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ABSTRACT 
Seed remains of watermelon (Citrullus lanatus lanatus) were excavated from two sites dating from the 13th (Debrecen) and 15th centuries 
(Budapest) Hungary. Morphological characterization, aDNA (ancient DNA) extraction, microsatellite analyses, and in silico sequence 
alignments were carried out. A total of 598 SSR fragments of 26 alleles at 12 microsatellite loci of DNAs were detected in the medieval 
and current watermelons. A heat map analysis using double dendrograms based on microsatellite fragment patterns revealed the closest 
similarity to current watermelons with red flesh (13th CENT) and yellow flesh (15th CENT) colors. In silico studies on cpDNA and mtDNA 
of watermelon revealed new data on Citrullus genome constitution. The results provide new tools to reconstruct and ‘resurrect’ extinct 
plants from aDNA used for conservation genetics. 
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INTRODUCTION 
 
The aDNAs (ancient DNA) recovered from excavated 
remains of plants and animals supply unique genetic mate-
rials not only for the analysis of post-mortem DNA degra-
dation (Brown 1999; Threadgold and Brown 2003), but also 
for tracing vegetation history and microevolution (Gugerli 
et al. 2005; Schlumbaum et al. 2008). Intact aDNA sequen-
ces (Gyulai et al. 2011a, 2011b) and complete genome 
(mitome) (Cooper et al. 2001; Pääbo et al. 2004) of the 
extinct organisms have been reconstructed. In this study we 
present the aDNA study of 800- and 600-year-old water-
melons together with a comparison to current cultivars. 

 
MATERIALS AND METHODS 
 
Seed samples 
 
Seed remains of watermelon (Citrullus l. lanatus) from the 13th 
century were excavated in Debrecen, Hungary (Tóth et al. 2007). 
In total, 95,133 seeds of 206 plant species were identified. Of 
these, 251 watermelon seeds were determined to have the same 
morphological characteristics. At the 15th century site (King’s 
Palace of Árpád Dynasty, Mansion Teleki, Buda Hill, Budapest; 
Hungary), 54,415 watermelon seeds were excavated (Gyulai et al. 
2006, 2011b). Wet-sieved sediment samples were processed by 
floatation followed by seed sorting and identification (Schermann 
1966; Hartyányi and Nováky 1975). For comparative analysis, 38 
current watermelon varieties were included. 
 
Elimination of contamination 
 
Seeds were incubated for seven days in an aseptic tissue culture 
medium (Gyulai et al. 2006) to eliminate contaminations before 
DNA extraction prior to washing with a detergent (3 min), rinsing 

three times with distilled water (3 min), surface sterilization with 
ethanol (70% v/v) for 1 min, using a bleaching agent 8% Ca(OCl)2 
(w/v) for 1 min, followed by three rinses with sterile distilled 
water according to general aseptic culture technique (Gyulai et al. 
2006). Seeds of the current varieties were also surface sterilized. 
Exogenously and endogenously contaminated seeds infected by 
fungi and bacteria were excluded from further analyses. 

 
DNA extraction 
 
Individual seeds were ground in an aseptic mortar with liquid nit-
rogen under aseptic conditions in the archaeobotanical laboratory 
of the St. Stephanus University, Gödöll�, Hungary. aDNA was ex-
tracted by the CTAB (cethyltrimethylammonium bromide) method 
according to Biss et al. (2003) and Yang (1997). Seed DNA of cur-
rent cultivars (0.1 g) was also extracted in CTAB buffer, followed 
by an RNase-A treatment (Sigma, R-4875) for 30 min at 37°C. 
The quality and quantity of extracted DNA was measured (2 �l) by 
a NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop 
Technologies, Delaware, USA – BioScience, Budapest, Hungary). 
DNA samples were adjusted to a concentration of 30 ng/�l with 
ddH2O and subjected to PCR amplification (Gyulai et al. 2011a, 
2011b). 

 
PCR amplification 
 
Hot start PCR (Erlich et al. 1991) was combined with Touchdown 
PCR (Don et al. 1991) using AmpliTaq GoldTM Polymerase. Reac-
tions were carried out in a total volume of 25 μl (containing geno-
mic DNA of 30-50 ng, 1 x PCR buffer (2.5 mM MgCl2), dNTPs 
(200 μM each), 20 pmol of each primer and 1.0 U of Taq poly-
merase. Touchdown PCR was performed by decreasing the 
annealing temperature by 1.0°C/cycle with each of the initial 12 
cycles (PE 9700, Applied Biosystems), followed by a ‘touchdown’ 
annealing temperature for the remaining 25 cycles at 56°C for 30 s 
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with a final cycle of 72°C for 10 min and held at 4°C. A minimum 
of three independent DNA preparations were used for each sample. 
Amplifications were assayed by agarose (1.8%, SeaKem LE, 
FMC) gel electrophoresis (Owl system), stained with ethidium 
bromide (0.5 ng/μl) after running at 80 V in 1 X TBE buffer. Each 
successful reaction with scorable bands was repeated at least twice. 
Transilluminated gels were analyzed by the ChemilImager v 5.5 
computer program (Alpha Innotech Corporation - Bio-Science Kft, 
Budapest, Hungary). A negative control which contained all the 
necessary PCR components except template DNA was included in 
the PCR runs. Fragments were purified from agarose in a spin col-
umn (Sigma 5-6501) according to the manufacturer’s protocol and 
subjected to sequencing. For SSR analysis 13 SSR (microsatellite) 
primer-pairs were used including 12 nuclear SSRs and one cpDNA 
SSR (Table 1). 

 
ALF analysis 
 
Microsatellite fragments were forwarded for ALF (Automatic 
Laser Fluorometer) analysis using ALF ExpressII (Pharmacia – 
Amersham, AP-Hungary). One strand of each of the SSR primer 
pairs was labeled with Cy5 dye. ALF analysis was carried out by 
the protocol of Röder et al. (1998) and Huang et al. (2002). 
 
DNA sequencing 
 
Amplified fragments of (CT)n SSRs at Cl1-20 locus (Jarret et al. 
1997) were isolated from the agarose gel with a spin column (Sig-
ma, 56501) and subjected to automated fluorescent DNA sequen-
cer (ABI PRISM 3100 Genetic Analyzer, Applied Biosystems, 
Hungary) (Gyulai et al. 2006). Authenticity of aDNA sequences 
were proved by BLAST analysis in each case using NCBI server 
(Altschul et al. 1997). 
 
Sequence analysis 
 
Sequence alignments were analyzed by programs of BioEdit Se-
quence Alignment Editor (North Carolina State University, USA) 
(Hall 1999), MULTALIN (Combet et al. 2000) and CLUSTAL W 
(Thompson et al. 1994). For SSRs, repeat search of FastPCR 
Program was used (Kalendar et al. 2009). For BLAST (Basic 

Local Alignment Search Tool) analysis NCBI (National Center for 
Biotechnology and Information) server was used (Altschul et al. 
1997). Molecular dendrograms were edited by computer prog-
rams of SPSS (Statistical Package for the Social Sciences; Stan-
ford University, USA) and MEGA4 and 5 (Tamura et al. 2007). 
PIC value (polymorphism index content) of each SSR (Table 2) 
was calculated by the formula of Anderson et al. (1993): 
 
PIC = 1 - �n-ipi

2 
where pi is the frequency of the ith allele. 
 
Heat map analysis 
 
Double Cluster Analysis was carried out by R-program of Heat 
Map according to Ihaka and Gentleman (1996). (R stands for Ross 
Ihaka and Robert Gentleman). 
 
RESULTS AND DISCUSSION 
 
The genus Citrullus comprises four diploid species, inclu-
ding the annual watermelon (Citrullus lanatus), the peren-
nial colocynth (syn.: bitter apple) (Citrullus colocynthis), 
and two wild species found growing in Kalahari desert, 
Africa, as the Citrullus ecirrhosus with bitter-tasting fruit, 
and the annual Citrullus rehmii with pink and olive green 
spotted, mandarin sized, non-edible fruits (Robinson and 
Decker-Walters 1997; Dane and Liu 2006). 

Species watermelon (Citrullus lanatus) comprises 
diverse varieties, subspecies, mutants and feral forms such 
as the cultivated watermelon (C. lanatus lanatus) (syn.: C. 
vulgaris) with its ancient form of citron melon (the African 
tsamma) (Citrullus lanatus citroides), and the seed coat 
mutant egusi watermelon (C. lanatus mucospermum) 
(Kanda 1951; Gusmini et al. 2004). Watermelon, citron and 
colocynth have a long history of production in Europe 
(Wasylikowa and Veen 2004; Creamer 2005; Tóth et al. 
2007; Gyulai et al. 2011b). 

The oldest, 6,000-yr old watermelon (Citrullus l. lana-
tus) seeds were excavated in Helwan (Egypt, Africa), at a 
site 4,000 BCE (before current era) (Barakat 1990). Seeds 
were excavated in Uan Muhuggiag, Lybia, Africa from a 
site circa 3,000 BCE (Wasylikowa and Veen 2004), and were 
found in Pharaoh’s tombs in Thebes (New Kingdom: 1,550-
1,070 BCE; stored in the Agricultural Museum, Dokki, Giza, 
Egypt) (Warid 1995) and in the pyramid of Tutankhamum 
ca. 1,330 BCE (Hepper 1990; Vartavan and Amorós 1997; 
Kroll 2000). 

The Greeks and Romans traveling to Egypt must have 
known of watermelons probably without discriminating it 
from colocynth and citron melon. Pliny II. wrote about a 
wild (probably the current colocynth) and two types (one 
with pale green, and the other with grass green rind) of 
cultivated colocynth (probably the current watermelon). 

The Codex De Materia Medica (produced not too long 
after the time of Pliny) provides nearly 400 color paintings 
of different plants but no watermelon illustration, only a 
precise color painting of colocynth which looks very much 
like the current forms of colocynth (Citrullus colocynthis) 
(Dioscorides 1st CENT and the second ‘edition’ with color 
paintings from 512 CE (current era)). 

Six hundred years later, when the Iberian Peninsula was 
conquered by the Berbers (‘Moors’) led by Tarik Ibn Ziyad 
in 711 CE, new watermelon types had entered Europe as 
recorded in the ancient Book of Agriculture (Al-Awwam 
1158). In this book, two cultivated forms were compared, a 
black seed type (with dark-green rind which turns black 
when it ripens) and a red seed type (with green rind which 
turns to yellow) (Blake 1981). Watermelon might have also 
been introduced to Europe through Crusaders (Fischer 
1929) led by either Richard I. the Lion-Hearted (the 3rd 
Crusaders, 1190-1199), or the Hungarian King, Endre II. of 
the Árpád Dynasty (led the 6th Crusaders, 1228-1229). 
Watermelon spread through Europe quickly and became a 
very popular and commonly cultivated fruit of the Renais-
sance Europe, with the first illustration on the frescos in the 

Table 1 Nuclear SSR primer pairs applied in the analysis: 1-3 (Katzir et al.
1996; Danin-Poleg et al. 2001); 4-8 (Smith et al. 1997); 9-12 (Jarret et al.
1997), and the cpDNA primer pair # 13 (Al-Janabi et al. 1994). *Cl1-20 frag-
ments were sequenced (Fig. 3a). 
# SSR loci Primer pair sequences 

1. CmTC 51 attggggtttctttgaggtga  
ccatgtctaaaaactcatgtgg 

2. CmTC 168 atcattggatgtgggattctc 
acagatggatgaaaccttagg 

3. CmACC 146 caaccaccgactactaagtc 
cgaccaaacccatccgataa 

4. Bngl 339 ccaaccgtatcagcatcagc 
gcagagctctcatcgtcttctt 

5. Bngl 118-2 gccttccagccgcaaccct 
cactgcatgcaaaggcaaccaac 

6. Bngl 161 gctttcgtcatacacacacattca 
atggagcatgagcttgcatattt 

7. Phi 121 aggaaaatggagccggtgaacca 
ttggtctggaccaagcacatacac 

8. Phi 118-2 atcggatcggctgccgtcaaa 
agacacgacggtgtgtccatc 

9. Cl 1-06 caccctcctccagttgtcattcg 
aaggtcagcaaagcggcatagg 

10. *Cl 1-20 cgcgcgtgaggaccctata 
aaccgcctcaatcaattgc 

11. Cl 2-23 gaggcggaggagttgagag 
acaaaacaacgaaacccatagc 

12. Cl 2-140 ctttttcttctgatttgactgg 
actgtttatcccgacttcacta 

13. Clp12 agttcgagcctgattatccc 
gatgaacgctggcggcatgc 
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Villa Farnesina, Rome, Italy, 1517 BCE (painted by Gio-
vanni Martini da Udine) (Janick and Paris 2006). By 800 CE, 
watermelons had been introduced to India and by 1,100 CE 
to China. It reached the New World after Columbus’ second 
voyage in 1493 and dispersed quickly among American 
natives (Blake 1981). One of the most ancient forms with 
small, round fruit and thin, green rind, red flesh and small 
black seeds has survived up to the recent times (Gilmore 
1919). 

One of the oldest watermelon herbarium samples is 
available from G Bauhin’s (1560-1624) collections (about a 
hundred years earlier than Linnaeus’s) (pers. comm., Mark 
Spencer, The Natural History Museum, London, UK), who 
named it Anguira citrullus. No watermelon herbarium sam-
ple remained from C Linnaeus (1753) collections (pers. 
comm., Arne Anderberg, Swedish Museum of Natural His-
tory, Stockholm, S), who named watermelon as Cucurbita 
citrullus, and colocynth as Cucumis colocynthis (The Lin-
nean Collection, The Linnean Society of London, UK). 

 
Microsatellite analysis 
 
Watermelon seeds excavated at both medieval sites in Hun-
gary and analyzed in this study appeared to be extremely 
well preserved due to the anaerobic conditions in the slime 
of a deep well covered by water, apparently used as dust 
holes in the Middle Ages (Gyulai et al. 2006, 2011a, 2011b). 

Microsatellite (SSR) probes were used for morphologi-
cal reconstruction of the ancient watermelons. Microsatel-
lite analysis of the study presented revealed 598 SSR frag-
ments in total of 26 alleles at 12 microsatellite loci (Table 
2). 

Allelic diversity of microsatellites (Orti et al. 1997; 
Tóth et al. 2000; Schulman 2007) were reliably detected in 
aDNAs of 300 – 1,100-yr old seagrass (Posidonia oce-
anica) (Raniello and Procaccini 2002). SSRs were also used 
to morphologically reconstruct 600-yr old melon (Cucumis 
sativus) (Szabó et al. 2005; Gyulai et al. 2011a) and millet 
(Panicum miliaceum) (Lágler et al. 2005; Gyulai et al. 2006, 
2011c). SSR analysis was also applied to herbarium sam-
ples of common reed (Phargmites australis), about 100-yr 
old, to track plant invasion in North America (Saltonstall 
2003). 

 
Heat map 
 
Double molecular dendrogram based on Heat Map of the 
598 SSR fragments revealed that middle age samples show 
close lineages to ancient Hungarian landraces, the 13th CENT 
sample similar to cultivars with red flesh color, and the 15th 
CENT sample clustered with yellow flesh color cultivars 
(Fig. 1). Results of seed morphology correlated strongly 
with molecular results (Gyulai et al. 2011b). 

Heat map is a graphical representation of molecular 

Table 2 Variation of 598 SSR fragments of 26 alleles at 12 SSR loci of 40 watermelons (Citrullus l. lanatus) including medieval samples (13th and 15th

centuries). 
SSR loci cmtc168 bngl161 bngl118-2 phi118-2 bngl339 phi121 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 Alleles 
a a b a b a b c a b c a b c 

Length (SSR bp) 126 139 146 124 132 129 132 136 113 131 140 124 130 135 
1  13th CENT � �  �   � � � �  � �  
2  15th CENT � � � �   �  � �  � � � 
3 Bácsbokod � � � �   �  � �  � �  
4 Belyj Dlinnij �  � � �    � �  � �  
5 Biri �  � �  �   �   �   
6 Charleston gr. �  � �   �  � �   �  
7 Crimson sw. � � � �   � � �   � � � 
8 Csárdaszállás � � �   � � � � �   � � 
9 Debrecen �  � �   � �    � �  

10 Dévaványa � � � �  � � �  �  �   
11 Gyöngyös � � �       �   �  
12 Háromfa �  �    �  � �  � �  
13 Hevesi �  � �   � � �    �  
14 Ilk � � � �   � � �   � �  
15 Kecskeméti v. � � � �     � �  � �  
15 Kibéd �  � �    � � �  � �  
17 Klondike R7 � � � �   � � � �  � � � 
18 Kömör �  �    � � �   � �  
19 Korai kincs �  � �   � � �   � �  
20 Lipót � � � �   �  �    �  
21 Marsowszky � �  � �  � � �  �    
22 Nagyecsed �  � �    � � � � �   
23 Nagykálló � �     �  �   � �  
24 Nagyvárad � � � � � �  �  �  �   
25 Napsugár � � � �   � � � �  � �  
26 Nyírbátor � � � � �  �  �   � �  
27 Nyíregyháza � � � � �  �      �  
28 Oros � �  �   � � � �   �  
29 Pusztadobos � � � � �  � � � �  �   
30 Ráckeve � � � �   �  � �  � �  
31 Rákóczifalva � � � �   � � �   �   
32 Sándorfalva � � � �  � � � � �  � �  
33 Sibiriak � � � �   �  � �  � �  
34 Sugar baby � �    � � �  �  � �  
35 Szentesi sh � � � �   �  �   �   
36 Szirma �  � � �   �    � �  
37 Taktaharkány �  � � �  �  �   �  � 
38 Tura � � � � �   �     �  
39 Túrkeve � � � �   � � �    �  
40 Ukrainskij �  �    � � � �  � � � 
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data where cluster trees are joined to the rows and columns 
of the data matrix (Weinstein 2008). Four components were 
displayed in the heat map image (Fig. 1) with colour key 
(top left), a column dendrogram of genetic similarities of 
SSR loci (top centre), and row dendrogram of genetic simi-
larities of watermelon cultivars, and the image plot in the 
middle. The colour key indicates the presence (# 1; red 
colour) or absence (# 0; green colour) status of the alleles. 
In both dendrograms the Euclidean distance calculation was 
applied, that helped to visualize the molecular differences 
among the watermelon cultivars based on SSR loci. 

The analysis of SSR allele diversity according to Gar-
kava-G et al. (2008) indicated the most selective probes as 
bngl339 (140 bp) which might be useful in the further stu-
dies (Fig. 2). 

 
Sequences alignments 
 
The SSR fragments amplified at the Cl1-20 locus (Jarret et 
al. 1997) were isolated, sequenced and BLAST-ed (NCBI, 
Altschul et al. 1990). The results revealed orthologous SSR 
alleles in the monocot Zoysia and the dicot tree Prunus with 
different numbers of (CT)n core sequence (Fig. 3A). The 
(CT)n dinucleotide repeat was found to account for an un-
expectedly high percent (46%) of the total SSRs of water-
melon (Jarret et al. 1997). Data mining of watermelon SSRs 
(1 - 29) resulted in further SSR loci (Fig. 3B). 

Sequence analysis of the (CT)n allele (Cl1-20) showed 
two sharp molecular events that might have occurred during 
the evolution of watermelon. First, due to a (CT)3 deletion 
in the core sequences of (CT)n two alleles developed (Ia. 
and Ib.) resulting in a heterozygote/heterozygote forms. 
Both medieval watermelons (Fig. 4) and current cultivars of 
# 6, 8, 11 and 30 were heterozygous at this locus (Gyulai et 
al. 2011b). All the rest of the current watermelons were 
homozygous. Second, a (CT)5 partial sequence along the 
(CT)n allele inverted resulting in a compound SSR (CT)6-
C-(CT)4-T-(CT)5 from a putative ancestral simple SSR 
(CT)16 (Fig. 3A). These results indicate the first molecular 
steps in the endogenous way of elimination of long SSRs 
from the genomes through fragmentation, and it also indi-
cates the birth (Messier et al. 1996) and the death (Taylor et 
al. 1999) of microsatellites (Gyulai et al. 2011b). 

 
In silico analyses 
 
The relatively small genome of watermelon (2n = 2x = 22; 
n = 11; 0.425-0.454 × 109 bp; 0.42-0.45 pg DNS) has been 
characterized by total nuclear genome size of 1,357.74 cM - 
1,514.26 cM - 1,144.057 cM (McGregor et al. 2011). Since 
phylogenies inferred from the highly conserved nuclear-en-
coded 18S rRNA genes which have been unable to unravel 
the interrelationships of major lineages of several algae and 
land plants the in silico studies might have crucial clues. 

Table 2 (Cont.) 
SSR loci cmacc146 cmtc51 cl1-06 cl 2-23 cl2-140 Clp-12

15 16 17 18 19 20 21 22 23 24 25 26 Alleles 
a b a b a b c a b c a a 

Length (SSR bp) 124 136 306 309 130 145 150 178 183 187 190 301 

Total 
# 598 

1  13. CENT. �   � � � �   � � � 17 
2  15. CENT. � � � � �   � � � � � 20 
3 Bácsbokod �  �  � � � � � � � � 19 
4 Belyj Dlinnij �   � � �    � � � 15 
5 Biri �  �  �     � � � 12 
6 Charleston gr.   � �  � � �  � � � 15 
7 Crimson sw.  �  � � � �   �  � � 18 
8 Csárdaszállás  � �  � � � � � �  � � 18 
9 Debrecen  �   �     � � � 12 

10 Dévaványa �  �  � �    � � � 16 
11 Gyöngyös   �  � �   �  � � 11 
12 Háromfa   � �  � �   � � � 14 
13 Hevesi   �   � �   � � � 13 
14 Ilk �    � �    � � � 15 
15 Kecskeméti v. �  � � � � � �  � � � 18 
15 Kibéd    �  �      � � 12 
17 Klondike R7 �  � � � � � �  � � � 21 
18 Kömör �  �  �     � � � 13 
19 Korai kincs �  �      � � � � 14 
20 Lipót � � �   �   � � � � 15 
21 Marsowszky � � � �  � �   � � � 17 
22 Nagyecsed �         � � � 12 
23 Nagykálló �  �  � �   � � � � 14 
24 Nagyvárad �  �  � �    � � � 14 
25 Napsugár �  �   � �    � � 16 
26 Nyírbátor �    �     � � � 14 
27 Nyíregyháza �  �  � �    � � � 13 
28 Oros �  �   �    � � � 14 
29 Pusztadobos �  �   �    � � � 16 
30 Ráckeve   �   �     � � 13 
31 Rákóczifalva �     �   � � � � 13 
32 Sándorfalva �  �   �    � � � 17 
33 Sibiriak �  �  � � �  � � � � 18 
34 Sugar baby �    � �     � � 13 
35 Szentesi sh  �  �  �  �    � � 13 
36 Szirma �  �  � �   � � � � 15 
37 Taktaharkány      � � �  � � � � 15 
38 Tura   � �   �   � � � 13 
39 Túrkeve � � � �     � � � � 16 
40 Ukrainskij  �    �     � � � 14 
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Complete cpDNA of watermelon (Fig. 5A) was sup-
posed to be similar to cpDNA of Cucumber (Cucumis sati-
vus) (155,293 bp; #NC_007144) and with close genetic 
similarity to Morus indica (Mansour et al. 2009). A cpDNA 
analysis of Cucurbitaceae genera has revealed species Lage-
naria (L. brevifolia and L. siceraria) and Peponium (P. cal-
cedonicum and P. vogelii) to have the closest genetic simi-
larity to Citrullus (Renner et al. 2007). 

In angiosperms, cpDNA (circular 120–250 kb) consists 
of 2 copies of inverted repeats (IR; 20-28 kb) separating 
with 2 single copy (SC) regions of 80–90 kb (the large SC: 
LSC) and 16–27 kb (the small SC: SSC). The SSC of cp 
genome (plastome) usually encodes around 4 rRNAs, 30 
tRNAs, and 80 proteins. There are also genes of rRNAs and 
10–15 proteins encoded in duplicate copies in the IRs. The 
rate of silent (synonymous) mutations (nucleotide substitu-

 
Fig. 1 Heat Map with double dendograms. Genetic similarities (0.0 to 1; Color Key) of watermelon cultivars (1-38, and medieval samples; dendrogram 
left and cv. list right), and SSR allele frequencies (dendrogram top) are indicated. 
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tions) in IRs are significantly lower (200% less) than in the 
SSC region (Perry and Wolfe 2002), which indicate a con-
served replication mechanism (Fig. 6B). 

cpDNA of several species in especially of Fabaceae 
such as Pisum sativum (green pea), Vicia faba (broad bean) 
and Medicago truncatulata (barrel medic) lack of IRs, 
which indicate that IRs are not obligatory for chloroplast 
function. 

The size of mtDNA of watermelon (379,236 bp; 

#NC_014043.1) is small (Fig. 6A, 6B) compared to the ex-
treme mtDNA sizes of Cucurbitaceae species of Cucurbita 
pepo zucchini (982,833 bp; #NC_014050.1), cucumber 
(Cucumis sativus, ~1,800,000 bp) and to the largest mtDNA 
of melon (Cucumis melo (~2,900,000 bp) since these 
mtDNAs are ‘colonalized’ (‘organellar gene loss’) by high 
amount of chloroplast sequences (>113 kb) and short re-
peated sequences (>370 kb) (Alverson et al. 2010). 

Multiple sequence alignments of rbcL gene of Citrullus 
cpDNA (plastome) and genes (Fig. 5B, 5C), and cox1 genes 
of mtDNA (mitome) (Fig. 6C) studied in silico revealed 
new information on the genome constitutions of water-
melon and related species. 
 
CONCLUSIONS 
 
The results of the study presented reflect the preferential 
cultivation of both red-flesh and yellow-flesh watermelons 
in the early Middle Ages of Hungary. Red flesh watermelon 
also appeared in the painting of Still Life with Melons and 
Carafe of White Wine (1603) painted by Caravaggio (Man-
niche 1989; Janick et al. 2007). Molecular data obtained 

 
                               990      1000      1010      1020      1030      1040 
                                 |         |         |         |         |         | 
Citrullus l. lanatus (CT)n   CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCCTCTCTCTT--------- 
 
GU9923931 Zoysia matrella    CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTTAACTCTCAA----- 
HM0031931 Prunus bucharica   CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCTTACAGTCAATGGGGAAAGAAA 
 
 

 

                    250       260       270       280       290       300 
                      |         |         |         |         |         | 
UNK_80711    ACTCCTCTCTCTCTCATC------TGCATCTGATCAGCTACT--ACTCATGCT--GCTCA 
UNK_807127   AATCCTTTGTATATCTTGG-----TGTTTCTAACCATCCACTC-ATTTTTGCTCAATCGG 
UNK_80712    AGTGCCGCCGCGAGAGAG------AGAGAGAGAGAGAGAGAGA-GAGAGAGAGAGAGAGA 
UNK_807116   AGTTTCGAAAAGAGAGAG------AGAGAGAGAGAGAGAGAGA-GAGAGAGAGAGAGAGA 
UNK_807110   TGCCGGCCTGCGATACGA------CGAGAGAGATGAGAGACGA-GGTAGTAGTAGATG-- 
UNK_807122   TGTCTTACAACACTACCA------TCGGAGGGCAGACAGAATT-GTTAGACGCAGAGAAG 
UNK_807118   TCTCTTCTCTTTCTCTCAA-----GAATTCTCACTTCAGAATC-ATCAGTTGCTCCTT-- 
UNK_807124   TTTCTT-TCCTTCTCTCAA-----GGATTATTGTCACCAAATT-ATCAGTCATTACTT-- 
UNK_807119   CAAACCGAGTCGATACCGA-----GTTGAAGAAAGAGAGGTTT-TAGAGAGAGAGAGAGA 
UNK_80715    AGTAATTACACAATAATT------GCCATAACACAAAATACAT-ATTAGTATCTCTCCAC 
UNK_80717    AATCTTACTAGAACTGCT------CGTTTTTTATCAGAAGCTT-GTGATTTAGTTTTTGA 
UNK_807126   AAAACGCCAGAGGAACGAA-GG--AGAAACAGAGGAACTCAGG-GAAGGAGAAGAACTAA 
UNK_807125   CCTCTTCACTATCCTCCTC-TTC-ATTTCTTCCTCTTCCGCCC-ACCTCTCCGTCGACAC 
UNK_80713    TTCTTCTTCTTCTTCTTCT-TCT-TCTTCTTAATGGCTTCCGT-TGCTACTTCTGGATTC 
UNK_807128   GTTTACAACTGTCCATAAT-TAAGAGGAAAAAATCATTTACACTATCAGTCCA--ATAGC 
UNK_807113   CTTCTTCTGTCTCTGTTTC-TAAATTTCTTCCATGGAAAATTA-CTCCGACGATAAGAAA 
UNK_80714    GGTGCCACCGCAGCTGGTG-CCTATGCTCTGCATGAGAAGCAC-GAGGCGAAAAAAGACA 
UNK_80719    GGTAACAAAAGCAAGAGTT-TTCTTTGGGTCAATAATGTGTGT-GTGTGGGTTTTTATT- 
UNK_807115   GAAGACGAATGGTGTGATG-GGCAGGAGATTAATTGTTCGACA-GCTGGATATCCCTAGG 
UNK_80718    CTTCTTCAATACAACTAGA-ATCTTTCCTTTCATAAAGTCCCA-TTCACACATCTCTCCT 
UNK_807123   GGATCACACGGTCAATGAT-TTAGGAAGTTCCATACTTGATAT-GGAAATAGATGTTCAA 
UNK_807120   GGACCG-ACCCTTTTCATT-TCAATGGATTTCATAGCCAACCC-ATTTCGCTTTTCTTCA 
UNK_80716    GTTTTAAGAGATTAATAAT-CAATCGAGTTGCATGAGAAAGGG-TTGTTTTTTAGAGAAA 
UNK_807112   AAAGATAACTTTGTTTGGT-TGTGCAGGGAATGTTATCAACTCTCGCTCTCTCTCACTCT 
UNK_807114   GAATTTTACGGGAAAAAAG-ACAGAGAGCTTCAATTCCTTCTTGATAAGTTCAAAAAAGA 
UNK_807121   ATTAAAGAAACAGAAAATC-ACATATACTATCAGTAACAACAATTGATAGCCCTAATAAA 
UNK_807117   TTCATTCAAGAAATCAGTG-AAATAACAAATAAAATCTTGGTTCAGGGTACCCCTAAGGA 
UNK_807111   GAACAAAAATATATCTACAATGAGGAGAGTGCAACTATTGAGTTTTAGTGGAGTGACTCG 
UNK_80710    ACCTTTTTGAAGAAGGTTCTGTTACTAACATGTTTACTTCCATTGTGGGTAATGTATTTG 
 

A

B

Fig. 3 (A) Consensus sequence alignments of the orthologous loci of (CT)n Cl1-20 SSR allele. The (CT)n SSR (Jarret et al. 1997) was isolated from 
watermelons, blasted and aligned (MULTALIN; Combet et al. 2000) to monocot Zoysia and dicot tree Prunus (NCBI, Altschul et al. 1990). CT-repeats, 
and an inversion of (CT)5 in Citrullus lanatus allele resulting in a C and T ‘insertion’ are indicated. (B) Data mining and consensus sequence align-
ments of Citrullus SSRs of gene bank accessions (1 - 29) in silico. Accession #: DQ535745.1, FJ862826.1, FJ862825.1, FJ862824.1, FJ862823.1, 
FJ862822.1, FJ862821.1, FJ862820.1, FJ862819.1, FJ862818.1, FJ862817.1, FJ862816.1, FJ862815.1, FJ862813.1, FJ862812.1, FJ862811.1, 
FJ862810.1, FJ862809.1, J862808.1, FJ862807.1, FJ862806.1, FJ862805.1, FJ862804.1, FJ862803.1, FJ862802.1, FJ862800.1, FJ862799.1, FJ862798.1, 
FJ862797.1. (MULTALIN, Combet et al. 2000; NCBI, Altschul et al. 1997). 

Fig. 4 Seed samples (groups and individuals) of excavated watermelon 
(Citrullus l lanatus) seeds from the 13th CENT (Debrecen, Hungary) 
(left) and 15th CENT (King’s Palace of Árpád Dynasty, Buda Hill, Buda-
pest, Hungary) (right) (Scale 1 cm for single seed). 
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and the in silico analysis might provide further tools to re-
construct extinct plants from aDNA isolated from archae-
ological remains useful for conservation genetics. 
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Fig. 5 (A) The cpDNA (plastome) sizes (bp) of plant genera including Cucumis sativus (21) (closest to Citrullus available) and the two green algae 
Stigeoclonium helveticum (223,902 bp) (25); and Floydiella terrestris (521,168 bp) (26) with the largest chloroplast genome ever sequenced 
(Brouard et al. 2010) (NCBI, Altschul et al. 1997). Parasite (1), parasite plants (2, 4, 5), algae (3, 15, 25, 26), moss liverworts (7), and Cucumis (21) are 
indicated. (1) Eimeria tenella, (2) Epifagus virginiana chloroplast, (3) Euglena longa, (4) Cuscuta obtusiflora, (5) Cuscuta gronovii, (6) Lathyrus sativus, 
(7) Marchantia polymorpha, (8) Pisum sativum, (9) Medicago truncatula, (10) Oryza sativa Indica, (11) Oryza sativa Japonica, (12) Triticum aestivum, 
(13) Hordeum vulgare, (14) Zea mays, (15) Euglena gracilis, (16) Trifolium subterraneum, (17) Phaseolus vulgaris, (18) Helianthus annuus, (19) Glycine 
max, (20) Arabidopsis thaliana, (21) Cucumis sativus (C.s.), (22) Solanum tuberosum, (23) Vitis vinifera, (24) Pelargonium x hortorum (with the largest 
genome of land plants; Chumley at al. 2006) , (25) Stigeoclonium helveticum, and (26) Floydiella terrestris. 

 
                               210       220       230       240       250       260       270       280       290       300 
                        ....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 
Citrullus c.       143  AACTGTGTGGACCGATGGGCTTACCAGTCTTGATCGTTACAAAGGACGATGCTATGGAATCGAGCCTGTTCCTGGAGAAGAAAATCAATATATTGCTTAT 
Citrullus l.       125  .................................................................................................... 
Praecitrullus f.   156  .................................................................................................... 
 

Dactyliandra w.    107  ...G................................................................................................ 
 

Melothria d.       136  .................................................................................................... 
Melothria p.       145  ......................................................................G............................. 
Coccinia a.        201  ......................................................................G............................. 
Coccinia g.        160  ......................................................................G............................. 
Coccinia r.        148  ......................................................................G............................. 
Coccinia s.        171  ......................................................................G............................. 
Cucumella          175  ......................................................................G............................. 
Cucumerops         136  ......................................................................G............................. 
Cucumis an.        147  ......................................................................G............................. 
Cucumis an.        201  ......................................................................G............................. 
Cucumis br.        138  ......................................................................G............................. 
Cucumis di.        165  ......................................................................G............................. 
Cucumis fi.        147  ......................................................................G............................. 
Cucumis he.        147  ......................................................................G............................. 
Cucumis hi.        160  ......................................................................G............................. 
Cucumis hu.        147  ......................................................................G............................. 
Cucumis hy.        170  ......................................................................G............................. 
Cucumis ma.        147  ......................................................................G............................. 
Cucumis me.        147  ......................................................................G............................. 
Cucumis my.        167  ......................................................................G............................. 
Cucumis pr.        147  ......................................................................G............................. 
Cucumis ri.        188  ......................................................................G............................. 
Cucumis s.         147  ......................................................................G............................. 
Cucumis ze.        139  ......................................................................G............................. 
Diplocyclos p.     201  ......................................................................G............................. 
Lagenaria          201  ......................................................................G............................. 
Neoachmandra i.    157  ......................................................................G............................. 
Posadaea s.        137  ......................................................................G............................. 
Posadaea s.        137  ......................................................................G............................. 
 

Luffa acut.        173  .........................................................C............G............................. 
Luffa grav.        136  .........................................................C............G............................. 
Luffa quin.        175  .........................................................C............G............................. 
Luffa aegy.        147  .........................................................C............G.G........................... 
 

Eureiandra f.      170  ...................................................................................G.....T.......... 
Guraniopsis l.     144  ...................................................................................G.....T.......... 
Halosicyos r.      139  ...................................................................................G.....T.......... 
Kedrostis          160  ...................................................................................G.....T.......... 
 

Peponium c.        148  ...................................................................................G.....T.......... 
Peponium v.        160  ...................................................................................G.....T.......... 
 

Fig. 5 (B) Consensus sequence alignments of rbcL genes of cpDNA. Partial sequences of the highly conserved rbcL (ribulose-1,5-bisphosphate 
carboxylase/oxygenase large subunit) genes were blasted (NCBI, Altschul et al. 1997) and aligned (BioEdit, Hall et al. 1999) to DQ535791.1 (Citrullus 
colocynthis, 1384 nt). Notice Citrullus lanatus (Citrullus l) and Praecitrullus fistulosus. 
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Fig. 5 (C) Phylogenetic tree of Cucurbitaceae species based on DNA sequences of the highly conserved gene rbcL of cpDNAs. Genera of 
Cucurbitaceae including species Citrullus were blasted (NCBI, Altschul et al. 1997) to DQ535791.1 (Citrullus colocynthis, 1384 nt).  Relative genetic 
distance (0.001) is indicated (MEGA5, Tamura et al. 2007). 
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Fig. 6 (A) The mtDNA (mitome) sizes (bp) of plant genera (Streptophyta) including species of Cucurbitacea Citrullus l. (12), Cucurbita p. (27), 
Cucumis s. (28), and Cucumis melo (29). Human mtDNS (1), and lower plants (2 -7) are indicated (NCBI accession # , Altschul et al. 1997). (1) Homo s. 
NC_012920, (2) Mesostigma v. NC_008240, (3) Chara v. NC_005255, (4) Physcomitrella p. NC_007945, (5) Megaceros ae. NC_012651, (6) Marchantia 
p. NC_001660, (7) Phaeoceros l. NC_013765, (8) Brassica n. NC_008285, (9) Silene l. NC_014487, (10) Arabidopsis th. NC_001284, (11) Beta v. 
NC_002511, (12) Citrullus l. NC_014043, (13) Cycas t. NC_010303, (14) Nicotiana t. NC_006581, (15) Triticum ae. NC_007579, (16) Sorghum b. 
NC_008360, (17) Carica p. NC_012116, (18) Oryza s.J. NC_011033, (19) Oryza s.I. NC_007886, (20) Zea lux. NC_008333, (21) Oryza r. NC_013816, 
(22) Zea m. NC_007982, (23) Zea pren. NC_008331, (24) Zea parv. NC_008332, (25) Tripsacum d. NC_008362, (26) Vitis v. NC_012119, (27) Cucurbita 
p. NC_014050, (28) Cucumis sativus, and (29) Cucumis melo with the largest mtDNA (Alverson et al. 2010). 
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Fig. 6 (B) Phylogenetic tree of the total mtDNA genomes (mitomes) of Citrullus and related species. Citrullus lanatus (379,236 bp, #GQ856147.1 and 
NC_014043.1). Vitis vinifera cv Pinot noir (773,279 bp, #FM179380.1). Cucurbita pepo (982,833 bp, # GQ856148.1). Carica papaya (476,890 bp, 
#EU431224.1). Nicotiana tabacum (430,597 bp, #BA000042.1). Beta vulgaris (368,801 bp, #BA000009.3). Bambusa oldhamii (509,941 bp, 
#EU365401.1). Oryza sativa Japonica (490,520 bp, #BA000029.3). Zea mays (569,630 bp, #AY506529.1. (NCBI, Altschul et al. 1997). Relative genetic 
distance (0.005) is indicated (MEGA5, Tamura et al. 2007). 

                                    1310         1320         1330          1340         1350         1360         
                           ... .|. ... |.. ..| ... .|. ... |.. ..| ... .|. ... |.. ..| ... .|. ... |.. ..| ... .|. 
Citrullus lanatus    1247  CCA TTG GTT TCG CTA TGA AGA ATC GAC TAC C-- --- --- -TC AAC TAA GTA TTC GAG TAA CTA ATA 
  (#EU069546.1)            Thr Ile Gly Phe Ala Met Lys Asn Arg Leu Pro             Gln Leu Ser Ile Arg Val Thr Asn 
 
Cucumis metuliferus  1253  ... ... C.. ... ... ... ... ... TC. ... .-- --- --- -.. ... ... ... ... ... .C. ... ... 
  (#EU069548.1)            Thr Ile Ala Phe Ala Met Lys Asn Leu Leu Pro             Gln Leu Ser Ile Arg Val Thr Asn 
 
Cucumis melo         1244  ... ... ... ... ... ... ... ... ... ... .GG TCC GTG G.A GTT ... TG. ... ... .C. ... ... 
  (#EU069547.1)            Thr Ile Gly Phe Ala Met Lys Asn Arg Leu Pro Val Arg Gly Ser Leu Met Ile Arg Val Thr Asn 
 

Fig. 6 (C) Consensus sequence alignment and protein translate (BioEdit, Hall et al. 1999) of partial sequences of cox1 genes of mtDNAs of 
watermelon (Citrullus lanatus) and two related species. Silent (synonymous) mutations (e.g. C), non-synonymous mutations (e.g. CTT/Ala), consensus 
nucleotides (•) deletions (-), three-letter codes of amino acids (e.g. The – threonine) and NCBI accession # (Altschul et al. 1997) are indicated. 
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