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July 17, 2023 Durnin_g season of _2021—2022, symptoms of leaf curl, yeIIo_vving,
crumpling and stunting were observed commonly on courgetti crop
in Al-Yusufiyah region, Baghdad Province, Irag. Diseased courgetti
Accepted: leaves were collected randomly and sent for sequencing with Illu-
mina MiSeq. Pairwise nucleotide analysis of the assembled contigs

Aug. 31,2023 | royealed the maximum identity of 98-99% and 95-99% with Tomato
leaf curl Palampur virus (ToLCPalV) for DNA-A and DNA-B com-
Published: ponents, respectively. The DNA-A component (0Q693629.1) con-

tains six main genes encoding six proteins, while DNA-B component
Sept. 10, 2023 | (0Q693630.1) comprises only two genes encoding two proteins,
with the presence of non-coding regions between genes in both the
two segments. Furthermore, the recombination breakpoint analysis
shows that ToLCPalV Baghdad-1/lIraq segment DNA-A
(0Q693629.1) and ToLCPalV isolate Mosul segment A
(OR052249.1) are the parent of the recombinant isolates: ToLCPalV
isolate Kufa segment DNA-A (OP810506.1) and ToLCPalV seg-
ment A (ON254271.1) from Karbala. However, the ToLCPalV
Baghdad-1/Iraq segment DNA-B (0Q693630.1) with ToLCPalV
segment DNA-B (OP620406.1) from Kufa are the parent of
ToLCPalV isolate Babylonl segment DNA-B (ON229620.1). As
well as, there was no evidence discovered for the association of al-
pha- and/or beta-satellites with ToLCPalV infecting courgetti crop.
Single nucleotide polymorphisms (SNP) analysis indicates a com-
mon genetic variation within the current isolate under study and the
other Iraqi isolates. Phylogenetic analysis confirms the genetic rela-
tionship between the genomics components of Iragqi ToLCPalV and
various international isolates of the same virus, especially those dis-
tributed in Saudi Arabia and Iran that could be a possible the origin
and introduction of ToLCPalV into Iraq.

Keywords: Tomato leaf curl Palampur virus, Cucurbita pepo, Mo-
lecular characterizations
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Introduction

Courgetti squash (Cucurbita pepo L.) 1s important cucurbitaceous crop belonging
to family, Cucurbitaceae and grown worldwide including in Iraq [1]. It was originated
in North America and cultured since primeval times [2]. In Iraq, courgetti was grown
in 2022 with the production of 39,000 tons [3]. Consumption of 100 g courgetti sup-
plies 17 kcal of energy and is a good source of folate (24 pg), potassium (261 mg),
provitamin A (200 IU) and vitamin C (12.9 mg) [4]. Squash and other cucurbitaceous
are affected by many biotic and abiotic stresses causing significant economic yield
losses [5]. The low productivity in this crop and others is mainly due to various diseases
caused by fungi, bacteria, viruses, nematodes, and viruses [6, 7, 8]. Among these, the
viral diseases caused by various RNA viruses and DNA viruses that are major con-
straint for courgetti cultivation worldwide [9, 1].

The family Geminiviridae is well-known for causing various diseases in economi-
cally important crop worldwide [10,11]. It consists of small single-stranded DNA vi-
ruses, namely Geminiviruses. These viruses have a circular single-stranded DNA ge-
nome that is encapsidated into twinned icosahedral particles. The family comprises of
nine genera, differentiated based on genome structure, host range and insect vector
[12]. Among these, Begomovirus is the largest group, with over 424 species reported
so far and are transmitted by different cryptic species of whitefly [13,14]. The classifi-
cation of Begomoviruses is based on their genome composition, with monopartite vi-
ruses possessing a single genome component and the bipartite viruses having two sim-
ilar-sized components, DNA-A and DNA-B [15]. The begomoviruses can be divided
into monopartite and bipartite viruses, which are also referred to as Old World (OW)
and New World (NW), respectively [12]. Unlike bipartite viruses, monopartite be-
gomoviruses are commonly associated with sub-genome segments known as alphasat-
ellites and betasatellites. These satellites play a significant role in symptom modula-
tion, pathogenesis, and in silencing suppressors [16]. However, recent reports indicate
that bipartite begomoviruses can also be associated with DNA satellites [17, 18].

Production of vegetable crops including courgetti has drastically been reduced due
to viral diseases. The common viruses involved in the infection of cucurbits are Cu-
cumber mosaic virus, Zucchini yellow mosaic virus (ZYMV), Watermelon mosaic vi-
rus (WMV), Papaya ring spot virus (PRSV) and Squash leaf curl China virus
(SLCCNV) [9]. Tomato leaf curl Palampur virus (ToOLCPMV) has been also reported
as an infectious agent of leaf curl disease in cucurbits, tomato, cucumber and musk-
melon [19, 20]. This virus is relatively new introduction in agro-ecological zone of
Iraq. Leaf samples of courgetti plants symptoms showing curling, yellowing, crum-
pling and stunting were observed commonly in the fields of Al-Yusufiyah region,
Baghdad Province, Iraq. This study was conducted to identification of the whole ge-
nome characterization, recombination, variation, satellites and phylogeny analyses of
the associated virus.
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Materials and Methods
Leaf samples collection, RNA extraction and Illumina high-throughput sequenc-
ing

Different diseased leaf samples were collected from several courgetti fields of Al-
Yusufiyah, Baghdad Province, Iraq in 2022. The leaf samples were immediately placed
in DNA/RNA Shield™ (Zymo Research, USA), frozen at -20 ° C and transported to the
Macrogen, South Korea [21]. Based on the reports provided by Magrogen company,
the total RNA was extracted from leaf samples utilizing Agilent RNA 6000 nano rea-
gent’s part 1 (Agilent Technologies, Germany) based on the manufacturer’ s instruc-
tions. The quantity and quality of RNA extracted were examined by Agilent 2100 and
Fragment Analyzer. Preparation and high-throughput or next generation sequencing
(NGS) of the RNA libraries to obtain data was accomplished on an Illumina HiSeq
3000 platform using the Metatranscriptomics method.
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Sequence analysis of the NGS data, virus genome assembly and phylogenetic re-
lationships identification

The FastQC software was operated to approve the quality of raw reads received
(Babraham Bioinformatics, Cambridge, UK). These raw reads were then assembled
utilizing SPAdes or/and Trinity programs to generate numerous contigs [22] that were
scanned against a local virus sequence database, retrieved from NCBI viral sequences
database  (https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/virus?  (Accessed in
25/9/2022) using BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (E-value < 0.01)
in order to identify potential similar sequences to viral RNA sequences [11]. The Ref-
Seq of the candidate viruses detected were imported from NCBI Reference Sequence
Database. Bowtie 2 program was functioned to RefSeq-based assembly search and
matched contigs that are similar to viral sequences were selected and additional anno-
tated and reported using the Geneious Prime® 2021.1.1. [23]. The current study's se-
quences were also compared to those retrieved from GenBank using the Sequence De-
marcation Tool (SDT version 1.2) (Muhire et al. 2014) to determine their pairwise nu-
cleotide identity. The resulting percent pairwise identity was then calculated. The viral
sequences of the predicted conserved and functional domains were recognized via In-
terProScan program (https://www.ebi.ac.uk/interpro/search/sequence/). The funda-
mental motifs sequences of genes and other genetic regions identified were down-
loaded and aligned with several similar sequences using the Clustal W method embed-
ded in MEGA v.10.1.5 that was also operated for building of the phylogenetic trees
applying the neighbor joining approach with 1000 bootstrap replicates [24, 25, 26, 27].
Investigation of presence of alpha- and/or beta-satellites

The raw reads data were also checked for the potential presence of alpha- and/or
beta-satellites component applying Bowtie 2 program to RefSeq-based assembly
search using the reference sequences of the main satellites: Cotton leaf curl Multan
betasatellite (CLCuMuB), Cotton leaf curl Gezira virus betasatellite (CLCuGeV), Okra
yellow crinkle Cameroon alphasatellite (OYCrCMA), Pepper leaf curl betasatellite
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(PepLCB), and Okra leaf curl Oman betasatellite (OLCuOMB). Additional annotation
and reporting using the Geneious Prime® 2021.1.1. was applied to confirm results of
the analysis [18].

Recombination analysis and detection of SNP

To detect potential recombination events in the genomes of ToLCPalV
under study and other Iraqi isolates of the same virus. The recombination detection
program (RDP v.4.101) [28]. The criteria demonstrated previously [29] was followed
to accept any potential recombination event. Estimation of SNP rate was estimated in
the ORFs encoded by ToLCPalV via employing tool of find variations SNPs/INDELs
in the Geneious Prime platform.

Results and Discussion
Ilumina NGS Data Analysis

The results of the analysis of the quality of the raw reads of the Illumina NGS data
using FastQC program (Figure 1) showed that it was suitable for analysis with bioin-
formatics tools and programs. The NGS data received was 41,802,108 paired ends
reads, with a length of 150 base pairs for each read. As it was found that the data was
of high quality, an average score of 39 degrees. This means, according to the Phred
quality score, the accuracy of the sequence is more than 99.9%, meaning that the prob-
ability of an incorrect nucleotide within the sequence of the reads was 1 in 10,000. The
recommended rates of Phred quality score start from 30 degrees and above to conduct
the process of analysis and study of the raw reads. The analysis also proved the equality
of the lengths of the raw reads, the absence of undefined nitrogen bases (N), the ab-
sence of the added adapters sequences, and the percentage of guanine and cytosine
bases (GC%) for the sample was 48%.
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Figure (1): Quality of raw data reads using FastQC software

Sequence Comparisons and Identification of ToLCPalV and satellites

After deletion of sequence data similar to the genome sequence of the courgetti plant
(Cucurbita pepo; PRINA421955), the number of raw reads remaining was 4,519,992
reads. The remaining data were assembled first using the DeNovo assembly method
that produced 65,578 overlapping contigs. The comparison results of these contigs with
the data of plant virus’s genome sequences [14] (showed a high similarity with many
plant viruses belonging to different families. As well as, the overlapping contigs of size
200 bp and above that are similar to plant virus sequences were approved, and less than
that, even if they were similar to one of the virus sequences, were ignored. To confirm
the accurate identification of the plant viruses that were identified from the first com-
parison process, the reference assembly method was applied using the reference ge-
nome of viruses [22].

The results revealed that there were many overlapping contigs similar to the first and
second segments (DNA-A and DNA-B) of the genome of the bipartite ToLCPaLV vi-
rus belonging to the genus Begomovirus. It was also noted that the sequence of raw
reads similar to the virus genome possesses a genetic organization identical to the ge-
nome of this virus, in that the first segment contains six genes encoding six proteins,
while the second segment comprises only two genes encoding two proteins, in addition
to the presence of non-coding regions between genes called intergenic region in both
the two segments (Figure 2).
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1/Iraq

The analysis also displayed that the percentage of coverage of the virus genome by
the raw reads sequences was 100%, while the percentage of similarity between these
raw read’s sequences and the virus genome sequence was 98.2% (Figure 3). As for the
average coverage or depth of sequencing the whole virus genome, it reached 3198.48
X. The analysis also indicated that the presence of the virus in the infected plant was
in an active state through the high rates of gene expression for genes important in the
life cycle of the virus, such as the gene expressed in the DNA-A segment was AV1.
and AV2, which is related to the capsid protein, and AC2 and AC3, which are related
to the production and enhancing proteins related to virus replication process. Also, the
gene expression ratio of BC1 and BV1 genes in the DNA-B segment, which are also
related to the movement protein and pathogenicity factor protein respectively.
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Figure (3): The raw reads similar to the DNA-A genome segment (A) and the DNA-
B genome segment (B) of the Iraqi isolate of ToLCPalV isolate Baghdad-1/Iraq

The complete genome of ToOLCPaLV virus containing DNA-A and DNA-B segments
of length 2,756 and 2,720 base pairs respectively was recorded in the NCBI-GenBank
database under the names Tomato leaf curl Palampur virus isolate Baghdad-1/Iraq seg-
ment DNA-A. and Tomato leaf curl Palampur virus isolate Baghdad-1/Iraq segment
DNA-B and under 0Q693629.1 and 0Q693630.1, respectively.

The results of the analysis of the pairwise nucleotide identity (Figure 4) and the phy-
logenetic analysis (Figure 5) of these two segments of the ToOLCPaLV virus genome
confirmed the extent of the genetic relationship between them and many of the global
isolates and strains corresponding to them, especially those spread in Iraq, Saudi Ara-
bia and Iran. The similarity rate was more than 98% for the isolate ToLCPalV isolate
Baghdad-1/Iraq segment DNA-A (0Q693629.1) that was with the isolate ToLCPalV
isolate Babylonl segment DNA-A (ON229618.1) in the same branch. This indicates
the great similarity between them, given that they are from the same country and infect
plants belonging to the same family. This clearly indicates that they have one common
ancestor. The Saudi isolates (OL416211.1 and OL416213.1) were as the other isolates
close to it (Figure 28 and 29).
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Figure (4): The similarity ratio of nucleotides of the DNA-A segment of the Iraqi iso-
late of ToLCPaLV isolate Baghdad-1/Iraq virus (marked with a red dot) with other
international strains and isolates.
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JF501719.1 Tomato leaf curl Palampur virus isolate IR:Jir:T13X:Me:06 Iran

FJ660440.1 Tomato leaf curl Palampur virus isolate IR:Jir:T1X:Cuc:07 segment DNA-A Iran
JF501724.1 Tomato leaf curl Palampur virus isolate IR:Jir:T5X:Cuc:07 Iran

FJ660432.1 Tomato leaf curl Palampur virus isolate IR:Jir5:T51X:Cuc:08 segment DNA-A Iran
FJ660431.1 Tomato leaf curl Palampur virus isolate IR:Jir8: T58P:Cuc:08 segment DNA-A Iran
JF501728.1 Tomato leaf curl Palampur virus isolate IR:Kha:W9P:Wat:10 Iran

FJ660444.1 Tomato leaf curl Palampur virus isolate IR:Jir:T55X:Cuc:08 segment DNA-A Iran
ON843661.1 Tomato leaf curl Palampur virus isolate 18MQP N segment DNA-A Saudi Arabia
EU547683.1 Tomato leaf curl Palampur virus- Jiroft:melon segment DNA A Tran

FJ660433.1 Tomato leaf curl Palampur virus isolate IR:Ker:T8X:Cuc:07 segment DNA-A Iran
FJ660438.1 Tomato leaf curl Palampur virus isolate IR:Jir7:T11X:Cuc:07 segment DNA-A Iran
FJ660439.1 Tomato leaf curl Palampur virus isolate IR:Jir3:T4X:Cuc:07 segment DNA-A Iran
JF501723.1 Tomato leaf curl Palampur virus isolate IR:Jir:T61X:Cuc:08 Iran

FJ660436.1 Tomato leaf curl Palampur virus isolate IR:Jir5:T6X:Cuc:07 segment DNA-A Iran

ON254271.1 Tomato leaf curl Palampur virus segment A complete sequence Iraq
ON843662.1 Tomato leaf curl Palampur virus isolate 18SMQP S segment DNA-A Saudi Arabia

0 { 0L416213.1 Tomato leaf curl Palampur virus isolate 18MeQ segment DNA-A Saudi Arabia
99 0OL416211.1 Tomato leaf curl Palampur virus isolate 4CuSH segment DNA-A Saudi Arabia
— ® 00Q693629.1 Tomato leaf curl Palampur virus isolate Baghdad-1/Iraq segment DNA-A Iraq
7 — ON229618.1 Tomato leaf curl Palampur virus isolate Babylon]l segment DNA-A Iraq
NC 001616.1 Potato virus Y USA

Figure (5): The genetic relationship between ToLCPalV isolate Baghdad-1/Iraq seg-
ments DNA-A (marked with a black dot) with other global strains and isolates of the
same virus. Potato virus Y (NC001616.1) was out of the group to confirm the analysis.

Additionally, there was a high similarity between (95-99%; Figure 6) between the
sequence of ToLCPalV isolate Baghdad-1/Iraq segment DNA-B (0Q693630.1) with a
number of strains and isolates corresponding to the same genomic segment disperse in
Iraq, Saudi Arabia and Iran. However, the Iraqi isolates were the closest as they were
in one group within one branch in the genetic tree. This means that they have the same
history of evolution and the common ancestor (Figure 7). As well as, there was no
evidence discovered for the association of alpha- and/or beta-satellites with ToLCPalV
infecting Courgetti crop .
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Figure (6): The similarity ratio of the nucleotide of the DNA-B segment of the Iraqi
isolate of the ToLCPaLV isolate Baghdad-1/Iraq virus (marked with a red dot) with
the international strains and isolates of the same virus.

FI660430.1 Tomato leaf curl Palampur virus isolate IR:Jir3:T4P:Cuc:07 segment DNA-B Iran
FJ660426.1 Tomato leaf curl Palampur virus isolate IR:Jir7:T11P:Cuc:07 segment DNA-B Iran
FJ660435.1 Tomato leaf curl Palampur virus isolate IR:Jir9:T7P:Cuc:07 segment DNA-B Iran
FJ660428.1 Tomato leaf curl Palampur virus isolate IR:Jir5:T51P:Cuc:08 segment DNA-B Iran
82 FI660427.1 Tomato leaf curl Palampur virus isolate IR:Jir6:T3P:Cuc:07 segment DNA-B Iran

26

FJ668379.1 Tomato leaf curl Palampur virus- Kerman:cucumber Iran
ON843663.1 Tomato leaf curl Palampur virus isolate 18MQB N segment DNA-B Saudi Arabia

00

100 EU547681.1 Tomato leaf curl Palampur virus- Jiroft:melon segment DNA B Tran

MZ423190.1 Tomato leaf curl Palampur virus clone PV14-6 segment DNA B Oman

FJ660423.1 Tomato leaf curl Palampur virus isolate IR:Jir1:T55P:Cuc:08 segment DNA-B Iran
FJ660442.1 Tomato leaf curl Palampur virus isolate IR:Ro0:T10X:Tom:06 segment DNA-B Iran
OL416214.1 Tomato leaf curl Palampur virus isolate 18MeQ segment DNA-B Saudi Arabia
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Figure (7): The genetic relationship between ToLCPalV isolate Baghdad-1/Iraq seg-
ments DNA-B (marked with a black dot) with other global strains and isolates of the
same virus. Potato virus Y (NC001616.1) was out of the group to confirm the analysis.
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Identification of putative recombination and SNP events

The data obtained from RDP analysis discovered that potential recombination
breakpoints were detected in both segments of the Iraqi ToLCPalV isolates. Poten-
tially, the ToLCPalV isolate Mosul segment-A (OR052249.1) and the ToLCPalV iso-
late Baghdad-1/Iraq segment DNA-A (0Q693629.1; identified in this study) were
identified as major and minor parents respectively (Figure 5; Table 1) for the recombi-
nants ToLCPalV isolate Kufa segment DNA-A (OP810506.1) and ToLCPalV segment
DNA-A (ON254271.1) isolated from Karbala/Iraq. On the other hand, the ToLCPalV
isolate segment-B (OP620406.1) isolated from Kufa/Najaf and the ToLCPalV isolate
Baghdad-1/Iraq segment DNA-B (0Q693630.1; identified in this study) were found as
major and minor parents respectively (Figure 5; Table 1) for the recombinant

ToLCPalV isolate Babylonl segment DNA-B (ON229620.1).

Table (1): Recombination detection via RDP analysis
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Segment | Recombinant Breakpoints LT
Begin | End Major Minor
ToLCPalV 1646 | 2538 ToLCPalV ToLCPalV
DNA-A (OP810506.1) (OR052249.1) | (0Q693629.1)
ToLCPalV 2428 | 2734 ToLCPalV ToLCPalV
(ON254271.1) (OR052249.1) | (0Q693629.1)
ToLCPalV ToLCPalV ToLCPalV
DNA-B (ON229620.1) 14 167 (OP620406.1) | (0Q693630.1)

A ON229618_1 Tomato leaf curl Palampur virus

ON254271_1 Tomato leaf curl Palampur virus
’—| OR052249_1 Tamato leaf curl Palampur virus
[OP479886_1 Tomato leaf curl Palampur virus

OPG620405_1 Tomato leaf curl Palampur virus

OP479886_1 Tomato leaf curl Palampur virug
OPB20405_1 Tomato leaf curl Palampur virug
OP810506_1 Tomato leaf curl Palampur virus

ON229618_1 Tomato leaf curl Palampurvirus\
PRDSHAQ 1 Tomato leaf curl Palampur virus

0.00312%

.F‘:lér{lz recombinant
. Potential minor parent

Sequence used to infer unknown parent

e |

A

W Fotertial recombinant
[l Fotertisl minor parent
=:[,:_'r[l3 TLZpOr parent

CN254270_1 Tomato leaf curl Palampur viru
C ﬁOP81DSD?_1 Tomato leaf curl Palampur viru

OP620406.1 Tomata leaf curl Palampur \iE

0.025
. Potential recombinant
B Fatertial minor parert

Fotential major parent

Figure (8): Discovery of recombination events operating RDP5.101. (A and B) the
potential recombinants in segment DNA-A of ToLCPalV (C) the possible recombinant

in segment DNA-B of ToLCPalV

167




Journal of Kerbala for Agricultural Sciences Issue (3), Volume (10), (2023)

Single nucleotide polymorphisms (SNP) analysis indicates a common genetic varia-
tion within the current isolate under study and the other Iraqi isolates. It was detected
74 SNPs in segment DNA-A, while in segment DNA-B there were 138 SNPs. How-
ever, the most interesting SNP is located in the position 2706 bp that was identified in
the four Iraqi isolates (0Q693629.1, OR052249.1, OP479886.1, and OP620405.1) in-
fecting courgetti crop only in Iraq (Figure 9). This SNP could be related to host spec-
ificity. Hence, further studies are needed to investigate this point.

2680 7590 7700
Identity I ——
1.006936291 T A A G AC CCTEAIAATGGCAATATTGTAATTTTAGHEHAE
220N2542711 T A A G ACCCTEEIAATGGCAATATTGTAATTTT A QLG
3.0P8105061 T A A G ACCCTHEHIEAATGGCAATATTGTAATTTT A QGG
40R0522491 T A A G ACCCTEEAATGGCAATATTGTAATTTT A GEHA
5.0P4798861 T A A G A CCCTEIEAATGGCAATATTGTAATTTT A GEA
6.0P620405.1 T A A G ACCCTHEHEAATGGCAATATTGTAATTTT A GEHA
7.0N2296181 T A A G A C C C TEAIA ATGGCAATATTGTAATTTTAGJGIG

Figure (9): Detection SNPs in Iraqi ToLCPalV segment DNA-A. The indicated SNP
1s found in the Iraqi isolates of ToLCPalV segment DNA-A infecting courgetti crop

ToLCPalV virus was first recorded in the Indian city of Palmpur in 2008 [30], then
it was recorded in Pakistan [31]. In Iraq, it was reported on squash and Datura [32]
cucumber and tomato [18, 20] in many Iraqi governorates, which indicates the wide
range of hosts and spread. So far, the full genome and phylogenetic analysis of the
present Iraqi ToLCPalV isolates confirmed the evidence for existing only the bipartite
genome of this virus in Iraq. The alpha and betasatellites association were not identified
in all the symptomatic leaf samples. However, further studies are required to confirm
this conclusion. The occurrence of recombination in the past has been proven by ana-
lyzing recombination breakpoints in begomoviruses. The process of recombination,
both inter and intra species, plays a crucial role in the development of new be-
gomoviruses and their ability to adapt to new hosts in agricultural ecosystems. This
evidence highlights the significance of recombination in the evolution of these viruses
[33]. Considering the rate at which the host range of ToLCPalV is expanding, it is
anticipated that diseases caused by this virus will significantly impede production of
vegetable crops belonging to families such as Solanaceae, Cucurbitacae, Legumina-
ceae, Basellaceae, and Malvaceae. This will serve as a major challenge for crop pro-
duction in these families [34]. Furthermore, the molecular identification techniques
should be applied as a vital step in any disease management to achieve efficient con-
sequences in control them and reduce their harmful impact [35].
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