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Abstract:
Introduction:
Throughout the past few years, Pepino Mosaic Virus (PepMV) has rapidly evolved from an emerging virus to endemic pathogen that causes
significant losses in tomato crops worldwide. Reliable detection and molecular characterization are very important tools to support disease control.
Cross-protection can also be an effective strategy, but the efficacy depends strongly on the genotype. The genetic composition of the PepMV
population in Morocco has not yet been determined.

Aims:
The current study aims to genetically characterize twelve PepMV isolates (PepMV-MA), all from different Moroccan tomato production areas, by
analyzing nucleotide sequences of a part of the RNA-dependent RNA polymerase (RdRp), Triple Gene Block (TGB) and Coat Protein (CP) genes.

Results:
The  sequence  analysis  of  the  twelve  PepMV-MA  isolates  shows  minor  nucleotide  differences  between  them,  which  implies  a  homogenous
population. The phylogenetic analysis, based on the comparison with the major genotypes, showed that Moroccan PepMV populations share a very
high sequence identity, 98%, with the Chilean strain (CH2), while the shared identity with the European strains (EU) is only 85%. Interestingly,
Moroccan isolates reveal specific single nucleotide polymorphisms, some of which lead to amino acids changes. These mutations have never been
described before, suggesting distinct variants that may enhance aggressiveness and symptomatology.

Conclusion:

Our careful sequence analysis and genotype determination, which placing homogenous Moroccan PepMV strains into CH2 genotype, would be a
prerequisite for deploying effective cross-protection strategies for controlling the pathogen in the field.
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1. INTRODUCTION

Pepino Mosaic Virus (PepMV), genus potexvirus, family
Alphaflexiviridae [1, 2] was originally identified in Peru on the
Pepino plant (melon-pear, Solanum muricatum) in 1974 [3]. It
later started infecting tomato (Solanum lycopersicum) crops in
the  Netherlands  and  the  United  Kingdom  [4,  5].  Since  then,
PepMV has  rapidly  achieved worldwide  distribution,  despite
the attempts to control its spread. It  has  been reported in many
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other European countries, the United States, and Chile [5 - 14].
The virus has also been detected in China [15], the Middle East
[16],  and South Africa [17].  This viral  disease has become a
limiting  factor  for  tomato  production,  which  has  caused
important  economic  losses.  In  2009,  it  was  included  in  the
European plant protection organization alert list [18].

PepMV  is  a  single-stranded  (ss)  RNA  genome  approxi-
matively 6400 nt long, with both a 5’ methylated guanine cap
and  3’  polyadenylated  tail.  It  comprises  five  Open  Reading
Frames  (ORFs),  flanked  by  5’  and  3’  Untranslated  Regions
(UTR) [19]. ORF1 encodes the putative RNA dependent RNA
polymerase (RdRp) containing methyltransferase, helicase, and
polymerase  domains.  ORFs  2-4  overlap  to  form  the  Triple
Gene  Block  (TGB)  element,  with  roles  indicated  in  viral
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movement,  RNA  silencing  suppression  and  symptom
development  [20,  21].  ORF5 encodes  the  Coat  Protein  (CP),
which is involved in movement and encapsidation of the virion
[21]

The virus causes a wide range of symptoms that reduce the
economic value of crops, including typical fruit marbling and
leaf or stem necrosis [22 - 24]. Many factors, such as genotype
[20] climate [23] and cultivar [25] may affect the development
and intensity of the symptoms.

PepMV is known to infect a relatively broad host range of
plants. Most are in the family Solanaceae, but several Solana-
ceous hosts may not support systemic infection [3, 26 - 28].

The virus is transmitted mechanically from plant to plant
without  the  involvement  of  an  obvious  vector  using  feeding
behavior.  However,  bumblebees  [29],  the  soil-borne  fungus
Olpidium virulentus [30] and whiteflies can operate as vectors
only by contact [31]. Seed transmission may also play a role in
long-distance  spread  [32].  Water  was  confirmed  to  be  the
source  of  PepMV  infection  [33].

Five main PepMV genotypes are currently recognized: The
Peruvian  (LP)  which  includes  the  original  pepino  isolate
(SM.74),  the  European  (EU),  the  American  (US1  and  US2),
Chilean (CH2) and the south Peruvian (PES) [13, 14, 34], with
an  inter-genotype  RNA  sequence  identity  of  at  least  80%.
Hence,  PepMV  isolates  display  considerable  genomic
differences,  possibly  associated  with  geographic  origins,
specific  host  and high mutation rates of  RNA viruses.  These
differences  have  been  suggested  to  increase  the  adaptation
ability to new environments [35]. However, no correlation has
been  observed  between  different  PepMV  genotypes  and  the
severity  of  symptom  development  in  infected  tomato  plants
[11,  24].  In  contrast,  single  nucleotide  variations  have  been
associated with an aggressive and highly virulent isolate known
to cause significant symptoms and damages [36].

Interestingly, a replacement of strains and/or co-existence
have  characterized  the  epidemic  of  PepMV  [37].  In  Europe,
EU  isolates  have  been  replaced  by  the  CH2  strain.  The
American US1 genotype has been found on the Canary Islands
[38]. In North America, the EU strain has become predominant

[39]  and  has  since  been  replaced  by  CH2 [40].  Thus,  mixed
infection  and  recombination  between  PepMV  strains  play  a
role in the dynamic virus evolution [37, 41].

Prevention of PepMV disease through strict hygiene mea-
sures  is  currently  the  main  control  strategy  for  the  virus  in
tomato production. Cross-protection can be effective, but only
if the conditions are well-defined. The effectiveness depends
strongly on the PepMV genotype [32].

In  Morocco,  the  current  situation  of  PepMV  presence  is
unknown since no official survey has been conducted until the
present.  In  spite  of  this  fact,  there  are  several  interception
reports  of  PepMV  on  exported  Moroccan  tomato  fruit
suggesting the viral presence in the original tomato production
areas  [18].  PepMV-like  symptoms  have  been  observed,
between  2009  and  2014,  in  many  tomato  fields  and  green-
houses in the Souss, El Jadida, and Skhirat regions of Morocco.
The  presence  of  the  symptoms  was  correlated  with  positive
DAS-ELISA results, and confirmed by RT-PCR [42].

The genetic characterization and variations among circu-
lating  PepMV  strain  in  Morocco  have  not  been  described.
Nevertheless,  genotype  determination  is  a  precondition  for
deploying  an  effective  cross-protection  strategy.  This  paper
gives  a  careful  genetic  analysis  of  PepMV  of  Moroccan
isolates in tomatoes by studying different parts of the genome.

2. METHODS

2.1.  Plant  Material  and  Serological  Determination  of
PepMV Presence

Tomato  fruit  showing  both  typical  and  non-typical
symptoms of PepMV infection as well as symptomless toma-
toes (n=21) collected between 2009 and 2014 were used in this
study.  The  tomato  samples  are  originated  from  different
production areas in Morocco (Table 1). The experiments were
carried out at Laboratory of Sanitary Control, Control Unit of
Plants, Domaines Agricoles Maâmora, Sale, Morocco. PepMV
was  detected  by  optimized  DAS  ELISA  using  monoclonal
antibodies  produced  locally  in  a  previous  study  (Domaines
agricol  UCP  Maamora,  Salé,  Morocco).  The  assay  included
healthy plant extract as a negative control and PepMV infected
plant as a positive control [43].

Table 1. Tomato fruit sampling information

Sample Number Collection Date Origin Symptoms Description
1 to 7 2009 Souss (greenhouses) Chlorotic mosaic on leaves

Necrotic stems
Typical fruit marbling

8, 9, 11 June 2014 El jadida (greenhouses) Yellow-red mosaic patterns
Typical fruit marbling

10, 12 June 2014 Skhirate (field) uneven fruit ripening
13,14,15 June 2014 El jadida (greenhouses) uneven fruit ripening

16,17 July 2014 Temara (field) Yellow spot
18 July 2014 Temara (field) No symptom

19,20,21 July 2014 Temara (field) Fruit chlorosis
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Fig. (1). Genome structure of Pepino Mosaic Virus (PepMV) and the relative position of the Polymerase Chain Reaction (PCR) primers targeting
different regions used for sequencing and genetic variability analysis

2.2. Viral RNA Extraction

The  total  RNA  was  extracted  from  the  infected  tomato
(90mg  of  homogenized  fruit  sample)  by  using  the  phe-  nol-
guanidine  isothiocyanate  procedure  according  to  the
manufacturer instructions (TRIzol®  reagent; Invitrogen) [44].
RNAs obtained were stored at -80°C.

2.3. Primer Selection for PepMV Genome Characterization

Genetic characterization of PepMV isolates was performed
by the determination of the nucleotide (nt) sequence for three
genomic  regions:  a  part  of  the  RNA-dependent  RNA  Poly-
Merase  (RdRp) gene,  the  Triple  Gene Block (TGB),  and the
Capsid  Protein  (CP)  gene.  The  genome  structure  and  ampli-
fication strategy are illustrated in Fig. (1).

Amplifications  of  partial,  overlapping,  or  complete  gene
regions of the RNA genome were performed in one step RT-
PCR with the literature primers cited in Table 2.

Most  of  these  primers  were  used  when the  EU genotype
was circulating [11], but they proved to also amplify the CH2
and  US  isolates.  Even  when  the  percentage  intergenotype
similarity is 80-85%, the targeted regions are conserved [8, 38].
For those that varied, we used discriminative primers.

A 624-nt region in the RNA-dependent RNA polymerase
(RdRp) gene was amplified using the primers Pep3 and Pep4
[19]  used  for  both  CH2+EU  strains  [11];  an  845-nt  region,
including  the  complete  Capsid  Protein  (CP)  gene,  was
amplified using primers PepCP-D and PepCP-R [10], Aguilar

et  al.  [19]  reported  that  a  1,317-nt  region  encompassing  the
complete Triple Gene Block (TGB) was amplified using two
discriminatory primers PepTGB-D/PepTGB-R, which amplify
European  genotypes  and  PepUSTGB-D/PepUSTGB-R  that
cover American and Chilean genotypes [11]. Primers KL05-13/
KL05-14 that target a short region (202-nt) of TGB2-3 of all
known PepMV genotypes were used [45]. In addition, a CH2
genotype-specific primer, KL04-52/KL05-20 that amplifies an
RdRp  helicase  domain  (642  nt),  was  utilized  to  support
genotype identification [45]. Finally, to improve sequence data
accuracy, an overlapping region between CP and TGB (1028
nt) was amplified using PepRecB-D/PepUSTGB-R [19] (Table
2) .

2.4.  Reverse  Transcription  Polymerase  Chain  Reaction
(RT-PCR) and Sequencing

RNA extracts from tomato fruit  were reverse transcribed
using M-MLV reverse transcriptase (Promega) and polymerase
chain  reaction  PCR,  amplified  using  Taq  polymerase  (Pro-
mega).

Briefly, 25µl of the reaction was carried out in a 0.2ml tube
containing 1µl of prepared RNA and 5µl of M-MLV buffer 5X,
2µl  of  MgCl2  (25mM),  1U  M-MLV  reverse  transcriptase,
1000U RNasin, 0.2mM each dNTPs, 0.4 µM each primers and
0.05  U  Taq  polymerase.  The  cycling  parameter  was  reverse
transcribed for 30 min at 50°C, denaturated for 2 min at 94°C,
followed  by  40  cycles  of  denaturation  at  94°C  for  15s,
annealing at 45-52°C depending on the specific primers, for 30

Table 2. List of primers used for PCR amplification and sequencing

Primer Name Primer Sequence Position Reference
Pep3 5′-ATGAGGTTGTCTGGTGAA-3’ 3897-3914

Aguilar et al., 2002
Pep4 5′-AATTCCGTGCACAACTAT-3’ 4504-4521

PepTGB-D 5′-GGAGAAGCAATGAGACTT-3’ 4356-4376
Aguilar et al., 2002

PepTGB-R 5′-GGTGCACTTGAAGTGGCAG-3’ 5655-5673
PepUSTGB-D1 5′-TCACAAACTCCATCAAGG-3’ 4336-4353

Maroon-Lango et al., 2005
PepUSTGB-R 5′-TTAGAAGCTGTAGGTTGGTTTT-3’ 5634-5655

PepCP-D 5′-CACACCAGAAGTGCTTAAAGCA-3’ 5522-5543 Mumford and Metcalfe, 2001
Aguilar et al., 2002PepCP-R 5′-CTCTGATTAAGTTTCGAGTG-3’ 6348-6367



Genetic Characterization of Pepino Mosaic Virus The Open Virology Journal, 2019, Volume 13   21

Primer Name Primer Sequence Position Reference
PepRecB-D 5′-GAACTAAATGCCAGGTCT-3’ 5110-5127

Aguilar et al., 2002
PepRec-R 5′-GTGACTCCATCGAAGAAGT-3’ 6120-6138
KL05-13 5′-GTCCTCACCAATAAATTTAG-3’ 5376-5395

Ling et al., 2008
KL05-14 5′-AGGAAAACTTAACCCGTTC-3’ 5557-5575
KL04-52 5′-GTGCTTACAGTTCTGACATC-3’ 2082-2101

Ling et al., 2008
KL05-20 5′-CTAGAATTGGCACTTTGCAC-3’ 2704-2723

Fig. (2). Agarose electophoretic profile of RT-PCR product of PepMV. Legend : (A) amplification of RdRp gene, (B) amplification of TGB gene, (C)
amplification of CP gene, (D) amplification of TGB2-3, (E) amplification of RdRp helicase domain, (F) amplification of a region between TGB-CP.
M: DNA marker 100pb or 1kb, (-): Sterile PCR grade water; (+): positive control; (s): sample

second  and  extension  cycle  68°C for  45s  with  a  final  extent
cycle  of  7  min  at  68°C.  An  aliquot  of  RT-PCR  preparation
from each reaction (6µl) was applied onto 1.5% agarose gel for
electrophoresis and the RT-PCR product was visualized under
UV light.

The amplified PCR products  were directly  sequenced on
both  strands  using  the  “Big  Dye  Terminator  v3.1  Cycle
Sequencing kit” (Applied Biosystems), according to the manu-
facturer’s  instructions  in  the  Molecular  and  Functional
Genomics  Platform  (UATRS-CNRST,  Rabat,  Morocco).

2.5. Sequence and Phylogenetic Analysis

The generated sequences were edited at the ends to elimi-
nate the less precise regions. Moreover, overlapped sequences
were assembled to cover the longest region, explaining that the
final sequence lengths were changed in comparison to the PCR
fragments. Sequences were then blasted in the NCBI GenBank
using  online  BLAST  2.0  software  server  (http://www.  ncbi.
nih. gov/BLAST/) to confirm the amplified region.

The  percentages  of  nucleotide  and  deduced  amino  acid
similarities between Moroccan PepMV isolates and reference
strains  were  calculated  using  EMBOSS  Matcher,  a  pairwise
local  alignment  tool  available  in  (www.ebi.ac.uk).  The
obtained amino acid (aa) sequences and translations of Open

Reading  Frames  (ORFs)  were  generated  with  translation
ExPASy  tool  (http://web.expasy.org/translate/).  Multiple
sequence alignments of the set  of  sequences were performed
using the BioEdit Software v7.1.9 [46] and Clustal W program
[47]. PepMV nucleotide positions were numbered according to
the PepMV reference (Ch2 strain published in GenBank with
accession number: DQ000985) [13].

Complete virus sequences of the representative reference
strains  of  each  genotype  were  selected  from the  NCBI  Gen-
Bank Database and used for phylogenetic analysis. Their acce-
ssion  numbers  are:  PepMV-Ch2  [DQ000985],  PepMV-P19
[HQ650559],PepMV-P22  [HQ650560],  PepMV-PK  [EF40-
8821], PepMV-Pa [FJ612601], PepMV-SIC1-09 [HQ663891],
PepMV-SIC2-09  [HQ663892],  PepMV-US2  [AY509927],
PepMV-Ch1 [DQ000984], PepMV-US1 [AY509926], PepMV-
Sp-13  [AF484251],  PepMV-LP-2001  [AJ606361],  PepMV-
SM.74  [AM109896],  PepMV-UK  [AF340024],  PepMV-Fr
[AJ438767],  PepMV-Chi2.9  [HG313805],  PepMV-Tor9
[HG313806],  PepMV-  Yur1.5  [HG313807].

Phylogenetic  trees  were  built  by  MEGA  7  package  [48]
using the Maximum Likelihood method based on the Tamura-
Nei  model  [49].  They  were  built  with  1,000  bootstrap
replicates  to  test  the  robustness  of  the  major  phylogenetic
groups.  The  data  matrix  of  phylogenetic  analyses  was

(Table 2) contd.....
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deposited into TreeBase under accession URL: http://purl. org /
phylo/ treebase/ phylows/study/TB2:S19 550.

3. RESULTS

3.1. PepMV Amplification and Genotyping

The  disease  symptoms  of  the  collected  tomatoes  varied
among  period  and  location  and  from  typical  to  atypical.
Therefore,  viral  identification  cannot  be  based  on  the  symp-
toms. DAS-ELISA and RT-PCR tests showed the same results
and detected PepMV in twelve samples from the twenty-one
that were collected. It should be noted that all samples detected
positive by DAS ELISA showed bands when tested with RT-
PCR and those negative in DAS-ELISA were also negative in
RT-PCR; false positives and false negatives were absent (Fig.
2).

This shows the higher sensitivity of the DAS-ELISA assay
used for the screening of the PepMV presence [43]. Antisera
and primers were able to capture all potential PepMV diversity,
which is in contrast to the previously reported studies that state
the  absence  of  correlation  between  molecular  method  and
ELISA  assays  for  PepMV  detection  [30].

Primers for RT-PCR amplification (Table 2) were selected
to cover much of the main genomic regions including RdRP,
TGB and CP. For some regions, the amplification was targeted
using two or more different primers to produce sufficient high-
quality sequence data for each isolate, and to make an accurate
assessment  of  genetic  variation  and  mutation  points.  Dis-
criminative  primers  allowed  for  the  determination  of  the
genotype  and  the  exclusion  of  another  in  the  PCR  analysis
level. As a result, all the primers were effective in amplifying
the samples and produced bands of the expected size, except
for PepTGB-D/ PepTGB-R, which specifically target the EU
strain, no band has been detected. In addition, the expected RT-
PCR product (642 nt) was obtained for all the samples using
the CH2 genotype-specific primer (KL04-52/KL05-20). These
results  indicate  that  PepMV  genetic  population  is  likely  to
belong to the CH2 genotype rather than EU genotype.

Nucleotide  sequences  of  RdRp,  TGB,  CP  genes,  which
were determined in this study, completely or partially for the
twelve  Moroccan  PepMV isolates,  were  deposited  into  Gen-
Bank Database (http://www.ncbi.nlm.nih.gov/GenBank), under
the  following  accession  numbers:  RdRp  [KP761701  to
KP761712], RdRp Helicase domain [KT253424 to KT253434],
TGB1  [KP761701  to  KP761712],  TGB2-3  [KU051631  to
KU051640]  and  CP  [KT253416  to  KT253423].

3.2. Sequence Homology and Phylogenetic Analysis

Sequencing of partial RdRP, partial TGB and complete CP
genes  of  the  12  isolates  aims  to  identify  the  genotype
composition and to assess the genetic diversity of the PepMV
population  circulating  in  Morocco.  The  obtained  nucleotide
sequences  were  blasted  and  compared  with  the  reference
sequences retrieved from GenBank belonging to the different
genotypes  identified  around  the  world.  The  sequenced
fragments  covered  48%  of  the  complete  virus  genome.

All  the  analysed  Moroccan  PepMV  strains  share  a
nucleotide  sequence  identity  with  PepMV-CH2  DQ000985

above 98%. In contrast, they share only 77% similarity with the
European strains, while the identity with the US2 strain is 85%
and  PES  80%.  The  deduced  amino  acid  sequences  of  all
sequenced PepMV isolates displayed the following identities
with  the  Ch2  isolate:  99.6  -100%  for  the  CP  genes,  98.4-
99.2% for the RdRp, 97.0-100%, 97.5-93.3% and 97.6-98.8%
for the TGB1, TGB2 and TGB3, respectively.

Phylogenetic  analyses  were  performed  to  confirm  the
genetic  composition  of  PepMV  genotypes  circulating  in
Morocco. Based on the sequence alignment, phylogenetic trees
were  constructed  based  on  RdRp,  TGB,  and  CP  regions,
respectively.  Representative  sequences  from  the  five  major
genotypes were included (Fig. 3). Maximum Likelihood trees
of  these  data  sets  were  obtained  with  1000  bootstrap  repli-
cations.

The branches leading to  genotype groups were sustained
by nearly 100% of bootstrap replications in all topologies.

Moroccan  PepMV  strains  were  highly  related  and
belonging  to  a  single  phylogenetic  cluster  classified  into  the
CH2  genotype  represented  by  the  Chilean  reference  isolate
CH2,  PK,  Pa,  P19,  P22,  SIC1-09  et  SIC2-09.  Our  data
sequences do not cluster with any of the reference US1 geno-
type, PES genotype, the European reference isolates Fr, SP13,
UK  or  the  original  Peruvian  PepMV  strains  LP,  SM.74
confirming the results of RT-PCR genotyping analysis Fig. (3).

3.3. PepMV Sequence Variations

The  nucleotide  variations  and  predicted  amino-acid
changes identified in this study are shown in Table 3. The vari-
ations  of  PepMV-MA  sequences  were  mainly  found  to  be
concentrated in two regions: the second half of RdRp and CP;
TGB1, TGB2 and TGB3 displayed less variation. Collectively,
all studied isolates were highly similar between them differing
in just a few Single Nucleotide Polymorphisms (SNPs). These
nucleotides changes do not affect the phylogenic distribution.

In comparison with the reference genome CH2 (accession
number: DQ000985), we found several mutation points in the
PepMV-MA  sequences.  The  majority  of  mutations  were
substitutions. There was no evidence insertions, or deletions.
Most  of  them  were  silent,  although  we  found  5  amino  acid
changes in the RdRp gene, 3 changes in TGB1, TGB2, and CP
genes, and only one different amino acid in TGB3. A unique
stop codon was identified in MA11 strain, C5452T mutation,
which  resulted  in  the  change  Q→STOP  in  TGB2  protein
(Table  3).

Compared  with  the  EU  reference  genotypes  (Accession
Number:  AF484251,  AF340024  and  AJ438767),  our  results
showed  that  11  nucleotide  variations,  specific  to  European
strains and generally absent in CH2 strains, were found in our
sequence  data  set.  These  common  variations  are  located
throughout  the  genome  in  the  following  positions,  in  RdRp
(2527,  4000,  4243),  in  TGB1-3  (4484,  4502,  5220,  5232,
5310),  and  in  CP  (5699,  5827,  6145).  Some  of  these  also
appear in the PES in the positions 4243, 4484, 5232 and 5699.
Moreover, two other single mutations are shared only with PES
at the positions 3970 and 5509 (Table 3).

Results  of  the  multiple  alignments  with  the  reference
genotypes  cited  in  this  study  are  not  shown.  These  specific

http://purl.org/phylo/treebase/phylows/study/TB2:S19550
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http://www.ncbi.nlm.nih.gov/GenBank
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mutations are highlighted in Table 3.  A total of 25 SNPs are
observed in a different part of the genome, of which 6 SNPs
are  distributed  in  fixed  polymorphism  sites  in  the  following
positions 2338, 4372, 4640, 5310, 5452 and 5785. The other
parts of mutations are randomly localized within the genome.

These new nucleotide variations are mostly synonymous,
however,  13  amino  acid  changes  related  to  PepMV-MA

sequences are summarized in Table 4. The likelihood of found
nucleotide changes due to errors being introduced by reverse
transcriptase  and  sequencing  is  not  excluded  and  has  been
reduced  in  our  study.  These  errors  may  concern  single  vari-
ations, which are unique and those not repeated within isolates
as well as those that are localized out of polymorphism sites.
These  kinds  of  nucleotide  changes  were  ignored  and  not
included in the study. The  sequencing  strategy  in  both  sense

Fig. (3). Phylogenetic tree of PepMV moroccan isolates showing the relationship with the representative PepMV genotype strains. Legend : The tree
analysis is based on three genomic regions. (a) the concatenated partial nucleotide sequences of the RdRp containing two genomic regions (located
from 2082 to 2723 and from 3941 to 4501 nucleotide); (b) The concatenated partial nucleotide sequences of the TGB obtained from the sequenced
TGB1-3 regions (located from 4409 to 4954 and from 5150 to 5593 nucleotide); (c) Complete nucleotide sequence of CP gene (located from 5630 to
6343). Numbers along the branches refer to bootstrap values.
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Table 3. Nucleotide sequence variations, predicted amino-acid changes and specific variations of PepMV Moroccan isolates. Capital letters indicate variants with an amino acid change,
Lower-case letters indicate silent mutations, highlighted letters indicate Moroccan specific SNPs, S: silence; the asterisk (*) indicates specific PepMV-MA missense.

RdRp TGB 1 TGB2 TGB2-3 TGB3 CP
PepMV
strains 2338 2386 2527 2548 3970 3987 4000 4001 4014 4018 4243 4256 4372 4484 4502 4557 4640 4743 4930 5220 5232 5310 5318 5332 5349 5395 5404 5452 5509 5638 5699 5710 5754 5785 5797 5827 5843 5968 6115 6145

CH2 C T T C T A C G C A C T G T T T T T A A T T A C T T A C T C A C A T T T G T T T
PES G - A - C - - - - T T - T C C - - - - - C G - T - - - A C - G - - G - - - - C A
EU G - C - - - T - - - T - T C A - - - - T C A - T - - - A - - G - - G - C - - - C

MA1 - - - - c - - - - - t - - - - - - - G - - c - - - - G - c T - - - - - - - C - -
MA2 t c - - - G t - - - - - a C a - - - - T c c - - - - - - - - - T - A C C T - C C
MA3 - - - - c - - - - - t - - - - - - - G - - c - - - - G - c T - - - - - - - C - -
MA4 t c - - - G t - - - - - a C - - - - - . . . - - - - - - - - - T - A C C T - C C
MA5 t c - - - G t - - - - - a C a - - - - . . . - - - - - - - - - T - A C C T - C C
MA6 t c - - - G t - - - - - a C - - - - - T c - - - - - - - - - - T - A C C T - C C
MA7 t c - - - G t - - - - - a C a - - - - . . - - - - - - - - - - T - A C C T - C C
MA8 - - - T - - - A G T t - - - a G c - - - - c - - C - - - - - - - T - - - - - - -
MA9 - - - - - - - A G T t - - - a - - - - - - c - - - C - - - - G - - - - - - - - -
MA10 - - - - - - - - - - t - a - - G c - - - - a G A - - - - - - - - - - - - - - - -
MA11 - - c - - - - - - - t G - - - - - C - - - - - - - - - T - - - - - - - - - - - -
MA12 - - c T - - - - - - t - - - a - - - - - - - - - - - - - - - - - - - - - - - - -
Amino

acid
changes

S S S S S *K1301R S *G1306S *A1310G L1311F S *S1391A S S S *S44A S *Y106H *K168R S S S *H69R *L74I L5S *F95L S
*Q114STOP

S S S24G S *K42M S S S *A72S S S S
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and  amplifying  overlapping  fragments  increased  accuracy  of
the obtained sequences. Single mutations found in one strand
were  corrected  during  the  pairwise  alignment  step,  only
recurrent  mutations  in  the  same  position  were  conserved.

Table  4.  Amino  acid  polymorphisms  in  the  predicted
protein  sequences  of  Moroccan  Pepino  mosaic  virus
isolates. a Distance from the first amino acid of the protein.
Frequency  of  mutation  was  calculated  from  a  total  of  12
isolates.

Position a CH2 PepMV-MA Frequency
RdRp 1301 Lysine Arginine 41% (5/12)

1306 Glycine Serine 16.6 % (2/12)
1310 Alanine Glycine 16.6 % (2/12)
1391 Serine Alanine 8.3 % (1/12)

TGB1 44 Serine Alanine 16.6 % (2/12)
106 Tyrosine Histidine 8.3 % (1/12)
168 Lysine Arginine 16.6 % (2/12)

TGB2 69 Histidine Arginine 8.3 % (1/12)
74 Leucine Isoleucine 8.3 % (1/12)
95 Phenylalanine Leucine 8.3 % (1/12)
114 Glutamine STOP codon 8.3 % (1/12)

CP 42 Lysine Methionine 8.3 % (1/12)
72 Alanine Serine 41.6% (5/12)

4. DISCUSSION

Tomato  production  is  an  important  crop  activity  in
Morocco  and  has  a  significant  weight  in  the  general  exports
[50] (Greenhouse tomato production is the main system used,
which requires hands-on activities including planting, grafting,
plant  tying,  de-leafing,  spraying,  and  fruit  picking.  These
practices may potentially initiate a mechanical transmission of
PepMV  to  healthy  plants  from  a  contaminated  hand  or  tool,
even  with  a  small  number  of  PepMV-infected  plants  [32].
Outbreaks of the disease were observed in the last few years in
many tomato production areas in Morocco and raised concerns
of  possible  seed  transmission.  Notable  progress  has  been
achieved  towards  understanding  the  genetic  diversity  and
population structure of PepMV in many countries [10, 11, 13].
However,  the  genetic  charac  terization  of  the  Moroccan
PepMV population remains  unknown until  now.  The present
study involved careful analyses of virus isolates circulating in
Morocco.

For this purpose, nucleotide sequencing of a part of RdRp,
TGB 1-3,  and  full-lengh  CP genes  was  employed  to  charac-
terize  twelve  PepMV  Moroccan  strains  (PepMV-MA)
(sampled  between  2009  and  2014)  from  tomato  fruits  exhi-
biting  different  symptoms,  including  isolates  from  ELISA-
positive  asymptomatic  plants  that  originated  from  the  main
tomato production areas. These genomic regions represent viral
genes  encoding  proteins  with  distinct  functions.  In  the  first
step, we amplified the cited genes using a large set of primers
that covered 48% of the whole genome. Sequence analysis of
isolates sampled from different production areas showed slight
differences  of  about  0.4%,  leading  to  a  homogenous  popu-
lation.  This  was  deduced  from  the  percentage  of  similarity

calculated  between  Moroccan  strains  using  pairwise  align-
ments.

Using  the  sequence  data  of  the  targeted  segments,
phylogenetic relationships among PepMV isolates provided in
this study were evaluated along with representative isolates of
all major PepMV genotypes identified around the world. These
analyses revealed that the PepMV strains infecting Moroccan
tomatoes  belong  to  the  CH2  genotype.  Topologies  of  trees
show that strains of the same genotypes are clearly clustered
together, except for some differences showing that US2 strain
falls  into  the  same  cluster  as  CH2  in  CP  tree.  Nucleotide
sequence comparisons were suggested previously that US2 is a
recombinant of US1 and CH2 [8]. The difference between the
topologies of the 3 trees, is explained by the conservation of
each region, the most conserved is CP, then TGB and the less
conserved  is  RdRp.  Despite  these  genome  differences,  the
PepMV strains are grouped following 5 clades corresponding
to each genotype.

The  same  result  was  obtained  with  the  discriminative
genotyping  RT-PCR  assays  using  specific  primers  for  CH2
[13] and for EU [19] genotypes. The combination of these two
primers,  targeting a  different  part  of  the  genome,  was useful
not only in amplification but also in the determination of CH2
genotype presence and the exclusion of EU genotype from our
strains at PCR analysis level.

The  genotypic  characterization  of  the  twelve  PepMV
isolates in Morocco is in accordance with the current situation
of  CH2  genotype  prevalence  and  geographical  distribution.
Until 2008, the EU genotype was considered the most common
genotype  in  European  tomato  production  greenhouses  [19],
[13]. Later, CH2 was reported at high levels of prevalence in
many  European  countries  [8].  Considering  the  geographical
closeness, the prevalence of CH2 genotype in Morocco can be
considered similar to the case history of PepMV in European
countries. The hypothesis of a possible earlier existence of EU
strains  can  be  argued  by  the  presence  of  a  few  specific  EU
genotype mutations noticed in the studied sequence data.

Questions  regarding  how  CH2  genotype  was  introduced
and why it is so widespread still arise. Previous studies showed
that this PepMV genotype was found in tomato seeds [45] , and
many  young  plants  were  already  infected  at  an  early  stage.
Their delivery for cultivation in greenhouses was considered as
a potential reason for the large-scale occurrence in CH2. This
information  suggested  that  CH2  has  a  biological  advantage
over and spreads faster than the EU genotype [8].

Identification  of  the  CH2  genotype  in  Moroccan  tomato
plants  indicated  the  likelihood  that  transmission  of  PepMV-
CH2 from contaminated seeds to plants has occurred. There-
fore, it is important to plant PepMV-free certified commercial
tomato seeds.

This  study  has  characterized  PepMV-MA  isolates  as  a
homogenous population due to the minor differences between
sequences.  Mutations  are  mostly  silent;  missense  point
mutations, leading to amino acid changes, were also observed.
Compared with the reference CH2 genotype, a total of 40 SNPs
were found in the 3100 nt sequenced PepMV genome, resulting
in 16 differences at the predicted amino acid level. The SNPs
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were not  concentrated in a specific region of the genome. In
spite of this, the capsid protein was more conserved.

A remarkable finding made in this study was the presence
among  these  variations  of  new  mutations  specific  to  our
isolates,  which  have  never  been  described  before  within  the
representative strains of the major genotypes. These SNPs were
responsible for 13 amino acid changes (Table 4), of which one
mutation led  to  a  non-functional  TGB2 protein,  a  movement
protein. This stop-codon mutation in TGB2 can alter virus cell-
to-cell movement [51].

Interestingly,  MA  2,  4,  5,  6,  7  appear  to  have  multiple
conserved variants in comparison to the other Morocco strains
(Table  3).  This  correlates  to  pathogen location  (souss  green-
houses) and date of collection (2009) as shown in Table 1. A
spread of closely related strains to neighboring green- houses is
also possible.

Mutational  analysis  conducted  by  Hanssen  et  al.  (2009)
revealed a limited number of RNA sequence mutations and few
nonsynonymous substitutions,  reflecting the  strong purifying
selection. Most of the mutations that take place have no clear
biological relevance [24].

Previous  studies  showed  that  the  presence  of  single
nucleotide substitutions in the CH2 strain have a big influence
on the symptomology in tomato plants (necrotic and yellowing)
[36,  52].  A  single  amino  acid  change  in  the  TGB3  protein
(K67E)  is  involved  in  necrosis  induction  by  PepMV-P19
isolate. This necrotic isolate of CH2 was found in Poland [20,
53].  Two  separate  mutations  in  the  Coat  Protein  (CP)  gene
(E155K)  and  D166G  in  (CP)  of  other  isolates  identified  in
several  countries  have  been  identified  as  determinants  of
yellowing  symptoms  [36].

In the studied Moroccan PepMV population, none of these
points  of  mutation  were  found.  This  does  not  exclude  the
possible contribution of these mutations in symptom diversity
from the fact  that  symptoms of  sampled tomato fruits  varied
from  the  typical  fruit  marbling  to  asymptomatic.  A  better
understanding of the relationship between viral  diversity and
symptoms  was  not  the  focus  of  this  study  and  is  difficult  to
access with a limited number of isolates.

The emergence of new strains and the appearance of new
genetic types by mutation and recombination events represent a
high  potential  risk  and  should  be  considered  by  developing
efficient control strategies. Cross-protection represents a viable
and attractive option for PepMV control.

Recently  in  2015,  the  National  Food  Safety  Office
(ONSSA) authorized the sale of the PMV®-01 [54] in Morocco;
a  vaccine  that  protects  against  aggressive  PepMV  infections
using a cross-protection method. This vaccine includes a mild
CH2  strain  (isolate  1906).  During  the  tomato  2015-2016
seasons, a mass vaccination campaign of plant was launched to
prevent production and quality losses. Satisfactory results were
validated  for  these  tests;  this  campaign  was  extended  for
2016-17  [55].

CONCLUSION

The findings of this work contribute to an understanding of

the  genetic  composition of  Pepino mosaic  virus  in  Morocco.
The  highly  efficient  mechanical  transmission  of  this  disease
has made the implementation of cultural practices unsuccessful
in preventing its spread. Inoculating tomato plants with a stable
mild strain of PepMV at an early stage may help reduce losses.
The characterization of the Moroccan population into the CH2
genotype, with a relatively low genetic variability, may lead to
comfortable  use  of  the  recent  proposal  vaccination  strategy
using  a  mild  strain  of  CH2  PepMV.  In  addition,  the  efforts
should be concentrated on the phytosanitary control  for  both
exportation and importation for both tomato fruit and seeds.
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PepMV = Pepino Mosaic Virus

RdRp = RNA-dependent RNA Polymerase
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RT-PCR = Reverse Transcription Polymerase Chain Reaction

SNP = Single Nucleotide Polymorphisms.
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