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Abstract

The decision to replicate its DNA is of crucial importance for every cell and, in many organisms, is decisive for the progression
through the entire cell cycle. DNA polymerases are required to maintain the integrity of genome during DNA replication. DNA
Polymerase Alpha (POLa) encodes the putative catalytic subunit of the DNA polymerase a which plays an essential role in the
initiation of DNA replication. Here, we present the cloning, characterization and expression of a putative SIPOL« gene in tomato by
isolating cDNA clones corresponding to SIPOLa gene from tomato using primers designed from available ESTs based on conserved
sequences between PcG genes in Arabidopsis thaliana and tomato. The SIPOLo cDNAs were cloned into pBS plasmid and
sequenced. Both 5' and 3' RACE were generated and sequenced. The flcDNA for SIPOLa gene length was composed of 4,944 bp,
containing 103 bp in the 5'UTR; 4,683 bp in the ORF; and 158 bp in 3'UTR. The translated ORF encodes a polypeptide of 1,561
amino acids. Alignment of deduced amino acids indicated that there are highly conserved regions between tomato SIPOLo. predicted
protein and hypothetical plant POLa gene family members. Both unrooted phylogenetic trees, constructed using maximum
parsimony and maximum likelihood methods indicated that there is a close relationship between SIPOLo. predicted protein and POLa
protein of Mimulus guttatus. SIPOLo was strongly expressed in proliferating tissues (closed floral buds) and moderately expressed in
flower tissues, whereas, it was weakly expressed in non-proliferating tissues (unripe fruit).
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Abbreviations: SIPOLo_Solanum lycopersicum L. DNA Polymerase Alpha; POL_DNA polymerase; PcG_Polycomb group; SGN_
Solanaceae Genomics Network database; CDD_NCBI Conserved Domain database; UTR_Untranslated region; ICU2_
INCURVATA 2; ORF_Open reading frame; flcODNA_Full length cDNA; RACE_Rapid amplification of cDNA ends; EST_
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Introduction

The tomato genome was sequenced as the cornerstone of an per the Arabidopsis Information Service Form Mutants
International Solanaceae Genome Initiative, a project that collection. Thereafter, INCURVATA genes were identified
aims to develop the family Solanaceae as a model for as genes involved in the control of leaf morphogenesis by
biological systems for understanding plant adaptation and screening 13 A. thaliana mutants with curled and involute
diversification. Tomato genome comprises approximately leaves (Serrano-Cartagena et al., 2000). The strong icu2-2
950 Mb of DNA, more than 75% of which is heterochromatin and icu2-3 insertional alleles caused fully penetrant zygotic
and largely devoid of genes (SGN, 2013). Tomato genome lethality when homozygous and incompletely penetrant
has recently been achieved and published on the Solanaceae gametophytic lethality, probably because of loss of DNA
Genomics Network database (SGN) (http://solgenomics.net/ polymerase activity. The weak icu2-1 allele carried a point
tomato/), as well as the sequence of a wild relative. Of mutation and caused early flowering, leaf incurvature, and
estimated 950 Mb genome size, 760 Mb were assembled in homeotic transformations of sepals into carpels and of petals
91 scaffolds aligned to the 12 tomato chromosomes (The into stamens (Barrero et al., 2007). In eukaryotic cells, DNA
Tomato Genome Consortium, 2012). The tomato POLa gene polymerases are required to maintain integrity of the genome
is homologous to the Arabidopsis thaliana POLa gene (also during biological processes such as replication, various repair
called INCURVATA 2 or ICU2) which encodes the catalytic events, translesion synthesis and recombination and also in
subunit of the DNA polymerase o (Barrero et al., 2007) and regulatory events such as cell control and DNA damage
one of the various proteins that participate in DNA checkpoint function (Hubscher et al., 2000). Perhaps the most
replication, repair and recombination; these include important function of DNA polymerases is to synthesize an
chromatin assembly factors, POLS, POLe, DNA primase, exact replica of the genome during the replication process.
replication factor C (RFC), proliferating cell nuclear antigen Eukaryotic nuclear replication is a bidirectional process
(PCNA) and other proteins (Garg and Burgers, 2005; initiated at one of the several origins of replication, where a
Moldovan et al., 2007). Incurvata mutants were isolated by G carefully regulated complex of proteins unwinds the DNA
Rébbelen in 1957 and were found to belong to A. thaliana as and facilitates the assembly of a replication fork (Garg and
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Table 1. The eleven primer pairs used to amplify cDNA clones in this study.
(forward or reverse) of the primer.

and ‘R’ in the primer names indicate direction

Primer name Primer sequence
SIPOLaF01 5-TGA GAA CGG CGG ATT ACA GG-3'
SIPOLoRO1 5-TAC ATC TCT GGA GAG CTT GG-3'
SIPOLaF02 5-GGC TGA TAG GGA GAG AAG GCG AAG AGG-3'
SIPOLoR02 5'-GGA CTATCT ACAATG ACC TCA A-3'
SIPOLoF03 5'-CAG TGG GAA TAA GGG ATG GTG-3'
SIPOLoR03 5-CCC ATA GGA AAT ATG CCT CCC TC-3'
SIPOLoF04 5'-CCA AGC TCT CCA GAG ATG TA-3’
SIPOLoR04 5-TCC CCA AAG GTT ACC ACT GAT-3'
SIPOLaF05 5-ATG CGC CCA TGT TAA CCT CC-3'
SIPOLoR05 5-GGG CCT TGA GAC CAG ATG CT-3'
SIPOLaF06 5'-CAT CTAAGT GTTCTT CCT TTG ACT CG-3'
SIPOLoR06 5'-GGC CAG TCC TCATTT GCT C-3'
SIPOLoFQ7 5-ATC AGT GGT AAC CTT TGG GG-3'
SIPOLoRO7 5-TGG AGA ATC CTA GAC ATC CG-3'
SIPOLoF08 5-GAA GGT GGG ATT CTG GAC ATC AAC C-3'
SIPOLaR08 5'-GGC AGC TATTGC TTT GGATTT TCC-3'
SIPOLaF09 5-GCA AAG TCG CTA GCA GAG C-3'
SIPOLoR09 5-ATT CCC CTC ACT CTC CTC TGG GC-3’
SIPOLaF10 5-CGT GAC TGG AGC TTG CTG TC-3'
SIPOLoR10 5-TTC AAC CAC AGG CCG TAT CC-3'
SIPOLoF11 5-GCC CAG AGG AGA GTG AGG GGA AT-3’
SIPOLaR11 5'-CGG TAT TAG CCT TGC TAG AAT G-3’
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Phaseolus wl(--NDASIAthKKA SPSYAGGLVLEPRKGLYDKYILLLDFNSLYPSIIQEYNICF TTVEISLDGSFPRLPSCKTTGVLPEVLRNLVDRRKKVKS W IKNEKKIRVOOLD IQQ
Mimulus guttarSVEEPAENHHGKNKKGGSYAGGLVLEPKKCLYDKYILLLDFNSLYPSIIREYNICF TTVDRSTDESVPHLP TSKRPGVLPELLKNLVERRKKVKENLRNASPHNVOQLD IR
Vitis vinifery ---========== KMNQAYSGGLVLEPKRGLYDRY ILLLDFNSLYPSIIQEYNICF TTVERSPDGSVPRLPSSKTTGVLPELLKKLVERRKTVKSRLKTASGLKVQQLD IQQ
Glycine max g« HDNDASEADNKKSKKGPSYAGCLVLEPKKGLYDKYILLLDFNSLYPSIIQEYNICK TTVERSLDESF PRLPSSKTTCVLPEVLKNLVDRRKNVKS U IKNERN IRVOOLDIQQ
Linws usitaci:FENERPENSHRKGKRCPAYAGGLVLEPKKGLYDKYVLLLDFNSLYPSIIQEYNICF TTVERSSECVSSRLPSSKTTGVLPELLKNLVERRRNVKRVNKS ASGLRVOOLDIQQ
Medicago trundVHNDASESDHKKNKKAASYAGGLVLEPKKGLYDRYILLLDFNSLYPSIIQEYNICFTTVERSSDDSFPRLPSSKTTGVLPELLKKLVKLRRERKTUMKTASGLKROQLDIEQ
Nanihot esculdfDNDGPENDHARGRKGPAYAGGLVLEPRKGLYDRYVLLLDFNSLYPSIIQEYNICF TTIEKSADCLVPRLPSSKTTCVLPELLKNLVERRRIVKS UMKNVTCLRVOQLDIQQ
Arebidopsis t)LTLENDPSKGSKTKKGPAYAGCLVLEPKRGLYDKYVLLLDFNSLYPSIIQEYNICFTTIPRSEDG-VPRLPSSQTPCILPRLMEHLYS IRRSVKLKMKKETGLKYVELDIRQ
Populus trichdFENDNQOSDHCGKRKKGPAYAGCLVLEPKKGLYDKYVLLLDFNSLYPSIIQEYNICK TTVERSHDGLVPRLPSSKTTGVLPELLKNLVERRREVRSVMRNASGLRVQQLD IQQ
Ricinus VLEPKRGLYDKYVLLLDFNSLYPSIIQEYNICF TTVERSTDOLVPRLPSIKTTGVLPELLKNLVERRRHVKS VHKN ASGLRVOQLDIQQ
Cucumis sacivy KRGLYDKYVLLLDFNSLYPSIIQEYNICF TTVERSPDGVIPPLPSSRVTGVLPELLKNLVORRRNVKS WMKNASGLKLQQLDIQQ
Chlamydomonas K VLEPKKGLYDKIVIILDFNSLYPSIIQEYNICK TTVORPDDGALPPLPDSAANGLAPLVLOALVNRRROVKS AMANERNVTROQLOVRQ
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Mimulus guttalSPHNVOOLDIRQOALKLTANSHYGCLGFSNSRFYAKPLAELITLOGREILOSTVDLVONTLNLEVIYGDTDS INIVSGLDD IKEVKE IARKVIQEVNKRYRCLEIDLDGLY!
Vitis vinifer(IGLKVOOLDIQOOALKLTANSNYGCLGFSNSRF YAKPLAELITLOGRE ILOSTVDLVONNLNLEVIVGDTDS INIYTGLDD ITRARKAIAGKVIQEVNKKYRCLE IDLDC
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Nanihot escul( TCLKVOQLDIQQOALKLTANSMYCCLGFSNSRFYAKPIAELITLQCREILQSTVDLVONNLNLEVIYGDTDS IMIYSCLDD ITRARAVAGKVIQEVNKKYRCLE IDLDGL
Arabidopsis t)TOLKYVELDIRCOALRLTANSMYGCLGFSNSRF YARPLAELITLOGRDILORTVDLVONHLNLEVIYGDTDS INIHSGLDD IEEVKAIRSKVIQEVNKKYRCLRIDCDG
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Ricinus commw SCLKVOOLDIQQQALKLTANSNYGCLGFSNSRF YAKPLAELITLQGREILOSTVDLVONNLNLEVIYGDTDS INIVSGLED ITRAKAIAGKVIQEVNRKYRCLEIDLD!
Cucumis sativiSCLKLOOLD IQQOALKLTANSNYGCLGY SNSRFYARKPLAELITSO: KVIQEVNKKYRCLEIDLD
Chlamydomonas RNVTROOLOVROQAIKLTANSHYGCL ASRFYAQPLAELITAQ! GLGGGEDDDAALLMGSSG
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Phaseolus vul(KCLEIDLDGLYKRHLLLKKKKYAAVKLLFKDGIPYEVIERKGLDIVRRDVSLLAKELGDFCLTQILSGGSSEDVVES IMNSLEKVOEENRNGQVPLERYVITKTLTRPPEA
Mimulus guttal KCLEIDLDGLYKRMLLLKKKKY AAVRLHFKDHTSYEVIERKGLDIVRRDVSLLSKELGDFCLSQILSGGSCEDVVEE INKSLNKVOEENRNGQIPLERYVITKTLTRPPEA
Vitis vinifer(RCLEIDLDGLYRRMLLLKKRKY AAVRLOFRDGTPYEVIERKCLDNVRRDVSLLSKELGDFSLEQILSGG VESI GEVALEKYIITRSLTKPPEA
Glycine max g(KCLEIDLDGLYKRMLLLEKKKYAAVRLLYRDGTPYEAIERKGLDIVRRDUSILAKELGDFCLTQILSGGICEDVVES IHNSLNKVOEENRNGQVALERYVITKTLTRPPEL
Linum usitati:RCLEIDLDGLYKRMLLLKKKRYAAVRIQFKDGTPYEVRECKGIDNVRRDUSLLSKEVGGFCLDQILSGRSCEDVVES IHSYLNKVRDENRSEQVELKQYVITRSLTKPPEL
Medicago trunRCLEIDLDGLYRRMLLLKKKRYAAVKVOFKDGTPYEVIERKGLDIVRRDUSLLAKDLGDFCLTQILSGGSCEDVVES IHNSLERVOEENRNGOVALEKYVITKTLTKPPEL
Manihot escul(RCLEIDLDGLYRRNLLLRKRKYAAVRLOFRDGTPYEVIERKGLDMVRRDVSLLSKELGDFCLAQILS /CEDVVES IHNSLNKVQEDMRNGQVALEKYVITKTLTKPPEA
Arabidopsis t)RCLKIDCDGIVKRMLLLREKRKYAAVKLOFKDGKPCED IERKGVDNVRRDWSLLSKEIGDLCLSKILY CEDVVEAIHNELMKIKEEMRNGQVALEKYVITKTLTRPPAA
Populus trich(RCLEIDLDGLYKRMLLLKKKKYAAVKVOFKDGTPYEVIERKGLDMVRRDUSLLSKELGDFCLAQILS EDVIES IKNSLEKVQEDNRSGQVALERYVITKTLTKPPEA
Ricinus comow RCLEIDLDGLYRRMLLLEKKKYAAVRLOFKDGTPYEVIERKGLDMVRRDUSLLSKRELGDFCLAQILSGGSCEDVVES INSLNKVOEENRNGQVALERYIITRTLTKPPEA
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Solanum lycoptLTRKPPEAYPDARSQPHVEVALRLKRSGYVTGCSAGDTVPYVICCEQGNGSTTSVGIAQRARHPDELKRDNGNVIVDIDY YLAQQIHPVISRLCASIQGTSPARLADCLGL!
Phaseolus vul(LTKPPEAYPDAKNQPHVLVAQRLRQQGYTSGCSVGDTIPYIICHEQGGSSGSAGGIAQRAREPDELRQEQSTULIDIDYYLSQQIHPVVSRLCAS IQGTSPERLADCLGL!
Mimulus guttasLTKPPEAYPDARSQPHVEVALRLKRNGYVTGCSAGDTVPYIICCEQONGSSTSVGIAQRARHPDELKKDNENVNIDIDYYLAQQIHPVISRLCASIQGTSPARLADCLGL!
Vitis vinifer(LTKPPEAYPD-KNQPHEVQVALRLRQSGYSTGCSAGDTVPYIICCEQGTSSGSSTCIAQRARHPDELKRDNGKVEIDIDYYLAQQIHPVVSRLCASIQGTSPARLADCLGL!
Glycine max giLTKPPEAYPDARNQPHVLVAQRLKQQGYSSGCSVGDTIPYIICYEQGGSPGSAAGIAQRARNPDELKRDOGTVLIDIDYYLSQQIHPVVSRLCAPIQGTSPERLADCLGL!
Linwo usitati: LTKPPEAYPDAKNQPHVHMVALRLRQSGYTAGCSAHDTVPYVICIEQGASSGGSAGIAQRAREPDELEKDDGKVEIDIDYYLSQQIHPVVSRLCAPIQGTS!
Medicago trundLTRPPEAYPDAKNQPHVLVAQRLKQOQSYTSGCSVGDTIPYVICCEQGGSSGSATGIALRAREPDELKQEQGTULIDIDYYLSQQIHPVISRLCASIQGTSPERLADC
Nanihot esculiLTKPPEAYPDAKNQPHVLVALRLROSGYTTGCSAGDTVPYIICCEQGAS-GNLTGIAQRARHPDELKSDDGKVEIDIDYYLSQQIHPVVSRLCASIQGTSPERLADCLG
Arabidopsis t) LmPAAYPDSKSQPWWALRIRQRK:YKI"FHIKDWPY!ICYIQNASSASSA"ILIRARHPDWKS!‘:SRVLVD!DYYLAQQXKP‘VVSILCAIIO:T’SP!RLAICL"L
Populus trich(LTKPPEAYPDARNQPHALVALRLROSGYTAGCSAGDTVPYIICCEQGASAVSLTGIAQRARHPDELRCDDGRUIIDIEYYLSQQIHPVVSRLCASIQGTSPERLADCLGL!
Ricinus coneows LTKPPEAYPDAKNQPHVMVALRLROSGYTTGCSVGDTVPYIICCEQGATPGSSSGIAQRARNHPDELKKDDGRVRIDIDYYLSQQIHPVVSRLCASIQGTSPERLADCLGL!
Cucumis sativiLTRPPEAYPDARNQPHVOVAQRLKQNGYTTGCSVGDTIPYIICCEQESTSGGSTGIAQRARKPDELKKEDGKVNIDIEYYLSQQIHPVVSRLCASIQGTSPERLADCLGL!
Chlamydomonas VLRPDDETADAGPGGCRAAVLRPAAAGGGAGEEAGGGAGPERCGHP-~DPSRAGVLLRRAMNERDL YLOLSHY YRLLEVEGAARRHECRLRAADPKSGVSLDDVRARVPE:

(B)
Fig 1. Conserved domains identified in the sequence of the SIPOLa protein using NCBI CDD. (A): Conserved domains in SIPOLa
protein; DNA pola N, DNA pola B exo, POLBca and zf-DNA Pol. (B): Multiple sequence alignments of conserved POLBco domain
sequences from amino acids 926 to 1,329. Alignment with 12 POLa protein sequences of other plant species was performed using
ClustalW 1.83 by BioEdit software.

303



Burgers, 2005; Kunkel and Burgers, 2008; Yeeles et al.,
2013). Eukaryotic cells have at least four major nuclear DNA
polymerases: POLa, POLS, POLS and POLe. POLy is found
in mitochondria, although it is encoded by a nuclear gene.
Plant chloroplasts also contain their own DNA polymerase
that appears to be similar to POLy (y-like DNA polymerase)
(Wang et al., 1991; Nielsen et al., 2010). POLa plays an
essential role in the initiation of DNA replication. The POLa
complex is composed of four subunits: the catalytic subunit
POLa 1, the regulatory subunit POLa 2 and the small and the
large primase subunits PRIM1 and PRIM2. The primase
subunit of the POLo complex initiates DNA synthesis by
oligomerising short RNA primers on both leading and
lagging strands (Muzi-Falconi et al., 2003; Lévy et al., 2009).
These primers are initially extended by the POLa catalytic
subunit and subsequently transferred to POLS and POLeg for
processive synthesis on the lagging and leading strand,
respectively (Garg and Burgers, 2005; Vaara et al., 2012). In
A. thaliana, 12 different DNA polymerases have been
identified by sequence similarities. They fall into four main
classes of eukaryotic DNA polymerases: classes A, B, X and
Y (Burgers et al., 2001). The class B comprises four DNA
polymerases, POLa, POLS, POLe and POLL. POLa, POLS
and POLeg participate in nuclear DNA replication; POLS and
POLe are also required for proliferating cell nuclear antigen-
dependent long-patch base-excision repair. POL{ involved
for mutagenic DNA replication. These functions in plants are
only speculative since they have been deduced from the
functions attributed to their orthologues in other organisms
(Garcia-Diaz and Bebenek, 2008; Sanchez et al., 2012).
During DNA replication, not only nucleic acids but also
DNA methylation, histone modifications and chromatin
structure are accurately replicated (Ekanayake and Sabatini,
2011). Understanding the stable transmission of epigenetic
information through multiple cell cycles has been the main
focus of recent studies concerning epigenetic regulation
(Sanchez et al., 2012; Yeeles et al., 2013). The epigenetic
role of ICU2 was revealed in A. thaliana, where the mutation
of polalicu2 reduced dimethylation of histone H3 lysine 9
(H3K9 me2) in the 35S promoter. The pola mutation also
influences development of the shoot apical meristem, and
delays the G2/M phase with high expression of a G2/M
marker gene CycB1;1:GUS (Liu et al., 2010). Recent studies
revealed that ICU2 ensures stable maintenance of repressive
histone modifications and facilitates histone assembly in
dividing cells, suggesting a possible mechanism for ICU2-
mediated epigenetic maintenance (Hyun et al.,, 2013).
FICDNA clones are fundamental resources for molecular
biology experimental investigations of gene functions, as
well as for detection of intron—exon structures in genomes.
The general aim of this work is to identify a putative PcG
gene, S. lycopersicum L. POLa (SIPOLa), from tomato by
cloning and sequencing its flcDNA of mRNA transcripts in
tomato tissues. SIPOLo gene has an epigenetic role in
flowering and floral organs development and as far as we
know, this is the first DNA polymerase gene to be sequenced
and characterised from Solanaceae.

Results
Construction of full length cDNA for tomato SIPOLa gene

To isolate cDNA encoding for SIPOLa gene, PCR was
performed using a primer set that targets the SIPOLa gene in
cDNA synthesised from total RNA extracted from tomato
closed floral buds. Amplification products were cloned in
cloning vector, pBS, linearised with EcCORV restriction
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enzyme and transformed into Escherichia coli DH5a. The
SIPOLo. cDNA contig was obtained by overlapping 11 ESTs.
The lengths of ESTs varied between 460 and 1,250 bp with
an average length of 981 bp. Based on the sequence of the
SIPOLa cDNA contig, 5" and 3’ RACE gene specific primers
were designed and used in 5" and 3' RACE amplification. The
generated 5’ RACE fragment was 738 bp in length, and 3’
RACE was 505 bp. Both 5" and 3" RACE fragments were
sequenced and assembled with obtained ESTs to construct
SIPOLo. flcDNA contig. Computer analysis using the
BLASTN algorithm in SGN database confirmed that the
obtained sequence corresponded to SIPOLo gene. The
obtained SIPOLa flcDNA was located on tomato
chromosome 2 in genomic region about 12,782 bp. Thirty-
one exons were determined using flcDNA and BLASTN
search in SGN database (Table 2; Supplementary Fig 1). The
constructed SIPOLo. flcDNA comprised 4,944 bp, containing
103 bp in 5" UTR, 4,683 bp in ORF and 158 bp in 3' UTR
without poly (A) tail (Supplementary Fig 2). ORF encodes a
polypeptide of 1,561 amino acids, spanning from np 104,
where the first ATG codon is located, to np 4786, adjacent to
a termination codon (TAG) (Supplementary Fig 3). The
flcDNA sequence has been submitted to the NCBI GenBank
as accession number JQ669019, where the deduced amino
acid sequence is found under accession number AFD98849.

ORF analysis and protein homology

The 4,683 bp ORF from SIPOLa flcDNA encodes 1,561
amino acids. The calculated molecular mass of the predicted
protein is 172.7 kDa, with an estimated isoelectric point of
7.02. Domain prediction using NCBI Conserved Domain
Database (CDD) indicates that tomato SIPOLo protein
includes, like in most others plants, four conserved domains.
DNA polymerase o subunit p180 N terminal domain (DNA
pola N) from amino acid 27 to 93, DNA polymerase family o
B exonuclease domain (DNA pola B exo) from amino acid
591 to 842, DNA polymerase type-B o subfamily catalytic
domain (POLBca) from amino acids 926 to 1,329 and DNA
Polymerase a zinc finger domain (zf-DNA Pol) from amino
acid 1,355 to 1,557. The four domains appeared as conserved
sequences in multiple sequence alignment for SIPOLo
predicted protein and other homologous proteins as shown in
POLBca domain alignment (Fig 1). Protein homology search
which was performed with BLASTP program shows that
there is a high homology between the deduced amino acids
sequence of tomato S/POLa-predicted protein and POLa of
Vitis vinifera which revealed the highest score value (2,184
bits). The second highest score value of 2,149 bits was
observed with POLa of Ricinus communis. Sequence identity
observed with angiosperms species, both monocot and dicot,
ranged between 55% and 75% for best 13 hits. Homologous
POLa proteins in non-seed vascular plant, Selaginella
moellendorffii and non-vascular plant, Physcomitrella patens,
revealed 64% and 58% sequence identity with tomato
SIPOLa. protein, respectively.

SIPOLa.  and

Phylogenetic  relationships  between

homologous proteins

To investigate the relationships between known POLa
proteins from different plant species, phylogenetic analyses
were conducted on homologous protein sequences of other
plant species of hypothetical gene family, reported in
Phytozome database (code #31830449). Protein sequences
for 12 members, which are related to SIPOLa gene, were
chosen for phylogenetic analysis. Phytozome accession
numbers for analysed protein sequences are as follows: A.



Table 2. Sizes of the exon/intron for SIPOLa gene. Thirty-one exons were determined by presence within flcDNA using BLASTN
search in SGN database. Complete nucleotide sequence was derived from 11 ESTs with 5" and 3' RACE fragments.

Exon no. Coordinate Size in bp Intron no. Size in bp
5'UTR -103. -1 103
Exon01 1..1,200 1,200 Intron01 417
Exon02 1,201..1,371 171 Intron02 109
Exon03 1,372..1,454 83 Intron03 126
Exon04 1,455..1,529 75 Intron04 177
Exon05 1,530..1,593 64 Intron05 384
Exon06 1,594 ..1,687 94 Intron06 86
Exon07 1,688..1,874 187 Intron07 1,672
Exon08 1,875..2,037 163 Intron08 86
Exon09 2,038..2,153 116 Intron09 332
Exon10 2,154 ..2,334 181 Intron10 94
Exonll 2,335..2,448 114 Intron11 544
Exon12 2,449 . . 2,566 118 Intron12 91
Exonl3 2,567 ..2,891 325 Intron13 278
Exonl4 2,892 ..2,984 93 Intron14 411
Exonl15 2,985..3,102 118 Intron15 121
Exonl6 3,103..3,177 75 Intron16 87
Exonl7 3,178 ..3,234 57 Intron17 88
Exonl18 3,235..3,327 93 Intron18 540
Exon19 3,328 ..3,450 123 Intron19 79
Exon20 3,451..3,548 98 Intron20 92
Exon21 3,549 . .3,594 46 Intron21 506
Exon22 3,595..3,709 115 Intron22 82
Exon23 3,710..3,791 82 Intron23 97
Exon24 3,792 ..3,904 113 Intron24 110
Exon25 3,905..3,995 91 Intron25 84
Exon26 3,996 ..4,072 77 Intron26 307
Exon27 4,073 .. 4,289 217 Intron27 547
Exon28 4,290 . . 4,343 54 Intron28 84
Exon29 4,368 . . 4,462 119 Intron29 99
Exon30 4,463 . . 4,540 78 Intron30 108
Exon31 4,541 . . 4683 143
3'UTR 4684 .. 4814 158
Chiamydomonas reinhardti
Medicago truncatula
r— Phaseolus wigaris
Glycine max
- Arabidopsis thaliana
Linum usitatissimum
% j]_E Populus trichocarpa
100 iy .
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_[ Mimulus guttatus
60
Solanum lycopersicum
8%
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]
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Fig 2. Unrooted phylogenetic tree of 12 hypothetical POLa protein sequences with tomato SIPOLa-predicted protein sequence
constructed using maximum parsimony method. Chlamydomonas reinhardtii was used as outgroup. Numbers on nodes are bootstrap
percentages supporting a given partitioning.
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thaliana (AT5G67100), barrel medick; Medicago truncatula
(Medtr5g017000), Chlamydomonas reinhardtii (Cre04.
g214350), cucumbers; Cucumis sativus (Cucsa.367180), soya
beans; Glycine max (Glyma01g39430), cassava; Manihot

esculenta (cassava4.1 000188 m.g), monkey flower;
Mimulus guttatus (mgv1a000225m.g), poplar; Populus
trichocarpa (POPTR_0007s10880), flax; Linum

usitatissimum (Lus10019338.g), common bean; Phaseolus

vulgaris  (Phvulv091019163 m.g), castor oil; Ricinus
communis  (30115.t000057), grape; Vitis  vinifera
(GSVIVG01022113001). Both phylogenetic trees cons-

tructed by maximum parsimony and maximum likelihood
methods (Fig 2 and 3) confirmed close relationship between
SIPOLa-predicted protein and POLa of M. guttatus, included
by the same clade. V. vinifera and C. sativus appeared to be
closely related to tomato SI/POLo-predicted protein and
POLa of M. guttatus due to the inclusion in the same cluster,
although they formed other clade in the maximum parsimony
tree and ingroups within subcluster in the maximum
likelihood tree.

Expression profiling of SIPOLa gene

AACT method was used to compare expression of SIPOLa
gene in tomato tissues using leaf tissue as calibrator. SIPOLo.
was found to be expressed in closed floral buds, flowers,
unripe fruits and mature leaves, but the relative expression
levels varied. The calculated 222 values showed the highest
transcript abundance (4.47 fold) in closed floral bud tissues,
moderate levels in flower tissues (1.74 fold) and the lowest
level in unripe fruit tissues (0.09 fold; Fig 4).

Discussion

Since the completion of sequencing of the A. thaliana
genome in 2000, it has become clear that information about
the genome of a particular plant species can have dramatic
benefits in promoting plant molecular genetics in general. A.
thaliana genome sequence provided functional clues of genes
from different species (AGI, 2000). The present study
focused on the identification and characterization of a tomato
gene, SIPOLa, which belongs to the PcG gene family, using
sequence homology to the orthologous gene in A. thaliana.
Schubert et al. (2005) discussed the epigenetic role of this
gene in flowering and floral organ development in A.
thaliana. To our knowledge, this is the first gene of DNA
polymerases to be sequenced and characterised from
Solanaceae. We obtained the complete sequence of flcDNA
for the tomato SIPOLa gene. The available ESTs sequence at
SGN database covered just 18.91% of the total length that
was cloned and presented in this study. The exon/intron
regions were determined, ORF was predicted and the 5’ and
3’ UTR for flcDNA were determined. POLo. encodes the
putative catalytic subunit of the DNA polymerase o. This
protein is one of the various proteins that participate in DNA
replication, repair and recombination (Barrero et al., 2007).
The SIPOLa predicted protein contains four conserved
domains, DNA pola N, POLBca, DNA pola B exo and zf-
DNA Pol. POLa is responsible for the initiation of DNA
replication at origins and during lagging strand synthesis of
Okazaki fragments (Kunkel and Burgers, 2008). Two of the
conserved domains, zf-DNA Pol and DNA pola N,
participate directly in the active site required for substrate
deoxynucleotide interaction. The zf-DNA Pol domain
towards the carboxyl-terminus has the potential to be the
DNA interacting domain (Evanics et al., 2003), whereas a
DNA pola N, which has potential DNA primase interaction,
is predicted to be towards the amino-terminus (Wang et al.,

306

1996). In zf-DNA Pol domain, zinc binding occurs due to the
presence of four cysteine residues positioned to bind the
metal centre in a tetrahedral coordination geometry. The
function of this domain is uncertain. It has been proposed that
the zinc finger motif may be an essential part of the DNA
binding domain (Evanics et al., 2003). DNA pola B exo
domain has 3’ to 5’ exonuclease activity for the catalytic
subunit of polymerase o. The 3'-5' exonuclease domain
contains three sequence motifs termed Exol, Exoll and
Exolll, without the four conserved acidic residues that are
crucial for metal binding and catalysis. This explains why in
most organisms, that no specific repair role, other than check
point control, has been assigned to this enzyme. The
exonuclease domain may have a structural role (Wang et al.,
2004). POLBca domain, has been identified as essential for
nuclear DNA replication in eukaryotes. It is responsible for
the template-directed polymerization of dNTPs onto the
growing primer strand of duplex DNA that is usually
magnesium dependent (Wang et al., 1997). The four
domains, DNA pola. N, DNA pola B exo, POLBca and zf-
DNA Pol, were present in POLa genes of all analysed plant
species except zf-DNA Pol domain, which was absent in
Medicago truncatula, according to NCBI domain prediction
search. Homology analysis for SIPOLa predicted protein
against sequenced plant genomes revealed strong homology
with POLa protein of V. vinifera. Strong homology also was
observed with angiosperms species, both monocot and dicot,
non-seed vascular plant, Selaginella moellendorffii and non-
vascular plant, Physcomitrella patens. Although DNA
replication process is generally conserved in eukaryotes,
important differences in the molecular architecture of the
DNA replication machine and the function of individual
subunits have been reported in various model systems. A
recent study indicated that the core DNA replication
machinery from plants is more similar to vertebrates than
single-celled yeasts (Saccharomyces cerevisiae), suggesting
that animal models may be more relevant to plant systems.
This analysis established that the core DNA replication
machinery is highly conserved across plant species and
displayed many features in common with other eukaryotes
and some characteristics that are unique to plants (Shultz et
al., 2007; Perera et al., 2013). Both constructed phylogenetic
trees for SIPOLa protein sequences phylogeny confirmed
close relationships between SIPOLa predicted protein and
POLa of M. guttatus which grouped into the same clade in
both constructed trees. Monkey flower (M. guttatus) belongs
to the order of Lamiales which descends with Solanales order
of the clade of Asterids, whereas other accessions in
phylogenetic analysis belong to clade of Rosids. Thus, of the
analysed accessions, tomato and M. guttatus were the most
related accessions based on plant evolutionary tree. POLa
proteins of grapes and cucumbers also appeared to be closely
related to SIPOLa protein. Our research focused on the
expression levels of SIPOLa, in various tomato tissues which
reflected its function in cell differentiation and development
(Seto et al., 1998; Sanchez et al., 2012). We found that
SIPOLq. transcripts were strongly expressed in proliferating
tissues such as closed floral buds, weakly expressed in the
unripe fruit tissues, where no cell proliferation was observed,
and the expression in flower tissues was between strong and
weak. This result indicates that the expression of SIPOLa is
correlated with cell proliferation and may have special roles
in DNA replication and repair in the closed floral buds; thus,
it has an important role in maintaining the integrity of the
genome during replication and various repair events and also
in regulatory events such as cell control and DNA damage
checkpoint function (Hubscher et al., 2000). In plants, DNA
replication takes place in distinct somatic cell types:
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Fig 3. Unrooted phylogenetic tree of 12 hypothetical POLa protein sequences with tomato SIPOLa-predicted protein sequence
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Fig 4. Expression analysis of the tomato PcG gene, SIPOLa, in various tomato tissues. The shown 22" values (y axis) are an
average of three replicates. Expression level of SIPOLo gene was highest in closed floral bud tissue (4.47 fold) and lowest was in
unripe fruits (0.09 fold), whereas the expression in flowers tissue was 1.74 fold.

meristematic and differentiated cells. Meristematic DNA
replication is followed by cell division that is a prerequisite
for plant growth and morphogenesis (Kimura et al., 2004).
The promoter of A. thaliana POLS1, one of the DNA
polymerases, was also found to be more active in young
emerging leaves than in mature leaves (Schuermann et al.,
2009). The amounts of the POL31 and POLS2 mRNAs in the
rice cells changed rapidly during cell proliferation (Uchiyama
et al., 2002). Further studies are needed to identify other PcG
genes in tomato and clarify the epigenetic mechanisms and
dynamic control of cell fate and differentiation in tomato in
distinct developmental stages, which will hopefully aid in
understanding the role of cell cycle regulators and chromatin
complexes involved in developmental process in the family
of Solanaceae.

Experimental procedures
Samples collection

Tomato plants, Solanum lycopersicum L., Castlerock variety
from Pacific Seed Company, were grown in a greenhouse
under standard culture conditions. Various tissues were
collected from tomato plants at different stages, quickly
frozen in liquid nitrogen and then stored at —80°C until RNA
extraction.

Primers designing
A. thaliana POLa protein, available in The Arabidopsis

Information Resource database (http://www.arabidopsis.org/)
under accession No. AT5G67100, was compared with the
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tomato proteins available in SGN database. A considerable
similarity was found between A. thaliana POLa protein and
tomato BAC (C02HBa0064B17.3) and EST (SGN-U585459)
in SGN database. Predicted SIPOLa gene in tomato was
constructed on the basis of high similarity found between
POLa protein in A. thaliana and the mentioned BAC and
ESTs using VectorNTI software version 11 (Invitrogen,
USA). Forward and reverse primers were designed for
SIPOLa. gene from predicted exon regions and used to
amplify the cDNA clones from tomato flower tissues. The
primers that amplify cDNAs are listed in table (1).

Reverse transcriptase PCR

cDNA was synthesised using SuperScript® Il Reverse
Transcriptase (Invitrogen, USA) of total RNA extracted by
Chomczynski and Mackey (1995) method, from various
tissues with TRI reagent (Sigma, USA), with oligo(dt)
primers. Synthesised cDNA was used as a template for PCR
to amplify tomato SIPOLa cDNAs with designed primers
using 2X PCR ready mix (KAPA, USA), 0.4 uM of each
primer and 3 pl of cDNA as template with the following
program: an initial denaturation at 94°C for 5 min and then
35 cycles of denaturation at 94°C for 1 min, annealing at
52°C for 1 min and extension at 72°C for 2 min. An
extension at 72°C for 7 min was performed after all cycles
were complete. The cDNA clone was re-amplified using
Platinum® Pfx DNA polymerase (Invitrogen, USA) which
produces PCR products with blunt ends for cloning. The
obtained blunt ended fragment was purified by extracting of
gel using gel extraction kit (Omega Bio-tek, USA) according
to the manufacturer’s instruction.

Cloning of SIPOLa cDNA

The cloning vector pBluescript Il SK (+) (pBS) from
Stratagene (USA) was prepared from bacterial cells using
QIlAprep spin Miniprep kit (QIAgen, USA) according to the
manufacturer’s protocol, digested using ECORV restriction
enzyme (Promega, USA) to produce blunt ends and then
collected from gel. The purified cDNA clones were ligated
into the linearised plasmids with T4 DNA ligase (Promega,
USA). The recombinant plasmids were transformed into E.
coli DH5a host cells prepared to be competent by the calcium
chloride  method (Sambrook and Russel, 2001).
Transformation was performed by heat shock protocol
(Froger and Hall, 2007). The cells were spread in LB plates
(Display Systems Biotech, USA) containing ampicillin 100
pg/ml H20, X-gal 20% and IPTG 2.4% and incubated at
37°C overnight. Recombinant plasmids were prepared from
positive clones to be used as template in sequencing reaction.

5'and 3' RACE cDNA amplification

Rapid amplification of cDNA ends (RACE) was performed
to determine the 5’ and 3’ non-coding region of the tomato
SIPOLa. gene, using the SMART RACE cDNA amplification
kit (Clontech, USA). Total RNA from tomato flower tissues
was used as a template to synthesize the first-strand cDNAs
for 5" and 3’ ends following the manufacturer’s instruction.
The SIPOLa-specific primers were designed from sequence
information of SIPOLa contig, constructed by overlapping
sequenced ESTs; SIPOLa-specific primer 1 for 5’ ends
amplification (5-CAA TCC TCT TCC TGG CCT TCA TCG
CC-3") and SIPOLa-specific primer 2 for 3’ end amplification
(5-GCC CAG AGG AGA GTG AGG GGA AT-3").
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Sequence analysis and phylogenetics

The obtained ESTs and generated 5’ and 3’ RACE fragments
were used as templates in sequencing reaction by
dideoxynucleotide method (Sanger et al., 1977). Sequencing
results were assembled using contigExpress VectorNTI. ORF
was predicted and translated using VectorNTI ORF Finder
tool. Deduced amino acids were subjected to BLASTP
program in http://www.phytozome.net/ database to obtain
homologous protein  sequences within plant species.
Hypothetical POLa protein sequences of plant species were
aligned by Clustalw 1.83 multiple sequence alignments
(Thompson et al.,, 1997) using BioEdit software. The
phylogenetic analysis was performed using two methods,
maximum parsimony (Eck and Dayhoff, 1966; Fitch, 1971)
and maximum likelihood (Felsenstein and Churchill, 1996),
with the help of the Phylip-3.68 package. Chlamydomonas
reinhardtii was used as outgroup. Domains were predicted in
the deduced SIPOLa protein using NCBI CDD (Marchler-
Bauer and Bryant, 2004; Marchler-Bauer et al., 2009; 2011).

Quantitative real time PCR

Expression level of the tomato SIPOLa gene was detected
using gRT-PCR technique. First-strand cDNA was
synthesised from total RNA extracted from four tomato
tissues; closed floral buds, flowers, fruits and leaves, and it
was assayed for SIPOLa gene expression level. Gene specific
primers (forward: 5-TGG TAA CCT TTG GGG AA AAA-
3’ and reverse: 5’-GTC CAG AAT CCC ACC TTC AA-3")
were used. Actin 2/7 gene was used as a constitutively
expressed gene control with forward primer: 5-GGA CTC
TGG TGA TGG TGT TAG-3' and reverse: 5-CCG TTC
AGC AGT AGT GGT G-3'. qRT-PCR was performed in
triplicate. Each reaction (20 pl) consisted of 2X Hot Start
SYBR ready mix (QlAgen, USA), forward and reverse
primers (0.125 uM each), 3.5 pl of first-strand cDNA and
H,0 to 20 pl. gRT-PCR conditions were as follows: 50°C for
2 min, 95°C for 15 min, 40 cycles (95°C for 15 sec, 60°C for
30 sec). Comparative or AACT method (Livak and
Schmittgen, 2001) was used to measure S/POLo gene
expression. First, the threshold cycle (Ct) values for each
sample were determined at the respective crossing point
indicating the cycle at which PCR amplification begins its
exponential phase. ACt was calculated in each tissue by
normalizing all Ct values by subtracting the Ct value for
Actin 2/7 gene in each tissue from the Ct value for SIPOLo
gene in the same tissue. ACt values were calibrated using the
expression of SIPOLa gene in leaf tissues as calibrator, and
2724 was calculated using the equation below. 2724 values
were calculated and charts were created using Microsoft
Excel application.

ACt = Cliarget gene — Clactinerr

AACt = ACt tested tissue — ACt calibrator tissue

Ratio = 2744

Conclusion

The molecular machinery that regulates plant flowering and
development is conserved throughout the plant kingdom. The
POLa gene, which is one of various proteins participate in
DNA replication, repair and recombination, plays an
important role in epigenetic regulation of flowering and floral
organ development. Here we isolated and characterised the
tomato SIPOLo. gene by cloning and sequencing.
Phylogenetic relationships with homologous proteins
available in GenBank were investigated. Expression profiling


http://www.invitrogen.com/site/us/en/home/brands/Product-Brand/SuperScript.html
http://www.invitrogen.com/site/us/en/home/brands/Product-Brand/SuperScript.html

for SIPOLa gene reflected its function in cell differentiation
and development at different stages of tomato life cycle.
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