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Abstract The large intergenic spacer (IGS) region of
rDNA is a valuable DNA sequence because it contains the
signals for transcription and processing of rRNAs. In this
study, we sequenced and analyzed the complete nucleotide
of rDNA IGS region of pomegranate for the first time. This
IGS sequence was 3,712 bp in length with GC content of
67.8 %. The sequence analysis indicated that the spacer
could be divided into three main regions: a central repetitive
region and two flanking unique domains on on both sides of
the central area. Central region is composed of two repeat
families (A and B), and the third region contained two short
direct repeats (C1 and C2). By comparisons with the IGS
sequence of other plant species and computer-aided sear-
ches, we determined the putative transcription initiation and
termination sites, and the large number of methylable sites.
The presence of some conserved motifs in this region may
play an important role in regulation of rRNA transcription.
Taken together, the pomegranate IGS revealed the complex
structure. However, its organization and structure are sim-
ilar to most other rDNA spacers studied.
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Introduction

In higher eukaryotes, ribosomal RNA genes (rDNA) occur
as a multigene family organized in tandem arrays of repeats
at the nucleolar organizing region(s) (NOR) of chromo-
somes (Appels and Honeycutt 1986). Each repeat unit
consists of coding regions (18S, 5.8S and 25-28S rRNAs),
and three spacer sequences including two internal tran-
scribed spacers (ITS1 and ITS2) and an intergenic spacer
(IGS) (Kahl 1988; Poczai and Hyvonen 2010).

The rDNA IGS region is composed of nontranscribed
spacer (NTS) and external transcribed spacer (ETS) regions
(Baldridge et al. 1992; Kahl 1988; Poczai and Hyvonen
2010). This region separates the 25S rRNA gene from the
18S rRNA gene of the following repeat unit (Poczai and
Hyvonen 2010). The IGS is a complex regulatory unit. It
contains broadly conserved structural features such as
repeating elements, repetitive enhancer elements, promot-
ers, terminators of transcription, and conserved secondary
structures (Baldridge et al. 1992; Kahl 1988; Poczai and
Hyvonen 2010; Reeder 1989). In plants, there are some
evidences that the repeated elements may act as enhancers
for transcription (Hemleben and Zentgraf 1994; Maggini
et al. 1992; Sardana et al. 1993), facilitating the initiation of
the RNA polymerase I transcription (Hemleben and
Zentgraf 1994; Schiebel et al. 1989). However, little
information is available about the function of numerous
repetitive elements (Zentgraf et al. 1990).
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The coding regions of the rDNA are strongly conserved
amongst organisms, whereas the spacer regions, especially
the IGS region, show high variability in length and
sequence between and within species and even among
individuals (Gerstner et al. 1988; Hemleben et al. 1988;
Jorgansen and Cluster 1988; Rogers and Bendich 1987;
Schaal and Learn 1988; Weider et al. 2005).

Length of the rDNA IGS varies in plant species group,
ranging in size from 1 kb to over 12 kb (Kim and Mabry
1991; Rogers and Bendich 1987). The molecular basis for
length heterogeneity is mainly as a result of the presence of
one to several tandems or dispersed subrepeat sequences in
the IGS region (Bhatia et al. 1996; Lakshmikumaran and
Negi 1994; Toloczyki and Feix 1986; Yakura et al. 1984).
Variation in the copy number of the subrepeats is probably
due to unequal crossing over within the repetitive families
(Lakshmikumaran and Negi 1994).

The spacers of ribosomal regions provide a valuable tool
for analyzing the evolutionary divergence between species
(Bhatia et al. 1996). The IGS sequence plays an important
role in the regulation of rDNA transcription and contains
the signals for processing pre-rRNAs (Da Rocha and Ber-
trand 1995; Fernandez et al. 2000; Hemleben and Zentgraf
1994). Indeed, studies on the structure and organization of
IGS will be useful for future analysis in control of expres-
sion of rRNA genes. The data of this region are now
available for different families of plants such as Poaceae
(Barker et al. 1988; Carvalho et al. 2011; Chang et al. 2010;
Toloczyki and Feix 1986), Brassicaceae (Bennett and Smith
1991; Lakshmikumaran and Negi 1994), Cucurbitaceae
(King et al. 1993), Solanaceae (Borisjuk and Hemleben
1992) and Fabaceae (Kato et al. 1990; Maggini et al. 1992).

However, based on our knowledge, few, if any, studies
have been published on IGS sequence and structure for
Lythraceae and Punicaceae families. Here, we present and
analyze the nucleotide sequence of the rDNA IGS of
pomegranate (Punica granatum L.), which has been tradi-
tionally placed in Punicaceae family (Koehne 1881). This is
the first complete sequence of IGS region in Punicaceae
family and Myrtales order. However, according to the latest
available projection (Morris 2007), Punica is a member of
the Lythraceae, which is closely allied to Onagraceae family
(Conti et al. 1997; Dahlgren and Thorne 1984; Johnson and
Briggs 1984). Pomegranate is one of the oldest known
valuable trees with high nutritional value and medicinal
properties (Seeram et al. 2006; Viuda-Martos et al. 2010).
This plant has valuable characteristics such as drought tol-
erance and can be well adapted to different climates and soils
(Levin 1994). However, there is low molecular data for this
horticultural crop (Ercisli et al. 2007, 2011; Melgarejo et al.
2009; Wang et al. 2007), thus it seems that more molecular
studies must be done. The purpose of this study is to: (1)
address structural analysis of rDNA IGS sequence of
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pomegranate; (2) consider the regulatory elements and
functional role of some conserved motifs by comparing
them with IGS sequence of other plants.

Materials and methods
Plant materials and DNA extraction

The plant samples of Punica granatum (cultivars: Malas
danezard Isfahan, Dare Loshan and Anar Zinati Golsefid)
were collected from the pomegranate collection of the
Agricultural Research Center of Isfahan, Iran, and the
Toryu-shibori cultivar was obtained from the germplasm
collection maintained at the USDA National Clonal
Germplasm Repository, Davis, California, USA. The fresh
leaves were frozen with liquid nitrogen and were stored at
—80 °C until DNA extraction.

Genomic DNA was extracted from frozen leaf material
using CTAB protocol of Murray and Thompson (1980)
with minor modifications. Quality and quantity of DNA
extracted were determined by electrophoresis on 1 % gel
agarose with unrestricted lambda DNA and confirmed by
spectrophotometric measurement.

PCR amplification and sequencing

The entire intergenic spacer (IGS) of rDNA was amplified
using two universal primers, LR12R and invSR1R, cited by
Vilgalys et al. (1994) (Table 1). Primer invSRIR was
developed from 5’ end of 18S rDNA gene and 3’ end of primer
LRI2R was located 256 bp upstream from the 3’ terminus of
28S rDNA gene. However, we used modified invSR1R pri-
mer with changes in ninth nucleotide (A-G residue)
(Table 1). The presence of the large enough section of the
highly conserved 28S gene in the PCR product allowed us to
ensure that the amplified PCR product represented the desired
region. PCR mixture contained 1x Pfu buffer, 1.3 mM
MgSO,, 0.3 mM dNTPs, 0.4 uM of each primer, 2 Units of
Tag DNA polymerase (Fermentas, Vilnius, Lithuania), 0.16
Unit of pure Pfu DNA polymerase (Peqlab Co., Germany)
and 45 ng of template DNA in a total volume of 45 pl. PCR
amplifications were carried out by incubation at 95 °C for
3 min, 35 cycles of denaturation at 95 °C for 1 min, primer
annealing at 56 °C for 1 min and primer extension at 68 °C
for 5 min, followed by a final extension step of 10 min at
68 °C on a Eppendorf thermal cycler (Germany). The PCR
products were visualized on 1 % agarose gel as a single band
with a length of approximately 4,000 bp.

The amplified DNA fragments were purified using
QIAquick PCR Purification kit, (QIAGEN), according to
the manufacturer’s instructions, and were sequenced by the
primers LR12R and invSRIR, using the ABI 3730XL
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Table 1 Primers used for amplification and sequencing of IGS

region

Primer Sequence (5'-3") Direction References

LRI2R  GAA CGC CTC TAA GTC Forward Vilgalys et al.
AGA ATC C (1994)

invSRIR ACT GGC AG(G) ATC Reverse  Vilgalys et al.
AAC CAG GTA (1994)

GPF1 ACG ACG CCT ATT ATT Forward Present study
TAC TTG G

GPR1 ATC GAC CCA GAC GCA Reverse  Present study
GCC ACA

GPF2 AAC GGT CAC AGG GCA Forward Present study
CGA G

GPR2 TCC TGG GAA TTT AGC Reverse  Present study
ACC ACA

GPR3 CGT GAT CGG TGA TCG Reverse  Present study
TGG

GPF4 CCG CTA TCA TCT CCC  Forward Present study
TCC A

GPR4 AAG GCT TGG GGC TTC Reverse  Present study
TTG G

sequencer (Macrogen Co., Korea). The sequence data from
these external primers were used to design novel internal
primers, with overlap of about 100-200 bp, to complete the
IGS sequence (Table 1). Furthermore, we developed two
primers, GPF4 and GPR4, to sequence the two ends of 4 kb
amplified PCR products (Table 1). The specific primers
were designed by Oligo software ver.5. To eliminate all
ambiguities, each sequence was repeated twice, especially
in places where they do not define any reverse primers.

Sequence analysis

DNA sequences for total IGS were assembled into contig file
by aligning the overlapped sequences. The complete
sequence IGS of Malas-Danezard Isfahan cultivar appears in
EMBL databank under the accession No. JX121275. Partial
IGS sequences of other cultivars of P. granatum are avail-
able via GenBank: Dare-Loshan (accession nos. JQ782224
and JQ782221), Anar-Zinati Golsefid (JQ782225 and
JQ782222), and Toryu-Shibori (JQ782226 and JQ782223).
Multisequence alignments were applied by the program
MEGAS using ClustalW method (Higgins et al. 1994) with
gap opening penalty of 15 and gap extension penalty of 6.
Pairwise sequence comparisons were performed by the
global alignment using Needleman—Wunsch algo-
rithm (Needleman and Wunsch 1970). We used the Tandem
Repeat Finder 4 (trf400) program (Benson 1999) which
identified DNA motifs by calculating the number and dis-
tribution of the motifs. The prediction of secondary struc-
tures of the IGS sequence was done by means of MFOLD
software, which was based on Zuker (2003).

Results

PCR amplification and sequencing of the intergenic
spacer region

Amplification of the pomegranate genomic DNA with the
universal primers (LR12R and invSR1R) resulted in a clear
single PCR product. The amplified PCR products in dif-
ferent pomegranate genotypes showed an identical size at
approximately 4,000 bp in length. This could reveal that
there is no significant length heterogeneity within the
studied genotypes. Sequencing of the PCR products via
designated internal primers (Table 1) presented the com-
plete nucleotide sequence of the intergenic region between
the 18S and 28S rDNA of pomegranate (Fig. 1). The
flanked coding regions were determined by alignment with
the previously reported sequences for other plants. Results
showed that the total IGS region is 3,712 bp long, pre-
senting a 67.8 % GC content. Furthermore, the end point of
the 28S rRNA coding region was 277 bp in length
and 63.2 % GC. In addition, the results of the partial
sequencing of IGS region in three cultivars of pomegranate
(Dare-Loshan, Anar-Zinati Golsefid, Toryu-Shibori) and
the two ends of IGS sequence of Malas-Danezard Isfahan
cultivar revealed a high similarity.

Transcription initiation and termination sites of rRNA
in IGS sequence

Sequence analysis of the pomegranate IGS represented
three distinct regions: a central repeated region and two
unique regions flanking the repeats. In the first unique
region, just after the 3’ end of the 28S, we found a
pyrimidine-rich sequence (CCCCCTCCCCTCC); in addi-
tion, they contained two A residues between CTCC motifs.
This region is highly similar to the beginning of the IGS in
other plants (Borisjuk et al. 1997; Gruendler et al. 1991;
Kelly and Siegel 1989; Maggini et al. 2008; Perry and
Palukaitis 1990; Polanco and Pérez De La Vega 1994) and
based on previous reports, it might function as transcription
termination site (TTS) (Vincentz and Flavell 1989;
Zentgraf et al. 1990).

In the third unique region, after the central repeated
sequences, we could identify the putative transcription
initiation site (TIS) with a single sequence TCTTTAG
GGGGGTAG (from base 2,561 to 2,575), which fitted the
reports of TIS in other plants (Hemleben et al. 1988;
Toloczyki and Feix 1986). The initiation site of RNA
transcript at 41 position is the adenine residue at position
of 2,566 (Fig. 1). This is in agreement with most previous
reports in other IGS sequences (Delcasso-Tremousaygue
et al. 1988; Doelling et al. 1993; Gerstner et al. 1988; Kato
et al. 1990; Maggini et al. 2008).
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Fig. 1 The entire nucleotide
sequence of rDNA IGS region
of Punica granatum cultivar
Malas-Danezard Isfahan. The
repeated sequences are
underlined with: double line for
repeat type A; single line for
repeat block B; dashed line for
repeat sequence C. The TIS
sequence is in dashed boxed and
an arrow indicates the initiating
A residue. The motif GAAAAT
is marked with oval. The box
shows the 5’ end of 18S rDNA
gene

@ Springer

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541
3601
3661

Ccccceerececece
CGGGCGeeece
CGTGCCGACA
GGAGCCACGC
GGCCATCTCA
GCTCGTCAAA
CCCGGCGACG
ATCATCGAGT
CTATTATTTA
ATTCCCCGGG
GCCGAGTTCG
GGTGCAGAAT
TAAACACCCC

TCCACTCCAC
CCCCCATATG
CTCGGGGCAT
GAGACGGTGA
CGGACCCGGT
CTTTGGTCCG
ACAAAATTGG
CCTATAACTT
CTTGGTCTCG
ATTAACTCGG
TACGCCCGGG
TTCCCCGGTG
CGTGCCGCGT

TCCTAGATTC
CCGGGCGGGC
AATCGCGGGA
CTTTCGCTGC
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TGGCATAATA
TCCCGGCGGC
GGCCCCGGCG
TCCACGGGCA
GCGAGCTTCA

ATCCCTGACG GGCCGACCCT CCCCGAGGCT
TCTCGGGGAA CCCCCCCGGC GCTTGGGCAT
TGCGGGACTC CTAACCGGTT GGTCCCCGGC
GCCCGGCCTG CGACCGCGAG TTG

GTCGGCCGGC CCTAGAGAGA CGCCCCGTTT
TATGCCAAGA AGCCCCAAGC CTTGGTCCCT
CAACGACCCC GACGCCCATG TCCCCCGCGA
GCCGACCCCC GTGCGAACCC GGGACGACGC
AACCGTCCGT GGCACGGGCG CGCGTGCTAA
AATCCGGGAT TCATTCGCGA ACGTCCCCGA

CGAGTGTGAA ADICGGATTT TGAACGTCCC CGGGCCGCGC
TTAAAGCTCG GGCGAGTGCA CGGCCGTGAA ADATGGATTT

GGTGCGGAAT TTTCCCGTGG CGTGATTCGG

GCAAGTCCAC

GGGAACGCCC
GGTACCGGTC

GGGCCGCGAT
TCGGTCACGG

CTCGGGAACT TCTAGGGTAC GGTCACTGGC

CACGGGGCGC

GGCACGATCG CTGGTCGGGA TCACCGGTCA

CGGTGGCGGG

GCACCGGTCA

CCGGTCCCTG

CCGCGCGGCC GCCGGCCTCG GGTCCCGGTC

GCCGGTCACT

GGGCGCGATC

CCGGGTCAGT

GGGCACGGTC ACGGGGCACC GGGCAAGGTA

CGGGGCACGG

TCACCGGTCA

CTGGGCACGG

TCCCCGTCCA CTTTGCACGG TCACGGGTCA

GCGGACAAGG

TCACGGGGCA

CGGTACCGGG

CACCGTGCTC GGCGACCGGT CACCGGGCAC

GGTCGCGGGG

CACTGGGCAC

CGGGGCACTG

GGCACGGCCA GCGGTCACCG GGCACGGGAG

CGGGAACGGT

CACAGGGCAC

GAGAGCGGGC

ACGGGCACCG GGCACTGGTC ACGTTCACGG

GGCACGATCA

CTGGCCTCGG

TCACGGGGCA

CGATAACCGG TCAGGATCAC AGATCACGGT

CACGGGGCAC

GATCACCCGG

TACGATCACC

GGGCACTGGG GGCGGTACTG GGCACGGTCA

CCGGGCCGAG

TGCACAGGCC

ACGGTCACTG

GCCCGATCAC TGGTAGCGGT AACGGGGCAC

GGTCACTGGG

CACGGTACCG

GGCGCGGTGC

TGGGCACGGT CACCGGGCAC GATCACTGGC

GAGGGTCGCG

GGGCACGATC

GCCGGGGGCG

GCGCTGGTCA CAGTCAGGGG GCAGGGTCAC

TGGCCAGGGT

CGCGATCACT

GGGCACGGTC

ACGGTGCACG ATCACCGGTC TCGGTCACGG

GGGGGCACGG

TCGCGGGGTG

CGATCGCCGG

GCACGGTCGC GGGGCGCGGT GATCGCCGGG

CACGGTCGCC

GGGCGCGATC

ACAGGACGCG

GTCACGGGGC ACGATCACCG GGTACGATCC

CTGGTCTCGG

TCGGGGGCCA

CGATCACCGA

TCACGGTCAC GGGGCGCGAT CACCCGGTAC

GATCACGGGG

CACGATCACC

GGTCTCGGTC

GCGGGGCCCG ATCACTGGTC AGTATCACTG

ATCACGGTCA

CGGGGCACGA

TCACCGGGCC

CTGGTGGCAG TACTGGGCAC GGTCACCGGC

CAAGGGCACT

GGTCACGGTC

GCTGGCTAGG

GTCACGGGGC ACGATCACTG GCTGAGGTCA

CGGGGCACGA

TCACCGGTAC

TGGGCGCGGT

GCTGGTCACG GTCACGAGGC ACGATCACTG

GCCACGGTCA

CGGGGCACGA

TCACTGGTCA

CGGGCACGGT CACGGGGCAC GATCACTGGT

CCTGGTGGGA

GTACTGGGCA

CGGTCACCGG

CCAAGGGCAC TGTTCACGGT CACTGGCTAG

GGTCTCGGGG

CACGATCACT

GGCTGAGGTC

ACGGGGCACG ATCACCGGTA CTGGGCGCGG

TGCTGGTCAC

GGTCACGAGG

CACGATCACC

GGCCACGGTC ACGGGGCACG ATCACCGGTC

ACGGTCACTG

GTCACGATCG

CCGGGCACGG

TCACCGGGCA CGACCACCGG GCACGGTCAC

GGGGCACGAT

CACTGGTCAC

GGTCACGGGG

CACGATCACC GGGCACGGTA ACGGGGCACG

ATCACCGGGC

AGGGTCGCGG

GGCACGATCA

CTGGGCACGG TCGCTGGAAC GATCACGGGC

ACGTCCAGCG

CACGGTCACG

GCACGCCCAG

GGCACGGTGG TGACCGTGTG GTGC?%AATT

CAATATCACC
CAGCCTCTCC
CATGTCCCTA
GCCTCCGGTC
GCTCGCGCTC
GATTTCGCTG

TCGATATGCC
CGGGAGCCCT
CGGATTGATG
CGCACTCTTC
TGCCGGACTG
TGGCCATCGG
TTCCGGCGGC
CGGGCCGGCC
TGGCGTTCCG
TGTGGAACGC
GGTGGACAAC
TCGGCGATGG
GTGGGCTGGA
TGCCATCCTC

TCCTGGGAAG
CCCCTGCGTC
CCTGGTGGTG
CGGTCCGGTC
GCGGCAAGTG
GCCTCCCCCT
CCGTAGCGTT
CGCTCGCGCT
CCCGAACCGT,

CGCGGGCGCC
ATGCTCGAAG
AAAGCTCGCT
TGCGTGCCTG
CAGTGGTTGC
TGCGTCCATC
GGTGTCCCGC
GCAGTAGTCC
GCTACGGGCG
AGCCTCTACG
GCCCCGGTGG

3721 [TGATCCTGCC

AGT]

AAGGAAAADG TAAAGTAAGC TCTTTAGGGG
CCTCCACCAC CACGCTGCAC GTCCCCATGC
CGTGCCTTGC CCCCGTCCGA CCACCCGACT
GGGTCGGTCG GCGGTGGCGT TCGGACGCTG
CTGCAAGCGG TATCGGTGCT GGAATCGCCC

CCCCCCCGGT CCCTCCCCGA TAGTCAGGCG
GGTTTTCACT CGCGTTGCCC DCAC
CCTGGCAGCG TGGGTGTGGC TGCGTCTGGG
TCCGTAGCGA_ TGGATTTCGC TCGCCGAGTC
CGGTCATGCA GCGTTCCGTG TGCCTGTTCC
CGACCCGTAG CGATTGTGTG TCGCGCCTAT
TCCCTTCCCG GGTGCCTCCC GGGACCGGGC
AGCGCGCAAC GGCGTGTGAG TGGTGTTCCG
AATCCCTCCC ACTGGACGGC TCGATGACCA
GCACGGAAGG CCGGTTGGTT CCTGTGCCAG
TATCATCTCC CTCCATCGAC ACTCCCTCCA
CCCTGGTCCA CGCTTTGCCT AGACGCCCGA
CCTCCTCGAT CCCACGGATG CGGAACGTCC
TGCCTGATAA CGTTGCACCA ATCGAATGAC
CGGGTGGCGG AGGTGACGTC GTGAATGGAT

L e amemmmm=

CCCAGGACGC

GGTAGACTCG
TCGACCCTAT
CCGGACACCT
GCGCGCGCGC
CGTAGCGATG
GGCGCGATTC
TCGACCCTCG
TCGATGCGAT
CTCAAAADTA
TCGATGCTGC
CGTGCGGCCG
GGCGTGCGCC
GTTGTGCCCT
ACTTCTCAAT
TTACCGCGAT
AGGGGCAGTG
CGGGCGCGAC
CAATTGGCAC
GCTCGTGCCT

GATACCTGGT
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Fig. 2 Nucleotide sequence a 1 GGTGGT--GACCGTGTGGTGCTAAATTCCCAGGACGCCAATATCACCTCC 48
comparison of the ..., NI IR I .

a P. granatum (upper) and 1 CCAAAAAAGACCCA'ITATTCCTC————CTCAACAAATCAATGTI'———TCC 43
Quercus petraea promoters.

b Repeat Al and A2. ¢ Repeat 49 TGG-GAAGAAGGAAAATGTAAAGTAAGC--TCTTTAGGGGGGTAG 90

Cl and C2 LI 1..1. Al LEEEE FEEEETEE .

44 TGGTGCTGGAGCGGAI TTTT ICCTAAGCGCTCI I IAGGGGGGAGG 88

b

Al 1 GTGAAATTCGGATTTTGAACGTCCCCGGGCCGCGCGGTGCAGAATTTCCC 50

LTTITTT .

LR T i1l

A2 1 GTGAAATATGGATTTTAAACACCCCCGTGCCGCGTGGTGCGGAATTTTCC 50

Al 51 CG----GTGTTAAAGCTCGGGC 68

|l 1.1
A2 51 CGTGGCGTGAT

C

————— TCGGGC 67

Cl 1 GAATCGCCCCGTAGCGATGGATTTCGCTGGCC 32

[IT-110..

SRR RNRNRRRRNNNAENNy

C2 1 GAACCGTTCCGTAGCGATGGATTTCGCTCGCC 32

Structure of the repeat sequences and methylation sites

In the central region of IGS sequence, two types of tan-
demly arranged repeats were identified, termed as A and B.
In addition, two direct repeats are located downstream of
the TIS sequence in ETS region, designated as C (Fig. 1).
The first type of repeat named repeat A consists of two
subrepeats (Al and A2) with length of 68 and 67 bp,
respectively, and an average GC content of 57 %. Repeats
Al and A2 are separated by 12 bp. Alignment of the two
repeats showed a value of 73.6 % homology (Fig. 2b).

The second type of repeat, named repeat B, is extended
from nucleotide position 816 to 2,485. The base pattern of
poly (N) runs in block B specifically shows a high frequency
of poly (G/C) runs. In the subrepeats of other eukaryotes, the
high frequency of poly (G/C) is found, as in African clawed
frog [Xenopus laevis (Daudin 1802)] (Moss et al. 1980), rice
(Oryza sativa L.) (Takaiwa et al. 1990) and mosquito [Aedes
albopictus (Skuse 1894)] (Baldridge and Fallon 1992). The
repeat unit B is the GC-richest region in the IGS sequence of
pomegranate and presents a 71.3 % GC. Sequence analysis
by trf400 software found a high number of 20 bp short direct
repeats with consensus sequence of GGTCACTGGGCAC
GATCACG in the repeat family B that is repeated tandemly
from position 954 to 2,371 from 5’ end of IGS.

The repeat unit C consists of two short repeats (C1 and
C2) that were separated by an inserted sequence as long as
180 bp. Alignment between two subrepeats, C1 and C2,
revealed the high homology (87.5 %) (Fig. 2c¢).

It is worth noting that the pomegranate IGS sequence
includes a large number of GCGC and CCGG motifs (30
and 74, respectively) that are irregularly distributed along
the entire sequence. In some places, the motifs are located
tandemly. The presence of a large number of the

methylable motifs has also been reported in other studies
(Maggini et al. 2008; Polanco and Pérez De La Vega
1994).

Discussion
Characterization of IGS

In the present study, we report the complete nucleotide
sequence of the IGS region in Punica granatum for the first
time. Indeed, the IGS structure is attractive to study
because of its importance for regulation of transcription
levels of rRNA genes by the signals of stop and start for
transcription of the rDNA units that are located in it
(Fernandez et al. 2000; Hemleben and Zentgraf 1994).
Analysis of pomegranate IGS sequence revealed that its
organization is similar to the most of the previous studies
on IGS and contains the repetitive elements, initiation and
termination sites of transcription.

Structure of promoter and terminator sequences
and ETS region

The IGS sequence included the motifs involved in signaling
RNA transcription and processing like CCCTCC motif that
is located just after the 3’ terminus of the 25S. However, this
motif is repeated multiple times in the entire sequence of
pomegranate IGS, especially near the supposed transcription
initiation site. The presence of the similar motif near the TIS
region has been previously described in other eukaryotes
such as rice (Oryza sativa L.), common oat (Avena sativa
L.), maize (Zea mays L.), wheat (Triticum aestivum L.),
African clawed frog (Xenopus laevis) and cucumber
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(Cucumis sativus L.) (Moss and Stefanovsky 1995; Polanco
and Pérez De La Vega 1994; Zentgraf et al. 1990) that
probably acts as a proximal terminator (Piller et al. 1990).

The putative TIS sequence in pomegranate IGS is
identified in the present study. Based on other studies,
sequences surrounding the TIS from —5 to +6 have
important functions and are highly invariant (Doelling and
Pikaard 1995). In most plants, the TATA and GGGG boxes
are common elements at the 5’ end of pre-rRNA (Hemle-
ben et al. 1988; Perry and Palukaitis 1990; Toloczyki and
Feix 1986; Zentgraf et al. 1990). However, in pomegranate,
the putative TIS sequence missed TATA motif in the
upstream of the conserved A residue. But it is interesting to
note that the core sequence around the initiating A is highly
similar to the TIS region of European oak trees [Quercus
petraea (Matt.) Liebl. and Q. robur L.] (Bauer et al. 2009),
especially the sequence upstream of the A residue
(TCTTT), demonstrating the same changes in the TATA
motifs in pomegranate and oak. This is in agreement with
the suggestion that these changes are probably as a result of
different evolutionary path of tree species (Bauer et al.
2009). However, more studies on tree species are required.

In general, the gene promoters are preceded by AT-rich
sequence elements (Gerstner et al. 1988; Hemleben and
Zentgraf 1994; Reeder 1989; Zentgraf and Hemleben 1992).
In pomegranate IGS, the long AT-rich sequence cannot be
detected; however, we could find short AT-rich region just
upstream of the TIS sequence. This region contains the
GAAAAT motif. However, this motif is also repeated
irregularly throughout the entire IGS sequence. It is repeated
in each short repeat unit A, occurring two times in the 5’ ETS
region after the TIS. It is worth to mention that the presence
of the similar sequences in the subrepeats and in the pro-
moter region and even downstream from the TIS in the IGS
is discussed in other studies and it has been shown that they
may function as enhancers for promoter (Barker et al. 1988;
Delcasso-Tremousaygue et al. 1988; Echeverria et al. 1992;
Gruendler et al. 1991; Polanco and Pérez De La Vega 1994;
Tremousaygue et al. 1992; Zentgraf and Hemleben 1992). In
addition, the existence of this motif before TIS was reported
previously in other plants such as legume species (Fernan-
dez et al. 2000), Eruca sativa L. (Lakshmikumaran and Negi
1994), radish (Raphanus sativus L..) (Echeverria et al. 1992);
according to Echeverria et al. (1992), the GAAAAT motif
may have the function to bind to the homologous nuclear
protein fraction. However, experimental data are needed to
demonstrate the function of this motif.

The exact ends of pomegranate promoter are yet to be
identified. However, further studies with alignment
between the total sequence of pomegranate IGS and the
promoter region of the European oak (Quercus petraea)
revealed the maximum homology with position
2,504-2,572 of pomegranate IGS, in agreement with the
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position of putative promoter region in the present study.
Indeed, comparing the —80 to 410 region of pomegranate
promoter with the available promoter of Quercus petraea
(Bauer et al. 2009) shows a homology of 50.5 % and some
conserved motifs (Fig. 2a).

Further analysis revealed the possible secondary struc-
ture at the putative TIS region of the pomegranate with
minimum free energy of —7.74 (Fig. 3a). This structure is
similar to previous studies in plant species (Vicia faba L.
and Pisum sativum L.), which was also found in rat, mouse
and human rDNA (Financsek et al. 1982; Kato et al. 1990).
In addition, upstream of the TIS region of pomegranate
includes the inverted sequence that can construct the stem-
loop structure before the initiation site and CCTCC motif
involves formation of this structure (Fig. 3b).

In the ETS region, a dyad symmetry was identified just
upstream the 5’ end of 18S rRNA, which forms the stem-
loop structure with the length of 77 bp (Fig. 3c). The
similar stem-loop structure occurs near the 5’ extreme of
the 18S rRNA, in far-related plant species (oat (Avena
sativa L.), pea (Pisum sativum L.), maize (Zea mays L.),
soybean (Glycine max L. Merr.), lentil (Lens culinaris
Medik.), faba bean (Vicia faba L.), Hordeum bulbosum L.,
rice (Oryza sativa L.) and also in animals. This may show
the relevance of this structure to pre-rRNA processing
(Barker et al. 1988; Fernandez et al. 2000; Piller et al.
1990; Polanco and Pérez De La Vega 1994).

Repeat sequences and methylation sites

Sequence analysis of pomegranate IGS was resulted to
identify the three types of repeat family (denoted as A, B
and C) as shown in Fig. 1. Repeat family A revealed the
motif GGATTT that is repeated twice in each A subrepeats
with a point mutation in the second nucleotide (G to A); it
is also found in downstream of the TIS in two other short
directs of C repeats. This could show the conserve nucle-
otides among the two types of repeats A and C. The repeat
family B contains the large number of the motifs GGG
CAC and GGTCAC, that are repeated 58 and 50 times,
respectively, without any changes in the block B region.
Also, these motifs are present in the 20 bp consensus
sequence of GGTCACTGGGCACGATCACG that are
repeated tandemly in B family. It seems that the B block
region was generated by proliferation and duplication of a
short sequence motif (GGGCAC). However, the presence
of the variation amongst the short repeats was generated as
a result of the later point mutations.

Comparing the three types of repeat family demon-
strated the relatively low homology (data not shown).
However, we applied the drop out poly (N) runs method
based on Ryu et al. (2008), by deletion of all consecutive
bases in each poly (N) run expect one base, resulting in the
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increase in the similarity values. Indeed, the high frequency
of the poly (N) runs is one of the major factors in the
divergence of primary sequence (Ryu et al. 2008). With
drop out poly (N) method, the three types of repeat reveal
the common short sequence (GATC). It is striking to note
that the sequence GATC has been repeated highly in IGS
sequence, being found mostly in block B (93.18 %). This
could suggest that this short sequence may be an ancestral
sequence to raise the repeat families in IGS of pomegran-
ate. However, more comparative studies, especially with
close related species to Punica, are needed.

The IGS of pomegranate revealed the abundant number
of methylable sites (74 CCGG and 30 GCGC) that are
unevenly distributed along the sequence. Indeed, the meth-
ylation levels have demonstrated the relation in the tran-
scription of the rRNA genes in several instances (review in
Hemleben and Zentgraf 1994; Komarova et al. 2004; Sant-
oro et al. 2002; Sardana et al. 1993). In comparison with
Avena sativa, the spacer of P. granatum showed the same
number of GCGC sites (30 vs. 30) (Polanco and Pérez De
La Vega 1994), which is more than wheat (Triticum
aestivum L.) and common olive (Olea europaea L.) (18 and
17, respectively). Punica IGS demonstrated more CCGG
motifs than Olea (46), Avena (22) and Triticum (10). In
pomegranate, most of the CCGG sites are located in the
block B repeats (42 sites), and the less number is found in the
first and third unique regions (14 and 15, respectively), while
the GCGC motifs are presented mostly in the downstream of
TIS (5" ETS region) and in the B repeat family (13 and 11,
respectively). The methylable sites are irregularly distrib-
uted in Avena, Olea and Triticum (Maggini et al. 2008;
Polanco and Pérez De La Vega 1994; Sardana et al. 1993). In
Punica, 56.7 % of the CCGG motifs are found in B block
that is similar to B subrepeats of Avena, but the density of the
GCGC motif in block B (36.6 %) is lower than Avena B
subrepeats. However, the number of these motifs in block B
isrelatively high and it may play an important function in the
expression of rDNA loci according to the results of Polanco
and Pérez De La Vega (1997) and Sardana et al. (1993).

The present study is the first report on complete
sequence of IGS in pomegranate and also in Myrtales
order. Analysis of Pomegranate IGS sequence showed that
its organization is similar to the most of the previous
studies on other plant IGS. It contains the repetitive ele-
ments, initiation and termination sites of transcription and
revealed some conserved motifs. The presence of con-
served motifs in the IGS region of variable plant taxa could
support the hypothesis that these motifs may act as func-
tional sequences to control transcription or processing of
rRNA. However, further studies involving the comparative
analysis with the IGS of pomegranate will address the
homologous features and identification of similar ancestral
sequences by sequencing the entire IGS of other species
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that are closely related to pomegranate, especially the
species in Lythraceae family.
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