimbabwe 2 S 8.6 7.8 5.6 5.5 - - Ic-6
PI 482396 - Zimbabwe 2 S 7.0 9.5 5.2 6.2 - - Ic-6
PI 169379-1 - Turkey 2 L 10.0 31.0 11.5 5.0 + + Ib-1
PI 169379-2 - Turkey 2 L 10.0 31.0 11.5 5.0 + + la-1
PI 172818 - Turkey 2 L 11.0 17.0 12.0 10.0 + + la-3
Karasu melon - Turkey 1 L 9.0 9.0 9.5 8.0 + + Ib-2
PI 176928 - Turkey 2 L 10.0 15.0 10.0 9.4 + + Ib-2
PI 534605 - Syria 2 L 12.0 12.7 10.4 3.0 + + Ib-1
PI 181872 - Syria 2 L 11.0 14.8 14.5 4.4 + + Ib-2
PI 435290 - Iraq 2 L 13.5 6.5 4.7 4.0 + + Ib-2
PI 143231 - Iran 2 L 14.0 22.0 14.0 7.0 + + Ib-1
PI 125931 - Afghanistan 2 L 12.0 13.5 11.5 12.6 + + Ib-1
PI 125961 - Afghanistan 2 L 14.0 - - - + + Ib-1
PI 126047 - Afghanistan 2 L 15.0 - - - + + Ib-2
PI 126054 - Afghanistan 2 L 12.0 10.5 10.0 9.5 + + la-3
PI 536480 - Maldives 2 S 8.0 22.0 9.7 4.6 + + la-1
PI 116666 - India (West)  Punjab 2 L 9.0 18.5 10.0 32 + + Ia-1
PI1 116738 - India (West)  Punjab 2 S 7.0 11.0 7.0 4.5 + + Ib-2
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.o Sample
Seed? Fruit size (cm) . X

Narr'w of Group/Species Seed Brix studied by Cluster
cultivar/ 5 Country Market class/Area o

. name source® Lengt ) ) ©) ) No/
Accession No. Height Diameter Akashi Tanaka

(mm)

PI1 614588 - India (Center) Madhya Pradesh 2 L 8.5 7.0 5.0 34 + + la-2
PI 124435 - India (Center) Madhya Pradesh 2 L 11.0 45.0 25.0 5.5 + + Ib-2
P1 614542 - India (Center) Madhya Pradesh 2 S 7.0 14.0 9.5 6.8 + + la-1
PI 164585 - India (South) Tamil Nadu 2 L 10.0 12.3 9.0 5.2 + + Ib-2
PI 124096 - India (South)  Andra Pradesh 2 L 10.0 16.0 9.5 6.3 + + Ib-1
PI292190 C. metuliferus South Africa 2 - 6.0 - - - I
PI 482383 C. anguria Zimbabwe 2 - 5.0 - - - 11
PI 282441 C. sagittatus ~ Namibia 2 - 5.0 - - - I
CYS68-1 C. hystrix China 4 - 3.6 - - - - - I
CYS68-2 C. hystrix China 4 - 3.6 - - - - - 11
Smo021-3 C. hystrix China 4 - 3.4 - - - - - I

@ Tendral o Invernale a Buccia Verde.

b —: Local landraces whose horticultural group or variety was not specified as shown in the text.
¢ 1: National Institute of Vegetable and Tea Science (NIVTS), Japan. 2: North Central Regional Plant Introduction Station, lowa State University
(USDA-ARS), USA. 3: Okayama University, Japan. 4: Kunming Institute of Botany, PRC.

4S: small-seed melon, L: large-seed melon.

¢ Plants also analyzed by Akashi et al. (2002) and Tanaka ef al. (2006) are indicated by ““+.

/ Cluster number refers to Fig. 1.

26°C in a 16h light-8h dark cycle at light intensity
46.5 uMs' m~2. Ten-day-old seedlings were individually
ground in liquid nitrogen, and total DNA was extracted by
using the procedure of Murray and Thompson (1980) with
minor modifications.

Primer design

The seven target regions of the chloroplast genome were:
inter-genic regions TrnK-MatK (Cmcpl), PsbK-Psbl
(Cmcp3), AtpH-Atpl (CmcpS), Psal-Ycf4 (Cmcepl5) and
NdhF-Rpl32 (Cmcp6), and intron 1 of Rpsi6 (Cmcp2) and
NdhA (Cmcpll), among which Cmcpl included 127 bp of
maturase K sequence (Table 2). The primer pair was de-
signed to amplify these regions based on the chloroplast se-
quences of tobacco (N. tabacum: NC_001879) and cucum-
ber (C. sativus: DQ119058, DQ865975, DQ865976,
AJ970307) registered in the GenBank. For Cmcp5 and
Cmcpl1, additional primers, F2 and R2, were designed for
complete sequencing. Another two target regions of the
chloroplast genome regions were inter-genic regions of
Rpl16-Rpl14 (PS-ID) and PsbC-TrnS (ccSSR7), for which
the specific primer pairs were developed by Nakamura et al.
(1997) and Chung and Staub (2003), respectively. Among
these regions, Cmcp6 and Cmcpl1 are in the small single-
copy region of the melon chloroplast genome (JF412791)
and the remaining seven regions are in the large single-copy
region.

PCR amplification and sequencing

PCR amplification was done in a 40 pl mixture (100 ng
total DNA, 1 x ExTag™ buffer [10 mM Tris-HCI at pH 8.3,
50 mM KCl, 20 mM MgCl,], 0.25 U ExTag™ polymerase

[TaKaRa, Japan], 0.1 mM dNTPs and 0.25 uM of each
primer) by using an i-Cycler (Bio-Rad, USA). The PCR cy-
cle was: initial denaturing at 95°C for 3 mins with hot start,
35 PCR cycles at 95°C for 30 secs, 57°C for 30 secs and
72°C for 30 secs. The final extension step was at 72°C for
3 mins. For Cmcpl11, the annealing reaction was modified to
62°C.

For direct sequencing, the PCR products were purified by
using a Wizard® SV Gel and a PCR Clean-UP System
(Promega, USA). The sequencing reaction was run by using
BigDye™Cycle Sequence Ready Reaction DNA (Applied
Biosystems, USA) and a specific primer for each region.
The nucleotide sequence was determined for both strands by
using an ABI PRISMR 3730 DNA Analyzer (Applied Bio-
systems, USA), except for the PS-ID region whose sequence
for a reverse strand could not be determined because of two
SSRs near the annealing site of the reverse primer.

Classification of large- and small-seed types based on seed
weight

To determine the worldwide distribution patterns of
large- and small-seed melon, seed size type of 7,396 melon
accessions were estimated based on 100 seed weight data of
the GRIN database (USDA-ARS, http://www.ars-grin.gov/
npgs/). Since seed weight apparently depends on the condi-
tion and degree of ripening, it is difficult to accurately clas-
sify into large- and small-seed melon just based on 100 seed
weight. However, a preliminary analysis of seed length and
100 seed weight, using 99 melon accessions, indicated that
melon accessions with 100 seed weight below or over 2.5 g
could be classified as small- or large-seed melon, respective-
ly, with an accuracy of 87.9%. Therefore, in this study,



187

Polyphyletic origin of melon

‘(den) — (p3ua] pauSI|y) = 91s JO JoqUINU [8)0 ],
*A[oA1}09dSa1 ‘SUOISSOI0L UO[AW ()9 PUB S1U1D1)) JO SUOISSIIOR /g 10 PAIR[NO[BI dIom UOISAI YIBd JO dn[eA APIS J9MO] 3y} pue apis 1addn ay [, ,
DI0L=3Nq
"(16LTTHAL "ON
uoISs008) dwouas Ise[doIo[yo uojow Yy} 03 19Ja1 YIJuo| Ia3Jew pue uonisod 1oxew ‘Queu duan) ‘AfpAandadsal ‘owouss isejdoioyo ayy ur uordar Adoos ojSuls-[jews pue -o31e] edIpul JSS pue DST »

90 0¢ TS 6L 16¥°S

S¢S 8¢ €TI’s 01S £€9°G LLS'S [e10].
609°TCTI—+€9°CTl OJLOLVLLOLLIOLLVLLLLLLVLYVD ¥
1L9°TT1-059°CTl LLVOOLLLOLLYVODDLLVVIOLL Td

$0 9 T8I°1 €€ SIT'1 S0 cTI-8TEETl DOLLYOLOLODVIOLOLVLIVVOLY  1¥

I's 6S 991°1 88 vSTl €ITT  160°TCI-0L0CCI OLLVVVOVIODOVOLLOOVIVL 14 [1dow)  [uonul pypN

60 9 €L9 € 9L9 STOSTI-6¥0°SI1 DODIOVVOVLVLYVOLLLLLLIOOOL ¥

€9 6C 97 85T 0CL 6L9 0SEPIT1-8TE VI VOLVOOLVOLVIODOVVOLVOVD  d  oddw)d  zg/dy--ypN  OSS

0 4 0LY 14 YLy 090°€8-570°¢8 LVOLVVOLLOOVOLOLOODDVVVVLLLYVODVODLOLY 4

8T €l 09% vl YLy #0S 696°€8—009'€8  VVOVVDOVOVLVOVVOVVVLIOILLLYOVIOLYOVYY V. dI'Sd  #1194-9114Y

T0 I 439 ST LSS ¥68°19—+16°19 ODOLVOLOLIDOVLIVLVIOLY ¥

0L LE STs 24 69$ 1439 6SE°T19-6€€°19 OVOLVIOLLVOOLVIOOVOOL  d srdow) #PA-IPSd

0 I LT S 9LT 00S°LE—€TSLE LLLLODLOLOLOLODJLVVOOLLD ¥

€¢ 4! 9T 4! 9LT L6T TOTLE-SSILE DVIOIDILIDDOVYODDD 4 L YSS» SuA[-095d
€9T°G1-88T°S1 DLLVLVVVVLVVLLYOVLLOVVDOLVD Td
601°51-980°S 1 OLLVOOLLVVOOVLVLLOIOLIOD T4

L0 9 026 - 026 €6S°GTI—9L8°G1 OOVLLLOVVOOLLLLLVLLOLOOV I¥

(99 6t €68 €s 916 9L6 9LSHT-9SS 1 LVYVVDVODODIOVVODOVVLYY 14 sdow) I9y-Hdy

S0 4 89¢ S €LE Y6£°8-0TH'8 DVVIOLOLVVOVIOVLLVOOVVIOVOVD ¥

'8 43 €9¢ T L8€ LLE 910°8-966°L OVVIDLOOLOOVVIOOLLIOL 4  gdow) 195d-95d

S0 € 809 14 719 198°5—€88°S LVIOVVVOVIOVOOLOOVOOLYD ¥

0°S 0¢ €09 1 L19 609 1ST$—1€T°S ODDIVIODDLODIOLLLIOVYD 4 gdow)  [uonur gfsdy

80 € 88¢ - 88¢ L¥0°T-690°C LLOLLVVOVVODLLVLLVVODDL ¥

'S 1T L8€ € 06€ 88¢ 859°1-8€9°1 DOLVDDIIOVIOVVODOOIVY 4 [dow)d  ymww-yuif  OST

% ON  ,dg)ons  ,dq) .(dq)pSuop WU uonIsod {6 01 ) soumd () as10Ay “(4) preaog WO own  suodey

>dNS Joroupeol dep pausiy (dq) uonisod 1osre ) IONIRIA :

sa10ads suunony) Jo suolssadde /9 Jo suoidar swouad jsejdorofyo auru jo ays drydiowAjod jo equnu pue doudnbas 1wy *gIqEL



188 Tanaka, Akashi, Fukunaga, Yamamoto, Aierken, Nishida, Long,Yoshino, Sato and Kato

7,396 melon accessions were roughly classified as large- and
small-seed melon by these criteria.

Data analysis

Sequences of nine chloroplast regions were aligned using
CLUSTAL W (Thompson et al. 1994). For phylogenetic
analyses, all gaps and inversions were removed from the se-
quences, because the mutational process of chloroplast SSRs
is not clear (Provan et al. 2001). Phylogenetic relationships
were determined by using the neighbor joining (NJ) method
with MEGA 5 (Tamura et al. 2011). Genetic distance (GD)
was calculated by using the maximum composite likelihood
method (Tamura et al. 2004) and a phylogenetic tree was
constructed by using the NJ method with a bootstrapping of
1000 replications. The phylogenetic relationships were also
analyzed by using a maximum parsimony (MP) method with
PAUP* version 4.0b10 (Swofford 2002). The MP method
was run as described by Yamane and Kawahara (2005).

Results

Sequence analysis

The total length of determined nucleotide sequence dif-
fered between accessions, and 5633 nucleotides were
aligned with nucleotide gaps (510 bp total), comprising nine
regions of the chloroplast genome: TrnK-MatK (Cmcpl),
Rpsi6 intron 1 (Cmcp2), PsbK-Psbl (Cmcp3), AtpH-Atpl
(CmCp5), PsbC-TrnS (ccSSR7), Psal-Ycf4 (Cmcpl5),
Rpl16-Rpll4 (PS-ID), NdhF-Rpl32 (Cmcp6) and NdhA
intron 1 (Cmcpll) (Table2 and Supplemental Table 1).
Alignment of sequences between C. melo cv. ‘Earl’s
Favourite’, Arabidopsis thaliana (NC_000932), N. tabacum
(NC_001879) and C. sativus (DQ865976) showed 68% to
98% identities across nine regions (Table 3), confirming
amplification of the chloroplast genome in Cucumis acces-
sions. Within the genus Cucumis, 67 accessions, including
C. sativus (DQ865976), shared an identity of over 93%
(Supplemental Table 2). The sequence homology between
‘Earl’s Favourite’ and C. sativus was over 96% (Table 3),
and single nucleotide polymorphisms (SNP) were detected
at 284 sites (5.5%) among 68 accessions of Cucumis
(Table 2). The most polymorphic region was Cmcp3 where
the number of SNPs was observed at 32 sites (8.8%).

Among the 60 melon accessions, the total length of se-
quence determined in nine regions was from 5433 to
5479 bp (Table 4) and their homology was over 99% (Sup-
plemental Table 2). Intra-specific SNPs were detected at 30
sites (0.6%) (Table 2), among which six sites were detected
in Cmcp6, which was the most polymorphic region at fre-
quency 0.9%. The frequency of SNPs did not differ greatly
between the large single-copy region and the small single-
copy region, at one polymorphism every 0.5% and 0.6%, re-
spectively. And five insertions and/or deletions (InDell-5)
and 12 simple sequence repeats (SSR1-12) were also detect-
ed in addition to 30 SNPs (SNP1-30) (Table 4). SNP2 (C or
A) and SNP3 (G or C) were detected in the coding sequence

Table3. Sequence homology (%) of of nine chloroplast genome re-
gions between four plant species

Name of cultivar/ No.
Accession No.4 1 2 3 4

No. Name of species

1 Cucumis melo Earl’s Favourite -

2 Cucumis sativus DQ865976 96-98 -

3 Nicotiana tabacum ~ NC_000932 72-86 71-87 -
4

Arabidopsis thaliana NC_001879 68-87 68-87 64-84 —
@ Accession numbers are of DDBJ and NCBI.

at 55 bp and 114 bp downstream from the transcription start
site of maturase K, respectively. The former was a nonsyn-
onymous substitution, and the latter was a synonymous sub-
stitution.

Phylogenetic relationships between Cucumis species

Sixty-seven accessions of Cucumis, including the refer-
ence sequence of C. sativus (DQ865976), were divided into
three clusters in the NJ tree constructed with the GD based
on 284 SNPs (Fig. 1). Cluster I comprised all melon acces-
sions. Cluster II comprised C. hystrix and C. sativus, even
though these two species have different chromosome num-
bers, 2n=14 and 2n=24, respectively. Cluster III com-
prised African wild species C. anguria, C. metuliferus and
C. sagittatus. Cluster I was slightly closer to cluster IT at GD
0.01692 to 0.01950 than to cluster III at GD 0.02205 to
0.02440 (Fig. 1 and Table 5). The GD between C. hystrix
and C. sativus was 0.00974 and was significantly shorter
than the average distance between clusters II and III
(GD =0.02400). The GD between African wild species of
cluster III was 0.01935 to 0.02213 (Table 5). Among them,
C. sagittatus related most closely to C. melo accessions of
cluster I (GD =0.02205-0.02253) and then to C. metuliferus
(GD=0.02311-0.02387).

Melon accessions of cluster I were divided into three sub-
clusters (Fig. 1 and Table 4). Subclusters Ia, Ib and Ic com-
prised 16, 26 and 18 accessions, respectively. The GD be-
tween subclusters Ia and Ic and between subclusters Ib and
Ic were 0.00426 and 0.00446, respectively (Table 5). In con-
trast, the GD between subclusters Ia and Ib was 0.00132,
indicating that subcluster Ic was rather distinct from sub-
clusters la and Ib. The alignment of their sequences showed
that melon accessions of subcluster Ic were uniquely charac-
terized by eight SNPs (SNP3, 10, 12, 14, 16, 20, 27, 28) and
subclusters Ia and Ib were unique by seven SNPs (SNP5, 6,
12, 13, 17, 26, 30) (Table 4). Differentiation between sub-
cluster Ic and subclusters Ia and Ib was also detected by
seven additional polymorphisms (InDel5; SSR1, 3, 5, 10,
11, 12). The uniqueness of subclusters Ia and Ib were repre-
sented by three sites (SNP18, 19; SSR4) and five sites
(SNP2, 8, 9, 11; SSR7), respectively.

Genetic composition of melon groups
The eighteen melon accessions of subcluster Ic were all
landraces of African origin (Fig. 2) and were divided into six
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Fig.1. Neighbor-joining tree showing relationships of 67 accessions of Cucumis species from SNPs in nine chloroplast genome regions. Boot-
strap values over 50% for 1000 replicates are shown beside the branch. Tendral: Tendral o Invernale a Buccia Verde.

subgroups (Ic-1, -2, -3, -4, -5, -6) based on the polymor- SSRs (SSR4, 6,7, 11, 12). Subgroups Ic-1, Ic-2, Ic-3 and Ic-
phism at 20 sites (Table 4). Subgroups Ic-5 and Ic-6, which 4 were classified by four SNPs (SNP4, 7, 21, 24), two indels
differed at InDel2, were separated from the other subgroups  (InDel2, 3) and five SSRs (SSR2, 3, 4, 8, 9). The GD within
by four SNPs (SNP1, 15,22, 23), one indel (InDel4) and five  subcluster Ic, corresponding to nucleotide diversity (m)
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Table5. Genetic distance (GD) between eight groups of Cucumis accessions, calculated from the frequency of nucleotide in 284 SNPs

No Name of  Cluster  No. of No. GDwithin
’ species No.  accession 1 2 3 4 5 6 7 I3 group?

1 C. melo I a 16 - 0.00019
2 26  0.00132 - 0
3 18  0.00426 0.00446 - 0.00084
4 C. hystrix 1I 3 0.01692 0.01701 0.01721 - 0.00012
5  C. sativus 1 0.01888 0.01896 0.01950 0.00974 - nc
6  C. sagittatus 11 1 0.02205 0.02253 0.02233 0.02145 0.02350 - nc
7 C. metuliferus 1 0.02311 0.02358 0.02387 0.02330 0.02566  0.02200 - nc
8  C. anguria 1 0.02380 0.02407 0.02440 0.02534 0.02636  0.02213  0.01935 - nc
4 GD not calculated within a group is indicated by “nc”.
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Fig.2. Geographical distribution of cytoplasm types in melon landraces. Cluster number refers to Fig. 1.

according to Nei and Li (1979), was 0.00084 (Table 5).

Twenty-six melon accessions of subcluster Ib comprised
accessions from USA and Europe (UK, France, Spain),
northern Africa (Sudan, Ethiopia, Morocco, Egypt), West
and Central Asia (Turkey, Syria, Iraq, Iran, Afghanistan),
South Asia (India) and East Asia (China, Fig. 2). The chloro-
plast genome sequence of these melon accessions was iden-
tical for over 5000 bp, except polymorphic sites SSR6 and
Indell, by which subcluster Ib was divided into subgroups
Ib-1, -2 and -3 (Fig. 1 and Table 4). Twelve accessions of
subgroup Ib-2 were unique in the repeat number of SSR mo-
tif (T) at SSR6, and three accessions of subgroup Ib-3 had a
deletion of 5 bp (ATATT) at Indell.

Subcluster Ia comprised 16 melon landraces from West
and Southern Africa (Sierra Leone, Zambia, Zimbabwe),
West and Central Asia (Turkey, Afghanistan), South Asia
(Maldives, India) and East Asia (Korea, Japan) (Fig.2).

These melon accessions were divided into subgroup Ia-1 and
subgroups la-2 and Ia-3 by SNP25 and 29 in Cmcpl1 and
the latter two subgroups differed by SSR4 in Cmcp3
(Table4). The GD within subcluster Ia was 0.00019
(Table 5).

By combining the sequences of the nine regions, four par-
simony trees were retained based on 133 parsimony infor-
mative sites; consistency index and retention index showed
higher values which was 0.9290 and 0.9712, respectively.
These four trees were the same as the NJ tree on the diagram
between melon and other Cucumis species and among sub-
cluster Ia, Ib and Ic (Figs. 1, 3).

Worldwide distribution patterns of large- and small-seed
types

Melon accessions (7,396) in the GRIN database were
divided into large- and small-seed melon based on the 100
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Fig.3. Parsimony tree showing relationships of 67 accessions of Cucumis species, from SNPs of nine chloroplast genome regions. Length =330
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seed weight (Table 6). The frequency of large-seed melon
was 93.7% (1,782/1,901 accessions) in Europe, USA and
Russia and 96.9% (2,538/2,619 accessions) in West and
Central Asia. The frequency of small-seed melon increased

from West Asia towards the east from 51.4% (1,092/2,123
accessions) in South Asia to 62.2% (194/312 accessions) in
East Asia. In Africa, the frequency of large-seed melon
differed among areas at 98.6% in northern Africa (275/279
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Table6. Varietal and geographical variation of 100 seeds weight among 7,396 accessions of melon

No. of 100 seeds weight (g)“
Area Country acces- 0— 0.5- 1.0—- 1.5- 2.0- 2.5- 3.0- 3.5- 4.0— 4.5- 5.0- 5.5~ 6.0- 6.5~ 7.0- 7.5— 8.0— 8.5- 9.0— 9.5—
sions Small-seed type Large-seed type
North America 224 - 40 8 7 14 35 59 43 10 5 1 - - = 1 - - - 1 -
Central America 40 - 2 7 4 2 5 5 1 6 5 1 1 - - - 1 - - - -
South America 39 - 2 1 - - - 6 9 7 12 1 1 - - - = = = = =
Europe 1,520 1 - 1 7 19 51 125 213 294 271 235 144 88 37 21 8 3 1 1 -
Russia/Former Soviet Union 78 - - 1 - 3 9 12 14 19 14 3 - 2 1 - - - = = =
Westand  Turkey 660 - - 1 5 15 37 78 133 157 110 72 32 11 4 4 - 1 - - =
Central Asia Afghanistan 962 - 2 2 1 9 30 59 98 157 205 170 135 61 19 5 5 2 - 1 1
Other 997 - 7 1 10 28 44 83 130 157 205 134 107 49 22 12 6 1 1 - -
Africa North 279 - - 1 - 3 4 9 34 49 71 52 33 21 1 1 - - - - =
West and Center 23 - - 5 3 - - 1 5 4 3 2 - - - - - - - - -
South 121 - 1 14 39 35 23 5 2 P
South Asia Pakistan 73 - - 2 - 7 15 21 8 10 4 1 2 2 - 1 - - - - -
India 1,999 1 57 202 291 501 378 269 142 101 44 10 3 - - - - - = = =
Maldives 33 - 19 2 1 1 5 4 1 - - - - - - = = = = =
Myanmar 18 - - 6 2 - 1 5 3 1 - - - - - - - = = = =
Southeast Asia 18 - 2 2 1 3 2 2 2 4 - - - - - - - - - - -
East Asia  China 202 - - 23 55 19 7 19 18 21 17 9 10 2 2 - - - = = =
Korea 28 - - 12 12 2 1 1 - - - - - - - - - - - = =
Japan 82 - 2 20 42 7 7 1 3 - - - - - - - - - - - =
7,396 2 134 311 480 668 654 764 859 999 966 691 468 236 86 45 20 7 2 3 1

@ The data of 100 seeds weight was obtained from the GRIN database of USDA-ARS (http://www.ars-grin.gov/npgs/).

accessions) and 26.4% in southern Africa (32/121 acces-
sions), respectively. These findings demonstrate geographi-
cal differences in seed size: large-seed melon is mainly cul-
tivated in USA, Europe, West and Central Asia and northern
Africa and small-seed melon is frequent in southern Africa,
South and East Asia. Indian melon was diversified, and both
large- and small-seed melon showed similar frequencies.

Discussion

The nucleotide sequence of nine inter- and intra-genic
regions of the chloroplast genome, in total 5239 bp to
5479 bp, was compared for 66 Cucumis accessions, includ-
ing wild species of C. sagittatus, C. anguria, C. metuliferus
and C. hystrix with one reference accession of cucumber
(C. sativus). Sequence polymorphism was successfully
detected among the melon accessions (C. melo) (Table 4).
Sixty melon accessions, including weedy melon, were sepa-
rated into three subclusters of cytoplasm (types Ia, Ib and Ic)
based on polymorphism at 47 sites (SNPs: 30, InDel: 5,
SSR: 12). This is the first report to show intra-specific diver-
sification of cytoplasm type within C. melo, while inter-
specific variation among 113 accessions including 17 melon
accessions, was successfully shown by Sebastian er al.
(2010). The NJ and parsimony trees showed the three cyto-
plasm types differentiated in the direction of (Ic, (Ib, Ia))
(Figs. 1, 3). These cytoplasm types were classified further
into 12 cytoplasm types la (-1, -2, -3), Ib (-1, -2, -3) and Ic
(-1, -2, -3, -4, -5, -6), by 3, 2 and 20 polymorphic sites,

respectively (Table4). The assumption is reasonable that
these polymorphisms accumulated in the chloroplast ge-
nome after the differentiation of the three types in melon.

Groups Cantalupensis and Inodorus from Greece (Staub
et al. 2004), Spain (Ldépez-Sesé et al. 2003) and Hungary
(Szabd et al. 2005) have genetic affinities among them-
selves. Six accessions of Groups Cantalupensis and
Inodorus, used in this study, were also classified together as
the subcluster Ib which consists mainly of large-seed melon
(Table 1). However, subcluster Ib was further divided into
three subgroups, Ib-1, Ib-2 and Ib-3. Subgroups Ib-2 and Ib-
3 were differentiated from subgroup Ib-1, independently, be-
cause of a sequence slippage ([T]11 — [T]10) at SSR6 (PS-
ID region, Rpl16-Rpl14) in Ib-2 and a deletion of the motif
sequence (ATATT) at InDell (PsbC-TrnS, ccSSR7) in Ib-3,
respectively (Table 4). Melon accessions of subgroups Ib-1
and Ib-2 were distributed in diverse areas, such as northern
Africa, West Asian countries and India (Fig. 2), suggesting
that the cytoplasmic diversification in large-seed melon
should have occurred before the spread of melon from
Africa. Subgroup Ib-2 contained Groups Cantalupensis
and Inodorus accessions; ‘Rio Gold’ (netted melon, USA)
and °‘Earl’s Favourite’ (netted melon, UK) of Group
Cantalupensis and ‘Hami-gua’ (China) of Group Inodorus.
In contrast, Group Inodorus was not in subgroup Ib-1 and
Group Cantalupensis was not in subgroup Ib-3. Although
the number of melon accessions analyzed was limited, these
results indicate that Groups Cantalupensis and Inodorus
were established in independent maternal lines.
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Group Conomon, cultivated in East and South Asia, was
classified into subcluster Ia together with Group Agrestis
from Asia (Table 1). Although only one accession of each
group was tested in this study, Nhi ez al. (2010) confirmed
that 24 accessions of Groups Conomon and Agrestis from
Vietnam and 14 accessions of Group Conomon from China
uniformly had “A” at SNP18, which was a diagnostic se-
quence of subcluster Ia (Table 4). In contrast, all accessions
of Group Agrestis from Africa were classified as subcluster
Ic together with 10 accessions of African cultivated melon
(Fig. 1 and Table 1). These results indicated that Group
Agrestis, a companion weed in a crop field, is diversified in
its maternal line and shares the same maternal line with cul-
tivated melon in each area. Several studies on diversity in
the nuclear genome have provided evidence that Group
Agrestis shares a common gene pool with small-seed melon
or landraces in each area (Akashi et al. 2002, McCreight et
al. 2004, Nakata et al. 2005). Therefore, these results sug-
gested that Group Agrestis was not an ancestral type of
cultivated melon, but was established independently as an
escape from cultivated melon in each area.

According to Pitrat (2008), Groups Conomon and Agrestis
from Asia and Groups Cantalupensis and Inodorus from
Europe and USA were classified as different subspecies, that
is, subsp. agrestis and subsp. melo, respectively. Genetic
differentiation between Groups Conomon and Agrestis from
Asia and Groups Cantalupensis and Inodorus from Europe
and USA has been clearly shown by analysis of nuclear ge-
nome markers (Aierken et al. 2011, Monforte et al. 2003,
Stepansky et al. 1999). In this study, Asian melon with small
seeds was classified as subcluster Ia by six SNPs (SNP 2, §,
9, 11, 18, 19) and was genetically differentiated from Euro-
pean and US melon with large seeds in subcluster Ib (Fig. 1
and Table 4). Such a differentiation clearly indicated that
Asian melon with small seed and US and European melon
with large seed were established independently in different
maternal lines. However, melon accessions of subcluster Ia
also included large-seed melon from Turkey (PI 169379-2,
PI 172818), Afghanistan (P1 126054) and India (P1 116666,
PI 614588). Based on the results summarized in Table 6,
North American, European, North African and West and
Central Asian melon mainly consisted of large-seed type
(22.5¢g) and East Asian melon included small-seed type
(<2.5 g). However in India, both large- and small-seed mel-
ons were at similar frequencies, as also reported by Tanaka
et al. (2007). In our previous study, using dCAPS marker of
SNP18, 71 melon accessions from South Asia were found to
be a mixture comprising not only large-seed melon of
subgroup Ib and small-seed melon of subgroup Ia but also
large-seed melon of subgroup la and small-seed melon of
subgroup Ib (Tanaka et al. 2006). In the present study,
among the Indian melon accessions, large-seed accessions
PI 116666 and PI 614588 were classified as subcluster Ia
and small-seed accession PI 116738 was classified as sub-
cluster Ib (Fig. 1). These results suggested that spontaneous
hybridization between large- and small-seed types occurred

in India and resulted in establishing large-seed melon of sub-
cluster Ia and small-seed melon of subcluster Ib.

Africa is considered the center of evolution of Cucumis
species, and archaeological remains and historical records
hypothetically infer the origin of cultivated melon in Africa
(Bates and Robinson 1995, Robinson and Decker-Walters
1997). Twenty-nine accessions of African melon were di-
versified and were assigned to 11 cytoplasm types, among
which five cytoplasm types (subclusters [a and Ib) were com-
monly found also in other continents and the other six cyto-
plasm types (subcluster Ic) were unique to Africa (Fig. 2).
Although the number and area coverage of African melon
landraces examined is limited, the geographical distribution
pattern clearly differed between the cytoplasm types. Melon
accessions of subcluster Ib, which included large-seed mel-
on from Europe and USA, were only in northern Africa,
such as Egypt, Morocco, Ethiopia and Sudan. In contrast,
melon accessions of subcluster Ia, which included Asian
small-seed melon, were mainly in Southern Africa, such as
Zambia and Zimbabwe. Noteworthy is that the African
accessions included five subgroups of subclusters Ia and Ib.
Melon accessions of subcluster Ic were endemic to Western,
Central and Southern Africa, and those of subgroup Ic-6
were from Southern Africa (Zambia and Zimbabwe). Simi-
lar geographical variation was observed in seed size. Three
of four melon accessions (75%) were large-seed melon from
northern Africa, and 78.6% and 100% of melon accessions
were small-seed melon from West and Central Africa and
Southern Africa, respectively (Table 1). These results may
suggest that large-seed melon Groups Cantalupensis and
Inodorus were established from northern African melon
landraces in maternal line Ib.

Groups Conomon and Agrestis, small-seed melon com-
monly found in Asia, share the same maternal line with
Southern African small-seed melon, even though these two
regions are geographically distant. RAPD polymorphism in-
dicated genetic differentiation between melon landraces
from northern and Southern Africa, which are related closely
to European and US melon and East Asian melon, respec-
tively (Mliki ef al. 2001). Nakata ef al. (2005) also indicated
a genetic relationship between South African melon and
East Asian melon. The third cytoplasm type, Ic, differed dis-
tinctly from cytoplasm types la (GD=0.00426) and Ib
(GD =0.00445) (Table 5), which suggests that the cultivated
melon accessions of subcluster Ic were established indepen-
dently from those of subclusters Ia and Ib. Further studies
using more accessions of African melon are required to val-
idate these hypotheses on the multiple origin of cultivated
melon.

In this study, we analyzed one reference accession of
C. sativus and six accessions of wild species C. hystrix,
C. anguria, C. sagittatus and C. metuliferus (Table 1). These
species are genetically close to C. melo from analysis of
chromosome pairing (Dane et al. 1980), pollen-pistil inter-
action (Kho et al. 1980), self-incompatibility (Deakin et al.
1971, Den Nijis and Visser 1985) and seed fertility of F,
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hybrids (Norton and Granberry 1980, Singh and Yadava
1984). Isozyme analysis (Perl-Treves et al. 1985), RFLP
analysis (Perl-Treves and Galun 1985), southern blotting
analysis of satellite DNA (Helm and Hemleben 1997) and
sequence analysis of the ITS region (Garcia-Mas et al. 2004)
indicate that C. melo is genetically related to C. sagittatus
and C. metuliferus, rather than C. anguria. However,
analysis of the chloroplast genome indicated that C. melo is
more closely related to Asian species of Cucumis, such as
C. sativus and C. hystrix, compared with African wild spe-
cies, even though the chromosome number differs between
C. melo and C. sativus (Chung et al. 2006, Renner et al.
2007). In this study, cluster I of only melon accessions was
related more closely to cluster II of C. sativus and C. hystrix
and then to cluster Il of C. sagittatus, C. metuliferus and
C. anguria (Figs. 1, 3 and Table 5). These phylogenetic rela-
tionships supported the previous results of Chung et al
(2006) and Renner er al. (2007) and provided an ap-
proximate relationship between Cucumis species. However,
the genetic distance was not small, even between C. melo
and C. hystrix (Table 5) and thus identifying the direct wild
ancestor of cultivated melon was difficult. C. picrocarpus
from Australia is related more closely to melon than to
C. hystrix (Sebastian et al. 2010). Intra-specific variation
of the chloroplast genome sequence, detected for C. melo,
C. hystrix (Table 4) and C. metuliferus (Rennar et al. 2007),
may provide important clues, and thus intra-specific varia-
tion of the chloroplast genome should be surveyed for each
Cucumis species.
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