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Characterization of a divergent strain of Moroccan watermelon mosaic virus (MWMY)

from Tanzania supports the existence of two major lineages

Abstract

The focus of the research in this thesis is the characterization of a virus isolated from a
cucurbit plant showing striking symptoms of virus infection including mosaic/mottle and dark
green blisters in a commercial field on the outskirt of Dar es Salaam, Tanzania in 2016. Lateral
flow tests were positive for potyvirus infection, and negative for Cucumber mosaic virus (CMV)
and Squash mosaic virus (SqQMV). With a degenerate primer pair in RT-PCR, the ~700 bp fragment
of the potyvirus cylindrical inclusion (CI) gene was amplified and had highest identities (80-92%)
to Moroccan watermelon mosaic virus (MWMYV). This virus was mechanically transmitted to
pumpkin and flexuous filamentous rod-like particles of ~820 nm long were purified from infected
leaves. High throughput sequencing (HTS) analysis confirmed these symptoms were only due to
the infection of an isolate of MWMYV, named MWMV-TZ16. In a host range experiment, MWMV-
TZ16 only infected species in the family Cucurbitaceae, different from MWMYV isolates from
North and South Africa and Southern Europe. The complete genome sequence of MWMV-TZ16
was determined with HTS and alignment of overlapping sequences of cloned RT-PCR fragments,
with the 5’-end of the genome determined by 5’-RACE PCR. Sequence comparisons and
phylogenetic analyses showed that MWMV-TZ16 is a genetically divergent strain that was placed
in a strongly supported Central/East African clade, and less closely related to isolates in the North
Africa and Southern European clade. General MWMYV and East Africa strain-specific primer pairs
were developed, and preliminary RT-PCR tests suggest these could be used to further investigate

the distribution of these viruses.
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Chapter I

Introduction



Family Potyviridae

Potyviridae is the largest family of plant RNA viruses, and is divided into 12 genera: Arepavirus,
Bevemovirus, Brambyvirus, Bymovirus, Celavirus Ipomovirus, Macluravirus, Poacevirus,
Potyvirus, Roymovirus, Rymovirus, and Tritimovirus, which are distinguished based on host range,
genomic features, and phylogeny [1, 3]. Members of this family have single-stranded, positive-sense RNA
genomes, encapsidated inside a flexuous filamentous virions that measure 680-900 x 11-20 nm [1]. The
virion is composed only of the coat protein (CP), which may be linked to the virus-encoded
genome-linked protein (VPg) during the infection [2]. VPg is covalently linked to the 5’-end of the
genome, while the 3’-end terminus is polyadenylated [1,5]. Other than the members of the genus
Bymorvirus, which have bipartite genome, most of viruses in this family are monopartite with
genome sizes range from 8.2 (Macluravirus) to 11.3 kb (Bymorvirus) (Fig. 1.1) [1,4,5]. The genomic RNA

of viruses in the family Potyviridae are translated into polyprotein, which is subsequently processed by

virus-encoded protease into the functional proteins [1,4].

Genus Potyvirus

Viruses in the genus Potyvirus are transmitted in a non-persistent manner by many species of aphids
[1,5]. Potyviruses have a monopartite plus-sense single stranded (ss)RNA genome of ~10 kb [1,4,5] and
has a long open reading frame (ORF), that encodes a polyprotein that undergoes a proteolytic processing
to produce ten mature proteins: (1) P1 protein involved in translation and modulator of replication, (2) P3
protein involved in virus replication and movement, (3) HC-Pro (helper component proteinase) involved in
aphid transmission, cell-to-cell and long distance movement, and function as a silencing suppressor, (4)
6K1 and (5) 6K2 are involved in formation of replication vesicles, (6) CI (cytoplasmic inclusion protein) is
a helicase involved in virus movement and replication, (7) VPg (genome-linked protein) involved in

translation, (8) Nla-Pro involved in polyprotein cleaving process and (9) NIb is the RNA-dependent RNA



polymerase, whereas (10) CP (coat protein) involved in virus movement and aphid transmission (Fig. 1.1)
[5,6]. Another protein, which is involved in the cell-to-cell movement of the virus, is the pretty interesting
potyviridae ORF (PIPO) from the P3 coding region via polymerase slippage (Fig. 1.1) [5,7]. P1 is
a self-cleaving protein and is a serine protease with a catalytic triad His-(X7-11)-Asp-(X30-36)-Ser
(but Glu rather than Asp for viruses of the Bean common mosaic virus [BCMV] subgroup) [4,8].
The Gly-X-Ser-Gly around the P1 cleavage site is strictly conserved [4,8]. HC-Pro is a cysteine
protease with a cleavage site of Gly/Gly [4,9]. Nla-Pro is a serine protease with conserved four

active site residues of His, Asp, Cys and His, with Gly-X-Cys-Gly around the active cysteine [4].

Plant-to-Plant Transmission of Potyvirus

Potyviruses are transmitted by many species of aphid in a non-persistent manner, which
requires a short period of acquisition and inoculation (seconds to a few minutes) [11,13]. The
transmission process happens through a helper strategy, in which the non-structural HC-Pro
facilitates the binding of virions to receptors associated with the stylet of the aphid vector [12,39].
A DAG motif in the N-terminus of the CP is highly conserved and directly interacts with a PTK
motif in the HC-Pro [14]. Importantly, a KITC motif at the N-terminus of HC-Pro is essential for
the stylet binding [15]. Some aphid species that are known to transmit potyviruses include M.
persicae, Aphis gossypii, A. craccivora, A. fabae, A. spiraecola, A. pisum, Macrosiphum
euphorbiae, Rhopalosiphum maidis, R. padi, and Lipaphis erysimi [16]. Morrocan watermelon
mosaic virus (MWMYV) was reported to be efficiently transmitted by Myzus persicae and Aphis
gossypii [21]. The polyphagous nature and high reproduction rates of the aphids, as well as the

migrating capacity, facilitate the short and long distance spread of potyvirus [16].



In addition to aphid transmission, some potyviruses are seed-transmitted [17,20].
Potyviruses made up 13% of the 231 plant viruses considered to be seed-transmitted. However,
the exact mechanism of potyvirus seed transmission is still unclear [17]. Some examples of
important seed-transmitted potyviruses are Lettuce mosaic virus (LMV), Zucchini yellow mosaic

virus (ZYMV), and Soybean mosaic virus (SMV) [18-20].

Management of Potyvirus

An integrated approach is required as reliance on pesticide application to control the aphid
vector is often not successful, costly, and harmful to the environment [17,22]. Pesticides are not
effective in controlling potyvirus spread due to the time it takes to acquire and inoculate the virus
[17,22]. For example, insecticide application did not impact the spread of Potato virus Y (PVY) in
potato fields [23]. In contrast, a combination of stylet oil spray, straw mulching, roguing, and
intercropping was more effective for the management of PVY [24]. Resistant cultivars, physical
barriers, and the removal of inoculum sources also have been effective as part of an integrated
strategy for management of plum pox virus (PPV) [22]. Additionally, reflective mulches and crop
borders were effective against the spread of PVY and Papaya ringspot virus (PRSV) [25,26].

Breeding for resistance is an important approach for managing diseases caused by
potyviruses [32]. Eukaryotic translation initiation factor (elF) 4E and eIF4G and their isoforms are
recessive gene that is commonly used to confer resistance to potyviruses, €.g., to protect against
PVY and LMYV infection of crops [27,28]. Coat protein (CP)-mediated resistance, which is
achieved by expressing the CP of the virus in transgenic plants has been used to provide resistance
to potyviruses, including to Watermelon mosaic virus (WMV) and ZYMV in commercial squash

varieties [29,30]. RNA interference (RNA1) based resistance was also used to developed resistance



to potyvirus infections, e.g. Cowpea aphid-borne mosaic virus (CABMV) [31]. Most recently,
selection for two potential recessive resistance elF-like genes from Cucurbita ecuadorensis

conferred resistance to MWMYV isolate from Spain [32].

Cucurbit-Infecting Potyviruses

One of the major economically important crops affected by potyviruses are species in the family
Cucurbitaceae [33]. Some of these viruses are globally distributed, e.g PRSV, WMV, and (ZYMV),
whereas others are limited to specific areas, e.g., Algerian watermelon mosaic virus (AlgWMYV) in Algeria,
Melon vein-banding mosaic virus (MWBMV) in Taiwan, Zucchini yellow fleck virus (ZYFV) in countries
in the Mediterranean Basin, and MWMYV in Africa and Southern Eurpe [33]. WMV is closely related to
SMV (Fig. 1.2), which is a legume-infecting potyvirus, except for the P1 coding region, which was more
identical to that of Bean common mosaic virus (BCMV), suggesting the role for recombination in the
evolution of WMV [34].

For a cucurbit-infecting potyvirus, WMV has a relatively wide host range and infects
approximately 170 species of plants, including carrot, cilantro, orchids, pea and cucurbits [33,35]. In
contrast, ZYMV has a narrow host, including wild and cultivated cucurbits, and a few ornamental plants
[35]. Cucurbit-infecting isolates of PRSV (PRSV-W) also have a narrow host range, infecting most
cucurbits, but also Chenopodium spp. and cause local lession, whereas other isolates (PRSV-P) infect
papaya and caused only mild symptoms on cucurbits [33]. MWMYV is an emerging potyvirus of cucurbits
that was first identified in Morocco in 1974 and now have been identified in countries throughout Africa

and the Mediterranean Basin [21, 36-38].
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Abstract

As part of a disease survey conducted in 2016, striking virus-like symptoms including light
green/chlorotic mosaic, distortion and dark green blister were observed in leaves of cucurbit plants
in a commercial field on the outskirts of Dar es Salaam, Tanzania. Lateral flow tests with samples
of these leaves were weakly positive for potyvirus infection and negative for Cucumber mosaiv
virus (CMV) and Squash mosaic virus (SQMV). In RT-PCR tests with a degenerate potyvirus
primer pair, the expected ~700 bp cylindrical inclusion (CI) gene fragment was amplified, and
sequence comparisons revealed highest identities (80-92%) with isolates of Moroccan watermelon
mosaic virus (MWMYV). This MWMV-like potyvirus was mechanically transmitted to pumpkin
and induced symptoms similar to those observed in the field, and long flexuous filamentous
particles measuring ~820 nm were purified from infected leaves. High throughput sequencing
(HTS) analysis confirmed no mixed infection with other viruses. The host range of this virus was
limited to species in the family Cucurbitaceae, unlike MWMYV isolates from North and South

Africa and Southern Europe. The complete nucleotide sequence of this isolate, MWMV-TZ16,

15



was determined from overlapping cloned RT-PCR amplified fragments and HTS data, with the 5°-
end determined with 5’-RACE-PCR and HTS. Sequence comparisons and phylogenetic analyses
showed that MWMV-TZ16 is a divergent strain, which was placed with isolates from Kenya into
a strongly supported Central/East African clade, and was less closely related to isolates from the
North and South Africa and Southern Europe, which were placed in another clade. General
MWMV and East Africa strain-specific primer pairs were developed, and preliminary RT-PCR

tests suggest these could be used to further investigate the distribution of these viruses.

Keywords: potyvirus, cucurbit disease, high throughput sequence, virus evolution, virus taxonomy

Introduction

The family Potyviridae is a large and diverse group of viruses that are classified into 12
genera: Arepavirus, Bevemovirus, Brambyvirus, Bymovirus, Celavirus Ipomovirus, Macluravirus,
Poacevirus, Potyvirus, Roymovirus, Rymovirus, and Tritimovirus) [3,39, 40]. The largest of these,
in terms of species, is the genus Potyvirus, which currently contain 190 ICTV-approved species
[40]. All members are transmitted by aphids species in a non-persisten manner and some are also
seed-transmitted [23,24]. These viruses cause mosaic-type disease symptoms in a wide range of
crops and non-cultivated plants, including members of the economically important families
Amaranthaceae, Poaceae, Brassicaceae, Solanaceae, Cucurbitaceae, and Fabaceae [1].
Potyviruses possess a positive-sense, single-stranded (ss) RNA genome of ~10 kb, which is
encapsidated in long flexuous filamentous virions measuring ~680-900 nm x 11-20 nm [3]. Like

other member of the family, potyviruses utilize a polyprotein processing genome strategy [2,38].
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These viruses have been extensively studied due to their importance and the diseases they caused
[2].

The ~10 kb genome encodes a large open reading frame (ORF), which is translated into a
polyprotein of ~3200 amino acids (aa) that is cleaved into 10 mature functional proteins: protein
1 (P1), helper component-protease (HC-Pro), protein 3 (P3), 6-kDa peptide 1 (6K1), cylindrical
inclusion protein (CI), 6-kDa peptide 2 (6K2), viral protein genome-linked (VPg), nuclear
inclusion A-protease (Nla-pro), nuclear inclusion B (NIb), and coat protein (CP) [2,40]. In
addition, a small peptide named pretty interesting potyviridae ORF (PIPO) is translated via an
RNA polymerase slippage mechanism [2,4,5]. The genome also possesses 5’ and 3’ non-translated
region (UTRs). The ~60-190 5’-UTR interacts with the VPg, which plays a key role in the viral-
host interaction [2,5,6,38]. The 3’-UTR includes nucleotide sequence of variable length followed
by the poly(A) tail [2,6].

Cucurbit crops can be severely impacted by diseases caused by potyviruses [41]. Some of
these have a worldwide distribution, including Papaya ringspot virus (PRSV), Watermelon mosaic
virus (WMV), and Zucchini yellow mosaic virus (ZYMV) [1, 41]. Others have more regional
distributions, e.g., Algerian watermelon mosaic virus (AlgWMV) in Algeria, Melon vein-banding
mosaic virus (MWBMYV) in Taiwan, Zucchini yellow fleck virus (ZYFV) in the Mediterranean
Basin, and Moroccan watermelon mosaic virus (MWMYV) in Africa and Mediterranean Basin [41].
Of this latter group, MWMYV has emerged as a major threat to production of cucurbits [15,17].

In the early 1970s, outbreaks of a viral disease of cucurbit in Morocco caused economic
losses, especially in squash production (Cucurbita pepo). The disease symptoms were chlorotic
mottle, vein banding, and erumpent dark green blisters of leaves and malformed fruits [7-9]. Fisher

and Lockhart [7] established this disease was caused by a potyvirus based on the purification of
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flexuous filamentous rod-shaped particles and aphid transmission. Furthermore, because this virus
had serological and host range properties that were similar to those of WMV, it was considered to
be a strain of WMV, WMV-Morocco (WMV-Mor). Outbreaks of similar severe viral disease of
cucurbit crops were also occurring in South Africa and were associated with a potyvirus with
properties similar to those of WMV-Mor [42]. Characterization of an isolate from South Africa,
Cu-45, confirmed it had properties similar to WMV-Mor, including a host range of mostly
cucurbits, but also inducing chlorotic local lesions in leaves of Chenopodium amaranthicolor, C.
album, C. quinoa, and Gomphrena globose plants [45]. Members of Cucurbita pepo (squashes and
some pumpkins) were highly susceptible [7-9,42], whereas melon also developed necrotic lesion
and dieback [7,9,13].

Because of the emerging importance of cucurbit-infecting potyviruses worldwide,
especially PRSV (previously WMV1) and WMV (previously WMV?2), the properties and
relationships among these viruses, including WMV-Mor, were intensively studied [7]. This
typically involved comparisons of serological (immunodiffusion and immunosorbent electron
microscopy [ISEM]) and biological properties (host range, symptomatology, and aphid
transmission) [43,44]. Webb and Scott [44] established that WMV1 and WMV?2 are distinct
species, PRSV and WMV, respectively, whereas other studies demonstrated that WMV1, WMV2
and WMV-Mor are three distinct potyvirus species [43,45]. For example, antiserum raised against
MWMYV isolate Cuc 45 only reacted with Cuc 45 and WMV-Mor, whereas antisera to PRSV,
WMV and ZYMV did not react with Cuc 45 or WMV-Mor [42].

Definitive evidence that WMV-Mor is a distinct potyvirus species came from peptide
profiling and sequencing analyses, which revealed that WMV-Mor had a distinct peptide profile

and only 61-68% identity for short peptide aa sequences with other potyvirus, including PRSV,
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Soybean mosaic virus (SMV), and WMV [8]. This led to the approval of the name Moroccan
watermelon mosaic virus (MWMYV) by the ICTV in1999. MWMYV has now been associated with
viral disease outbreaks and economic loses in cucurbits in many African and European countries,
e.g., Sudan, South Africa, Kenya, Tunisia, Greece, France, Italy, Portugal and Spain [9-15].

The nucleotide sequence of the 3’-end of the genomic RNAs of WMV-Mor and MWMV-
like virus, Su-94-54, from snake cucumber with virus-like symptoms in Eastern Sudan in 1974
were determined by Lecoq et al. [9]. Sequence comparisons indicated these were highly divergent
strain, with a CP aa identity of 86% and much lower identities with those of other potyviruses
(<62%) [9]. Furthermore, although MWMYV and Su-94-54 induced similar symptoms in cucurbits,
Su-94-54 did not induce local lesions in C. amaranticolor, C. quinoa, systemically infect N.
benthamiana, and to induce shoestring in cucurbits and local lesions or tip necrosis in melon [9,13].
Despite substantial genetic, biological, and serological differences with MWMYV, Su-94-54 was
considered a divergent strain [7,9]. However, due to the molecular differences, Su-94-54 was
named a distinct potyvirus species in 2018: Sudan watermelon mosaic virus (SuWMYV) [50].

In 2008, the complete sequence of a MWMYV isolate associated with a severe viral disease
outbreak in Tunisia, MWMV-Tn (also referred as MWMV-TNOS), was published [13]. Sequence
comparisons and phylogenetic analysis showed that MWMV-Tn was an isolate of MWMYV-
Mor[13]. To investigate the relationship among MWMYV isolates from various geographic regions,
Yakoubi ef al. [13] used RT-PCR to amplify an ~480 nt fragment encompassing a small part of
the 3’ end of NIb and the 5 half of the CP from MWMYV isolates from different geographic
regions. Comparison of these sequences revealed that 1) 23 isolates of MWMV-Tn were nearly
identical, 11) MWMV-Tn was placed into a strongly supported clade with isolates from Morocco

and Southern Europe (France, Italy and Spain) and iii) isolates from other parts of Africa were
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placed in a second less strongly supported clade and, iv) the sequence of the highly divergent
MWMV-Su (Su-94-54) had nt identities of 75-80% with other MWMYV isolates and was placed
on a distinct branch [13]. The clade with the isolates from North Africa and Southern Europe were
divided into two strongly supported subclades: one with the isolates from South Africa and the
other with isolates from North Africa and Southern Europe. Ibaba et al. [10] published complete
sequences of two MWMYV isolates from South Africa (ZA), and phylogenetic analyses placed
these isolates in a strongly supported clade (Southern African lineage) that was placed into the
larger strongly supported clade with the isolates from North Africa and Southern Europe (referred
to as the Mediterranean lineage). Sequences of isolates from Western and Central Africa were
placed in a separate clade, whereas MWMV-Su was placed alone on another branch [10].

In yet another chapter in the MWMYV story, two reports have provided evidence that the
virus infects papaya (Carica papaya L.). The first came from the Democratic Republic of Congo
(DRC), where MWMYV was detected by RT-PCR and sequencing in leaves of papaya plants
affected by a severe viral disease (yellow mosaic, deformation and shoe strings) in 2016 [46]. A
partial sequence of the 3’ end of one of the papaya isolates revealed 84% nt and 93% CP aa
identities with those of MWMYV-Mor [46]. This was the first report of MWMYV in the DRC and
infecting papaya. More recently, MWMYV was associated with a severe viral disease of papaya in
Kenya. HTS analysis of 29 samples revealed infection with a divergent strain of MWMV. The
MWMYV isolates from papaya were closely related (~98% identity) and were placed in a different
clade than that with isolates from North Africa and South Africa and Southern Europe [11]. These
findings are reminiscent of the biotypes described for PRSV, one that infects papaya (PRSV-P)

and another that causes severe disease in cucurbits (PRSV-W) [41].
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Finally, there is also the potential complication of mixed infections of MWMYV with other
potyviruses, e.g., WMV and ZYMV, as well as other viruses, such as the carlaviruses, Cowpea
mild mottle virus (CpMMV) and Cucumber vein-clearing virus (CuVCV) [13, 35]. A recent survey
showed that ZYMYV and WMV were widely distributed in the coastal lowland areas in Tanzania
[18].

In the present study, we determined the biological properties and complete nucleotide
sequence of an isolate of MWMYV from Tanzania (MWMV-TZ16). This virus was associated with
a disease outbreak in a commercial field of cucurbits near Dar es Salaam in 2016, in which leaves
showed striking chlorotic mottle and vein banding, distortion and dark green blisters. Samples of
these leaves were weakly positive for potyvirus infection and negative for Cucumber mosaic virus
(CMV) and Squash mosaic virus (SqQMV) in lateral flow tests. RT-PCR amplification and
sequencing of a CI fragment revealed highest identities (80-92%%) with isolates of MWMYV. This
isolate, MWMV-TZ16 was mechanically transmitted to pumpkin plants and induced symptoms
similar to those observed in the field. Evidence for a single infection of MWMV-TZ16 came from
purification of long flexuous filamentous virions measuring ~800 nm, and high throughput
sequence (HTS) analysis. The host range of MWMV-TZ16 was limited to cucurbits and, unlike
MWMYV isolates from North and South Africa and Southern Europe, did not 1) induce local lesions
in Chenopodium amaranticolor or C. quinoa, ii) systemically infect Nicotiana benthamiana or iii)
induce necrosis or shoestring symptoms in the cucurbits. The complete nt sequence of MWMV-
TZ16 is 9,742 nt and has a single large ORF encoding a polypeptide of 3,124 aa. Sequence
comparisons revealed highest identities with MWMYV isolates infecting papaya in Kenya, and
phylogenetic analyses placed MWMV-TZ16 together with these isolates in a strongly supported

clade, which was distinct from the clade with isolates from North and South Africa and Southern
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Europe. These results are discussed in terms of the evolution and emergence of this important

cucurbit-infecting potyvirus.

Materials and Methods
Sample collection and virus detection

During a survey of grower fields on the outskirts of Dar es Salaam, Tanzania conducted as
part of a USAID IPM-IL diagnostic workshop held in 2016, virus-like symptoms including
chlorotic mosaic/mottle, distortion and dark green blisters were observed in cucurbit plants in one
field (Fig. 1A). Leaves with these symptoms were collected from four plants (F4P1-P4) and were
tested with Agdia Immunostrips for infection with CMV, SqMV, and general potyvirus. Samples
from these leaves were also applied onto Agdia absorption strips [36], which were transported to
UC Davis.

Total RNA was extracted from the dried plant sap on the absorption strip pads with the
RNeasy Plant Mini Kit (Qiagen, Germantown, MD, USA), and cDNA was generated with
Superscript™ II Reverse Transcriptase (Invitrogen). The cDNA was used in RT-PCR tests with a
degenerate potyvirus primer pair (CIFor and CIRev [20]), and later with MWMV-specific primer
pairs developed in the present study (Supplementary Table S1). RT-PCR-amplified DNA
fragments were directly sequenced at the UC DNA Sequencing Facility. To recover the potyvirus,
sap was prepared from absorption strip pads with 0.02 M potassium phosphate buffer and
mechanically inoculated onto cotylendons of one-week-old pumpkin seedlings (Cucurbita pepo

cv. Sugar pie).
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Virion Purification and Transmission Electron Microscopy (TEM)

Virions were purified from 100 g of infected symptomatic pumpkin leaves collected at 21
to 25 d after mechanical inoculation with MWMV-TZ16. Following homogenization with 0.5 M
potassium phosphate buffer containing 0.01 M EDTA and 0.1% sodium sulfate (2 ml/g tissue)
[37], and the solution was clarified with butanol as previously described by Lima et al. [22].
Following the clarification, 1% (v/v) Triton X-100 was added to solubilize the solution for 20 min
[19]. Polyethylene glycol (PEG) 6000 was added to the supernatant (8 g/100 ml) and the mixture
was stirred for 3 h at 4 C. After centrifugation at 10,000 x g for 10 min to precipitate the virions,
the pellet was resuspended in PE buffer (0.01 M potassium phosphate buffer pH 7.0 containing
0.01 M EDTA). The solution was centrifugated at 10,000 x g for 10 min, followed by precipitation
with PEG (5%) and NaCl (0.3 M), then the resuspended pellet solution was stirred for 30 min at 4
C. The solution then centrifuged at 10,000 x g for 10 min and the pellet was resuspended in PE
buffer [37]. An aliquot of this preparation was stained with 2% uranyl acetate on a grid for up to
10 min, and examined with a JOEL JEM-123 transmission electron microscopy (TEM) at BioEM
Facility at UC Davis. To determine infectivity, 100 pl of this purified virion preparation was
diluted in 0.02 M potassium phosphate buffer (pH 7.2) (1:10), and this preparation was

mechanically inoculated onto cotyledons of pumpkin seedling as previously described.

Host range experiment

A partial host range experiment was performed by mechanical inoculation of selected
cucurbits, including pumpkins (C. pepo cv. Sugar Pie and C. maxima cv. Big Max), butternut
squash (C. moschata cv. Waltham Butternut), watermelon (Citrullus lanatus cvs. Charleston Gray

and Crimson Sweet), cantaloupe (Cucumis melo cv. Hales Best Jumbo), honeydew melon (C. melo
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cv. Sweet Delight), and cucumber (C. sativus cv. Marketmore). In addition, following the non-
cucurbit species were also inoculated: tomato (Solanum lycopersicum cv. Glamour), Nicotiana
benthamiana, N. tabacum cv. Samsun, Phaseolus vulgaris cv. Topcrop, Chenopodium
amaranthicolor, and C. quinoa. Sap was prepared by grinding symptomatic pumpkin leaf tissue
in 0.02 M potassium phosphate buffer (pH 7.2) (1:10 w/v). For cucurbits, sap was mechanically
inoculated onto cotyledons that were dusted with celite, whereas for non-cucurbit species, celite-
dusted fully expanded leaves were inoculated. Three independent experiments were conducted,
each with 5 plants per species/cultivar and representative mock-inoculated plants as the negative
control. Symptom development was observed over 30 d post inoculation (dpi), after which leaf
samples were collected for detection of MWMYV by RT-PCR tests with the general MWMYV primer

pair (Supplementary Table 1).

Sequencing and phylogenetic analysis

To determine the complete sequence of the genomic RNA of MWMV-TZ16, RT-PCR was
used to amplify overlapping fragments covering the genome, which were cloned and sequenced.
These sequences were aligned, and a putative full-length sequence was assembled. High
throughput sequencing (HTS) was also performed to 1) confirm no mixed infection in MWMYV-
TZ16-infected pumpkin plants, and 1i) to provide additional sequence data. For HTS, total RNA
was extracted from 0.1 g of symptomatic pumpkin leaf tissue with the RNeasy Plant Mini Kit
(Qiagen, Germantown, MD, USA) and delivered to Foundation Plant Services for HTS as
described by Villamor et al. [48].

To determine the precise sequence of the 5’-end of the genomic RNA of MWMV-TZ16,
rapid amplification of cDNA ends (RACE) was performed. The cDNA for RACE-PCR was

synthesized with primer MWMV HCM (Supplementary Table S1), followed by poly-C tailing
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with terminal transferase (New England BioLabs). The PCR was then performed with GSP-R2, a
specific primer for 5’-end of MWMV-TZ16, targeting P1 gene, and the Abridge Anchor Primer
(Supplementary Table S1). The resulting 5’-RACE PCR fragments was cloned into the pGEM-T
easy vector (Promega), and sequences of representative clones were determined at the UC DNA
Sequencing Facility with the M13F(-21) and M13R sequencing primers (Supplementary Table
S1). Additional 5’-end sequences were obtained from the HTS data and the sequencing of cloned
RT-PCR fragments. The consensus of the aligned sequences from 15 cloned RACE-PCR
fragments, HTS sequences, and the RT-PCR amplified fragments were used to determine the
precise 5°-end of the genomic RNA (Supplementary Figure 3).

Open reading frames (ORF) of the MWMV-TZ16 sequence were predicted using ORF
Finder (http://www.ncbi.nlm.nih.gov) and by comparison with published MWMYV sequences in
CLC Sequence Viewer 7.7.1. The sequence of PIPO was identified as described by Chung et al.
[25]. The alignment of nt and aa sequences of each protein coding region were used to generate
an identity matrix with MWMV-TZ16 and other isolates of MWMYV in BioEdit 7.2.

Phylogenetic analyses were performed with 1) the complete polyprotein aa sequence and
i1) the complete CP aa sequence. The sequences were aligned with the MAFFT algorithm
implemented in CIPRES [21]. The phylogenetic tree was generated with Jones—Thornton—Taylor
(JTT) model on MEGA X v.10.1.8 with 1,000 bootstrap replications, based on the aligned aa
sequences of 19 MWMYV isolates, with PRSV and AlgWMYV as outgroups. Finally, the nucleotide
sequences of the complete open reading frame of the 19 MWMYV isolates were used to detect

recombination events with RDP4.101.
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Designing and testing for MWM V-specific primer pairs

To generate primer pairs for specific detection of MWMYV isolates, an alignment of the
complete genome sequences of the 19 MWMYV isolates, including MWMV-TZ16, was generated
as described. This alignment was used as the basis for designing primer pairs specific for 1) all
MWMYV isolates and 2) isolates from East Africa. The primer pairs were evaluated in RT-PCR
tests with total RNA extracts of pumpkin leaves infected with MWMV-TZ16, WMV and ZYMV.
Equivalent RT-PCR tests were performed with RNA extracts of N. benthamiana leaves infected
with Lettuce mosaic virus (LMV). The positive control was equivalent RT-PCR tests with these
RNA extract and degenerate potyvirus CI primer pair (CIFor and CIRev) and the negative control
was equivalent RT-PCR tests with extracts of mock-inoculated plants. Total RNA extraction and
cDNA production were as previously described. PCR parameters were 35 cycles of 95 C for 15
sec, 55 C for 15 sec, and 72 C for 60 sec, with a final extension of 72 C for 7 min. PCR products

were separated in 1% agarose gels and visualized with ethidium bromide.

Results

During the disease survey conducted on the outskirt of Dar es Salaam in 2016, virus-like
disease symptoms were observed in a commercial field of cucurbit with an incidence of ~10%.
Leaves of affected plants showed a striking chlorotic mosaic/mottle and raised dark green blisters
symptoms (Fig. 2.1A). It was indicated that this was a crop of gem squash (Cucurbita pepo var.
pepo), which is widely grown as a vegetable in Southern Africa for local and export markets.

Immunostrip tests of the four symptomatic leaves were weakly positive for potyvirus
infection and negative for CMV and SqMV. In RT-PCR tests with the degenerate CI primer pairs,

the expected-size of ~700 bp DNA fragment was amplified from RNA extracts of all fours

26



samples, consistent with potyvirus infections. A BLASTx search of the nucleotide sequence of this
fragment from sample F4P1 revealed highest identities (80-92%) with isolates of MWMV,
indicating that the potyvirus that caused these symptoms was an isolate of this emerging virus of
cucurbits. A small number of pumpkin plants inoculated with the sap preparation from absorption
strips of sample F4P1 developed chlorotic mottling and dark green blisters in newly emerging
leaves, symptoms similar to those observed in the cucurbit field in Tanzania. RT-PCR and
sequencing confirmed the infection with an isolate of MWMYV, which was named MWMV-TZ16.

The examination of the virus preparation, purified from leaves of pumpkin plant infected
with MWMV-TZ16, with the TEM revealed long flexuous filamentous rod-shaped particles,
typical of a potyvirus (Fig. 2.2). The average length of these particle was 820 nm, based on
measurement of 79 particles, which is within the range for known potyviruses [3]. No other virus-
like particles were observed, consistent with no co-infection with other viruses [49]. The
development of the chlorotic mottle and dark green blisters symptoms in newly emerging leaves
of pumpkin seedlings mechanically inoculated with the diluted preparation of these potyvirus-like
particles and RT-PCR detection of MWMYV in RNA extract of these leaves confirmed these
particles were virions of MWMV.

In the host range experiment, MWMV-TZ16 induced symptoms in most of the inoculated
cucurbits tested, including melon, pumpkin, squash, and watermelon; whereas no symptoms were
observed in inoculated cucumber and honeydew melon plants or in any of the six non-cucurbit
species (Table 2.1). The symptoms that developed in leaves of infected cucurbit plants were the
chlorotic mottle, distortion, and green blisters typical of MWMYV infection. Furthermore, no
symptoms of necrosis or shoestrings were not observed in any of the cucurbit plants infected with

MWMV-TZ16. Moreover, the virus was 100% infectious in pumpkin, squash, and watermelon,
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whereas only 20% of inoculated melon plants became infected (Table 2.1). Interestingly, leaf
samples from all cucumber plants that were symptomless after inoculation tested positive for
MWMV-TZ16 infection in RT-PCR tests (Table 2.1), indicating a symptomless infection. All the
non-cucurbit species that were symptomless after inoculation tested negative for MWMYV (Table
2.1).

The HTS analysis confirmed that these symptoms in the diseased pumpkin leaves were due
to infection only by MWMV-TZ16. A de novo assembly was created from 14,842,001 clean reads
into a 9796 nt virus-like contig. A BLASTx analysis with this contig sequence revealed highest
overall identity (88%) with MWMYV sequences, and 100% identity with the sequence of the RT-
PCR amplified CI fragment of MWMV-TZ16. No other virus-like contigs were detected in the
HTS analysis. The HTS assembled sequence was nearly identical (99.5%) to the 9463 nt long full-
length MWMV-TZ16 sequence assembled from the alignment of the sequences of cloned RT-PCR
fragments, with the exception of the 5’-end.

The RACE PCR to precisely determine the sequence of the 5’-end of the genomic RNA of
MWMV-TZ16 generated the expected ~660 bp DNA fragment, which was cloned and sequenced.
Sequences of 15 randomly selected cloned fragments were nearly identical, especially for the first
80 nt, and were different from the 5’-end sequences determined with HTS and RT-PCR sequence
data (Supplementary Fig. 3). Thus, our results indicated that the consensus sequences of the 5°-
end is the motif 5’-AAATTTAAA-3". This sequence was located upstream from the full-length
sequences of the other MWMV isolates, e.g., MWMV-Mur (MH595738), MWMV-Kia
(MH595742), MWMV-GR13 (LN810061), and MWMV-Tn (EF579955). Thus, this represents

the first determination of the precise 5’-end of a MWMYV isolate
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The complete genome sequence of MWMV-TZ16 1s 9729 nt, excluding the 3’-end poly(A)
tail. The 5’-end UTR is 157 nt, whereas the 3’-end UTR is 200 nt. The genome has a single large
open reading frame (ORF) starting with an AUG codon at nt 158-160 and ending with a UGA stop
codon at nt 9530-9532 (Fig. 2.3A). The polyprotein is 3124 aa, and is predicted to be cleaved into
10 mature functional proteins: P1 (39.2 kDa), HC-Pro (51.4 kDa), P3 (39.8 kDa), 6K1 (6.1 kDa),
CI (71.2 kDa), 6K2 (6.5 kDa), VPg (21.6 kDa), Nla-pro (26.9 kDa), NIb (59.5 kDa), and CP (32.4
kDa). The small PIPO ORF is embedded within the P3 gene (nt 3028-3207), and encodes a
predicted protein of 60 aa. Thus, the genome organization of MWMV-TZ16 is typical of a member
of the genus Potyvirus. The putative cleavage sites in the polyprotein were nearly identical to those
of MWMV-Tn, slightly divergent from those of PRSV and AlgWMYV, the two other species in
PRSV group, and substantially more divergent from those of Bean common mosaic virus
(BCMYV), a member of BCMV group (Fig. 2.3A).

The identity matrix data showed that the complete nucleotide sequence of the large ORF
of MWMV-TZ16 has 79.8-87.9% 1identity with those of full-length MWMYV sequences
(Supplementary Table 4). The highest identities (87.6-87.9%) were with papaya isolates from
Kenya, whereas the lowest were with isolates from South Africa (80.1-80.2%) and North Africa
and Southern Europe (79.8-80.2%) (Supplementary Table 4). Identities of MWMV-TZ16 with
other potyvirus species ranged between 48.1-66.0% (Supplementary Table 3), with highest
identities with isolates of PRSV (68.1%) and AlgWMYV (66.0%).

Likewise, the full-length polyprotein aa sequence of MWMV-TZ16 had highest identities
with those of isolates of MWMYV (90.9-94.8%), and much lower identities with those of other
potyvirus species (43.4-71.6%). Again, MWMV-TZ16 had highest identities (94.5.-94.8%) with

isolates from Kenya, and lowest identities with isolates from South Africa (91.3-91.4) and North
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Africa and Southern Europe (90.9-91.0%) (Supplementary Table 4). For the aa sequence of mature
proteins, MWMV-TZ16 and isolates from Kenya had higher identities in the P3, CI, and CP genes
(90.7-91.6, 91.3-91.9, and 91.6-92.8%, respectively) with lower identities in the NIa and P1 genes
(80.4-81.5% and 83.1 and 84.1%, respectively) (Supplementary Table 4). It is also notable that,
across the genome, nt identities of individual genes were substantially lower than the
corresponding aa identities (Supplementary Table 4).

Based on the comparison of 5’-UTR nt sequence, MWMV-TZ16 had highest identities
with those of the isolates from Kenya (80.6-86.5%), and lowest with the isolates from South Africa
(72.2%) and North Africa and Southern Europe (69.7-71.4) (Supplementary Table 2). The nt
sequence of the 3’-end UTR also had highest identities with those of the isolates from Kenya (90.7-
92.4%), and lowest with those of the isolates from South Africa (86.7%) and the North Africa and
Southern Europe (87.8-90.1%) (Supplementary Table 2). Finally, the 5’-end and 3’-end UTR
sequences of MWMYV-TZ16 shared only 40.9% and 70.1% identities, respectively, with those of
MWMYV  Su-94-54, consistent with these being a highly divergent strains of MWMV
(Supplementary Table 2).

Phylogenetic analysis performed with the full-length polyprotein aa sequences of
potyviruses representating the main groups in the genus Potyvirus placed MWMV-TZ16 and
MWMV-Tn (EF579955) to strongly supported clade, which was placed in a larger strongly
supported clade with AlgWMV (EU410442) and PRSV isolate (X67673) to form the well-
established PRSV group (Supplementary Fig. 1). In the phylogenetic tree generated with the full-
length polyprotein aa sequences of 19 MWMYV isolates, two strongly supported clades were
identified. Clade I included MWMV-TZ16 and the papaya isolates from Kenya. Within this clade,

MWMV-TZ16 was placed on a strongly supported branch that was distinct from that with the
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Kenyan isolates. Clade II contained MWMYV isolates from North and South Africa and Southern
Europe (Fig. 2.3B). Furthermore, two strongly supported subclades were identified in Clade II,
one with the isolates from South Africa and the other with isolates from North Africa (Tunisia)
and Southern Europe (Spain and Greece) (Fig. 2.3B).

In order to include a number of available partial MWMYV sequences, a phylogenetic tree
was generated with the complete CP aa sequence of 24 isolates (the 19 full length sequences and
5 partial sequences; Supplementary Table 2). A similar tree topography was obtained with the
strongly supported clades I and II (Supplementary Fig. 2). However, the subclades with isolates
from South Africa and those from North African and Southern Europe were placed in different
positions in this tree, which were not strongly supported (Supplementary Fig. 2). Although, these
different tree topologies suggested a role for recombination in MWMV evolution, no
recombination was detected in the analysis of complete nt sequence of full-length polyprotein ORF
of the 19 MWMV isolates with The Recombination Detection Program RDP4.101.

An alignment of the MWMYV full-length nt sequences was used to design primer pairs to
allow detection of 1) all MWMYV isolates (general MWMYV primer pair) and 2) isolates from East
Africa, e.g. MWMV-TZ16. The general MWMYV primer pair MWMYV P3-For and MWMYV P3-
Rev; Supplementary Table 1) was designed to direct the amplification of an ~500 bp fragment of
the P3 gene, whereas the East African strain-specific primer pair (MWMYV P1F3 and MWMV
HCM; Supplementary Table 1) was designed to direct the amplification of an ~1.1 kb fragment
spanning the P1 and HC-Pro genes. In control RT-PCR tests with the degenerate CI primer pair,
the expected ~700 bp fragment was amplified from total RNA of leaves infected with MWMYV,
LMV, WMV, and ZYMYV, whereas no fragment was amplified from an RNA extract of uninfected

leaves (Fig. 2.4A). In the RT-PCR tests with the general MWMYV primer pair, the expected ~500
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bp targeted fragment was amplified from the RNA extract of MWMV-TZ16-infected leaves, and
not from those of leaves infected with the other potyviruses or uninfected leaves (Fig. 2.4B).
Similarly, in RT-PCR tests with the East Africa strain-specific primer pair, the expected ~1.1 kb
fragment was amplified only from the RNA extract of MWMV-TZ16-infected leaves (Fig. 2.4C).
These RT-PCR tests for MWMYV detection can now be evaluated as tools for rapid and precise

detection of these viruses.

Discussion

MWMYV is an emerging threat to cucurbit production in Africa and Southern Europe. Since
the first report of MWMYV infecting cucurbit crops in Morocco in the early 1970’s, this virus has
now been detected in countries throughout Africa and Southern Europe [7-15,17]. For example,
disease outbreaks in cucurbit crops due to MWMYV infection have been reported from Spain, Italy,
Greece, Tunisia, Portugal and South Africa [10-14]. Studies of MWMYV isolates have revealed
substantial genetic diversity, particularly for isolates from different geographic regions. However,
the relative importance and relationships of some of these viruses needs further investigation. Here,
we present evidence that the symptoms of chlorotic mottle and dark green blisters observed in a
commercial fields of cucurbits (gem squash) in Tanzania in 2016 (Fig. 1A) were caused by
MWMV-TZ16, a divergent strain of this emerging virus. Potyvirus infection was initially
suggested based on the weak positive reaction with the general potyvirus ImmunoStrip, and this
was confirmed by the amplification of the ~700 bp CI fragment in RT-PCR tests with the
degenerate potyvirus primer pair. Furthermore, the finding that the highest sequence identities for
this fragment were 80-92% with those of MWMYV isolates indicated the cause virus was a

divergent strain of MWMV.
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The presence of MWMYV in Tanzania was first reported in a watermelon sample with severe
viral disease symptoms (mosaic/mottle, deformation, and blistering) collected in Arusha in 2009,
and was based on RT-PCR and sequencing results [35]. Furthermore, a mechanical transmission
experiment indicated that this MWMYV isolate infected a range of cucurbits, but none of the non-
cucurbit species, including Chenopodium quinoa and N. benthamiana [35]. It should also be noted
that the watermelon sample was infected with a carlavirus [35]. A host range similar to MWMV-
TZ16 was also reported for the divergent Su-94-54 from Sudan [9]. Thus, the findings that
MWMV-TZ16 also did not infect Chenopodium amaranthicolo, C. quiona and N. benthamiana or
induce necrosis or shoestring symptoms in cucurbits as reported for isolates from North and South
Africa and Southern Europe may reveal an important difference between MWMYV isolates from
this geographic region. Thus, our result indicating that MWMYV caused the chlorotic mottling, vein
banding, and dark green blistering symptoms observed in cucurbits around Dar es Salaam in 2016
support and extend those of Menzel ef al. 2011 [35] that this emerging virus is established in
Tanzania.

The accepted species demarcation criteria for potyvirus species are (1) <76% nt and <82%
aa identity for the large ORF and polyprotein and (ii) the same value for CP nt and aa sequences
[3]. Strains within a potyvirus species generally exhibit >90% aa identity for the full-length coat
protein sequence [26,47]. Thus, the nt (79.8-87.7%) and aa (90.9-94.6%) sequence identities
determined in comparison of MWMV-TZ16 and other MWMYV isolates were consistent with a
highly divergent strain. The finding that MWMV-TZ16 shared highest nt and aa sequence
identities with isolates from Kenya probably reflects the close proximity of Kenya and Tanzania
(Supplementary Fig. 4). However, there also was substantial divergence between the sequence of

MWMV-TZ16 and those of the isolates from Kenya, e.g., nt identities of <90% for genes and the
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5’-UTR. This suggests that these viruses shared a common ancestor, but also underwent a
substantial period of geographic separation and host adaptation. However, host adaptation to
papaya alone cannot explain the divergence between isolates, because a similar level of divergence
was detected between MWMV-TZ16 and a cucurbit-infecting isolate from Kenya (data not
shown). It is tempting to speculate that there are MWMYV biotypes that infect cucurbits and papaya,
similar to PRSV-W and -P. However, it should be noted that Koch’s Postulate for these papaya
diseases and the associated MWMYV isolates need to be fulfilled, as well as host range
determination, to precisely define host adaptation. The greater divergence (~20%) between
sequence of MWMV-TZ16 and isolates from North and South Africa and Southern Europe was
consistent with the placement of these isolates in a different lineages and suggest a longer period
of geographic isolation.

Phylogenetic trees also showed the correlation between genetic diversity of MWMV
isolates and geographic origin (Fig. 2.2B). Thus, isolates from North and South Africa and
Southern Europe were placed in one lineage (Clade I), whereas isolates from Kenya and Tanzania
were placed in another lineage (Clade II) (Fig. 2.2B). Moreover, isolates from North Africa and
Southern Europe are very closely related (>98% identities), indicating recent spread from a single
origin, e.g., Morocco [13]. In contrast, the greater level of divergence in East African strains
suggests a longer periods of local evolution and limited long-distance spread. This clade with East
African strains identified in our study corresponds to the ‘Central/East African Lineage’ described
by Ibaba et al. 2015 [10], and our results are in agreement with this designation.

A possible exception to the limited long-distance spread concept for MWMYV is the
relatively close genetic relationship (~90% identities) between MWMYV isolates from North and

South Africa (Fig. 2.2B). Furthermore, the geographic distribution of Central/East African strains
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seems to divide the North Africa/Southern Europe and South African subclades (Supplementary
Figure 4). Not only does this suggest a more recent common ancestor, it may suggest a role for
long-distance movement in establishing one of these infection sites. In this regard, it is worth
noting that van Regenmortel was probably working with MWMYV isolates 10-15 years before it
was recognized in Morocco [45], perhaps suggesting a South African origin.

Because multiple viruses cause disease in cucurbits and mixed infections are common, it
was important that we established the chlorotic mottle and green blisters symptoms in cucurbit
leaves were due only to infection by MWMV-TZ16. This was initially established based on (i)
purification of only potyvirus flexuous filamentous particles, and (i1) infectivity of the particles
and induction of MWMYV-like symptoms in inoculated pumpkin plants. HTS data provided
conclusive evidence that only MWMYV sequences were present, in the infected leaves, consistent
with a single infection of MWMV-TZ16. However, a recent study on cucurbit infecting viruses in
Tanzania in 2016 showed that ZYMV, WMV, and CMV were prevalent [18], whereas Ibaba et al.
reported that MWMV and ZYMV were the prevalent cucurbit-infecting potyviruses in South
Africa for the 2011-13 growing seasons and also showed that MWMYV isolates formed distinct
clades/lineages according to geographic origin [51]. Thus, there is a complex of cucurbit diseases
and viruses impacting productions in Tanzania and throughout South Africa, and it will be
important to better define the distribution and relative importance of these virus and to identify
broad spectrum resistance. Comprehensive surveys could reveal that MWMYV is more widely
distributed in Tanzania than currently recognized (Arusha and Dar es Salaam). A survey for
MWMYV could start with alerting stakeholders to the diagnostic symptoms, i.e., chlorotic mottle
and dark green blisters, which would be followed by field visits and RT-PCR tests with the general

MWMV primer pair to better define the distribution and importance of this divergent strains.
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Our results also showed the value of determining the biological properties of MWMV
strains, as it can differentiate the two main lineages. These biological differences also may reveal
potential for different interactions with resistance genes or induction of different symptoms, such
as the top necrosis and shoestrings in melons [9,13], induced by isolates from North and South
Africa and Southern Europe. Moreover, two recessive genes from Cucurbita ecuadorensis,
encoding eukaryotic translation initiation factors (elFs), were shown to conferred resistance to the
isolate of MWMYV from Spain [15]. It will be important to evaluate whether these genes confer
resistance to the divergent strain of MWMYV, e.g., MWMV-TZ16 and MWMV-Su-9454.

In conclusion, we demonstrated that a divergent strain of MWMV, MWMV-TZ16, was the
cause of chlorotic mottle, vein banding and green blisters observed in leaves of cucurbits in
Tanzania in 2016. In phylogenetic analyses, MWMV-TZ16 was placed into a Central/East African
lineage. Consistent with these results, MWMV-TZ16 is genetically and biologically distinct from
isolates of the North and South Africa/Southern Europe lineage. RT-PCR tests with primer pairs
for all MWMV isolates and specific for MWMV-TZ16 were developed and could be tools to assess
the distribution and importance of these viruses. Finally, our results also showed the challenges of
classifying potyviruses with sequence identities that are near the species demarcation value, i.e.,
highly divergent strains and the potential values of biological properties for revealing the
relationships. Indeed, Su-94-54, previously considered a divergent strain of MWMYV, was recently
elevated to a distinct species, Sudan watermelon mosaic virus (SUWMV), based on identities

beneath the potyvirus species thresholds [39].
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Figure 2.1. (A) Cucurbit plants show striking leaf symptoms of light green to chlorotic yellow
mosaic/mottle, distortion, and dark green blistering in a commercial field outside of Dar es Salaam,
Tanzania in 2016. (B) Symptoms induced in pumpkin plants (Cucurbita pepo cv. Sugar Pie) after
mechanically inoculated with sap of an infected leaf sample (F4P1) and (C) mock-inoculated
pumpkin plant showing no symptoms. Photographs were taken at 14 d after mechanical

inoculation.
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Figure 2.2. Transmission electron microscope image showing long flexuous filamentous
potyvirus-like particle observed in a purified preparation from leaf tissue of pumpkin plants
infected with a divergent strain of Moroccan watermelon mosaic virus (MWMYV) from Tanzania,
MWMV-TZ16. The average length of these particles was 820 nm based on measurement of 79

particles.
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Figure 2.3. (A) Genome organization of an isolate of Moroccan watermelon mosaic virus from
Tanzania, MWMV-TZ16, with putative cleavage sites of the polyprotein indicated beneath the
corresponding coding region, and aligned with those of MWMV-Tn and other closely related
potyviruses. (B) A phylogenetic tree generated from an alignment of amino acid sequences of the

full-length polyprotein of MWMV-TZ16 and other isolates of MWMYV, with those of PRSV and

46



AlgWMYV as outgroups. The tree was constructed with MEGA X v.10.1.8 with the Jones-Taylor-
Thomson (JTT) model. Country abbreviation are as follows: Kenya (KE), Tanzania (TZ), South

Africa (ZA), Tunisia (TN), Greece (GR), Spain (ES), Algeria (DZ), and Taiwan (TW).
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Figure 2.4. Evaluation of primer pairs for specific RT-PCR detection of isolates of Moroccan
watermelon mosaic virus (MWMYV). RT-PCR tests performed with total RNA extracts of leaves
infected with MWMV-TZ16, Watermelon mosaic virus (WMV), Lettuce mosaic virus (LMV), and
Zucchini yellow mosaic virus (ZYMV) with (A) the degenerate potyvirus CI primer pair (CIFor
and CIRev; Ha ef al. 2008), (B) the general MWMYV primer pair predicted to detect all strains
(MWMYV P3-For and MWMYV P3-Rev; Supplementary Table 1), and (C) the primer pair predicted
to specifically detect strains of MWMYV from East African, e.g., MWMV-TZ16 (MWMV PI1F3

and MWMYV HCM; Supplementary Table 1).
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Table 2.1. Partial host range of an isolate of Moroccan watermelon mosaic virus MWMYV) from

Tanzania (MWMV-TZ16)

Plant Species Symptoms * Symptom development Infectivity °
in days post inoculation
(dpi)*
Cucurbits

Cucurbita pepo cv. Sugar Pie M, B, Vb, Cr 7 15/15 (100)
Cucurbita maxima cv. Big Max M, B, Vb, Cr 10 15/15 (100)
Cucurbita moschata cv. M, B, Vb, Cr 14 15/15 (100)
Waltham Butternut
Cucurbita lanatus cv. Charleston M, B, Vb, Cr, S 21 15/15 (100)
Gray
Cucurbita lanatus cv. Crimson M, B, Vb, Cr, S 28 15/15 (100)
Sweet
Cucumis melo cv. Hales Best M, B, Vb, Cr 14 3/15 (20)
Jumbo
Cucumis melo cv. Sweet Delight NS-ni - 0/15 (0)
Cucumis sativus cv. Marketmore NS-i - 15/15 (100)

Non-cucurbits

Solanum lycopersicum cv. NS-ni - 0/15 (0)
Glamour

Nicotiana benthamiana NS-ni - 0/15 (0)
Nicotiana tabacum cv. Samsun NS-ni - 0/15 (0)
Phaseolus vulgaris cv. Topcrop NS-ni - 0/15 (0)
Chenopodium amaranthicolor NS-ni - 0/15 (0)
Chenopodium quinoa NS-ni - 0/15 (0)

2 Symptom development was observed up to 30 d post inoculation (dpi). Abbreviations: M =
mosaic/mottle; B = dark green blister; Vb = vein banding; Cr = crumpling; S = stunting; NS-1 =

no symptoms-infected; NS-ni = no symptoms-not infected.
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b Infectivity (number of infected plants/numbers inoculated with percentages in parentheses) was
determined based on detection of viral RNA in newly emerging leaves by RT-PCR with MWMV-

specific primers at 30 dpi.
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Supplementary Figure 1
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Phylogenetic tree generated based on an alignment of amino acid (aa) sequence of the full-length
polyprotein of an isolate of Moroccan watermelon mosaic virus (MWMYV) from Tanzania
(MWMV-TZ16) and those of selected potyviruses representing major phylogenetic groups. The
full-length polyprotein aa sequence of Ryegrass mosaic virus (RgMV) was used as the outgroup.
The tree was constructed with MEGA X v.10.1.8 by the maximum-likelthood method, with the

Jones-Taylor-Thomson (JTT) model.

51



Supplementary Figure 2
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Phylogenetic tree generated based on an alignment of the complete amino acid (aa) sequence of
coat protein of an isolate of Moroccan watermelon mosaic virus (MWMYV) from Tanzania
(MWMV-TZ16) and those of other MWMYV isolates, with those of Papaya ringspot virus (PRSV)
and Algerian watermelon mosaic virus (AIgWMV) as the outgroup. The tree was constructed on
MEGA X v.10.1.8 by the maximum-likelithood method, with the Jones-Taylor-Thomson (JTT)

model. The country abbreviations are as follows: Kenya (KE), Tanzania (TZ), South Africa (ZA),
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Tunisia (TU), Greece (GR), Spain (ES), Algeria (DZ), Taiwan (TW), Democratic Republic of the

Congo (CD), and Morocco (MA).
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Supplementary Figure 3
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LN810061.MWMV.GR13 -------EEE EEESSEEEEE SESESSEEESE EEEEEEESESEE EEEES CTTTA AAACAAACTT CAAGCTCTTT ATCACTTACC AGCAATCATT 45
EF579955.MWMV.TNOS ATAAAACATC TCAACACAAC ACGATATCGT TCAATCATTC AAACCAACTT CAAGCTCTTT ATCAATTACC AGCAATCATT 82
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R2B-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCAATTAC CATTATG 160
R2J-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 160
R2L-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 160
R2N-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTGCTGTGTA ATTCGATTAC CATTATG 160
R1C-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 160
R1E-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 160
R2D-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCGTTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 160
R2H-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 160
R10-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 160
R20-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 160
R1S-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTCCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 160
R2R-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 160
R2Q-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 160
R1H-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTGC CATTATG 159
R1I-RACE-PCRc GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 167
MWMV-TZ16.HTS GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 167
MWMV-TZ16.RT-PCR GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG 167
MH595738.MWMV.Mur GCTACTCAGT TACTAAGGTC ACTTATATTT GCAACTTCAG TAATCTTTGC TTATTGTGTA ATTCAACTAC CATTATG 158
MH595742.MWMV.Kia GCTACTTAGT TACTAAGGTC ACTTATATTT GCAACTTCAG TAATCTTTGC TTATTGTGTA ATTCAACTAC CATTATG 147
LN810061.MWMV.GR13 GTCAATCAGT TATTGAAATT TTGTGCGTTT ATCATTTTAT CAATCTTCGC GTATTTTGTA CTTCAACTAC CGATATG 122
EF579955.MWMV.TNO5 GTCAATCAGT TATTGAAATT CTGTGCGTTT GTCATTTTAT CAATCTTCGC GTATTTTGTA CTTCAACTAC CGATATG 159
Consensus GCCAATCAGT TACTAAAATC ACTTGCATTT GCAACTTCAG CACTCTTTGC TTACTGTGTA ATTCGATTAC CATTATG

corsri [N NORRNANA_KNANNARARE EnmAan AsHAMNRN A A uEaiaN iy

An alignment of 5’-end sequence of an isolate of Moroccan watermelon mosaic virus from
Tanzania (MWMV-TZ16) generated from RACE-PCR fragments, HTS sequence data, the
sequence from a cloned RT-PCR fragment and compared with the 5’-end sequences from full-
length sequences of MWMYV isolates from the East/Central Africa and North Africa/Southern

Europe.
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Supplementary Figure 4

Geographic distributions of Moroccan watermelon mosaic virus (MWMYV) isolates according to
major clades/lineages. The isolates of Clade I are shown in the red circles (@), isolates of Clade II
with the green squares (M), and closely related species, Algerian watermelon mosaic virus
(AlgWMV) and Sudan watermelon mosaic virus (SUWMYV) with blue triangles (A). The country
abbreviations are as follows: Kenya (KE), Tanzania (TZ), South Africa (ZA), Tunisia (TU),
Greece (GR), Spain (ES), Portugal (PT), Italy (IT), France (FR), Democratic Republic of the

Congo (CD), Sudan (SD), Algeria (DZ) and Morocco (MA).
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Supplementary Table 1. Sequences of the oligonucleotide primers used in this study

Fragment
Primers Nucleotide sequence® Target region Reference
size (kb)
CIFor 5’-GGIVVIGTIGGIWSIGGIAARTCIAC-3’ Potyvirus CI gene Ha et al. 2008
CIRev 5’-ACICCRTTYTCDATDATRTTIGTIGC-3’ Potyvirus CI gene 0.7 Ha et al. 2008
F4P1 CPF 5’- GCAAGAAGGATAAGGACAAAGACG-3’ F4P1 CP Region This study
NIT 57-GACCACGCGTATCGATGTCGAC(T)|7V-37 General 3’-end 1.0 Ha et al. 2008
MWMYV P3-For 5’- GCCAGTGATGCCAGACATTTT-3’ MWMV P3 gene This study
MWMYV P3-Rev 5’- TCCCGCAAACTTAGCTCTTC-3’ MWMV P3 gene 0.5 This study
MWMV P1F3 5-CAGAATGCCATGAAGAGG-3’ P1 gene This study
MWMV HCM 5’-CTCTTGGCATGATATTGGCGC-3 MWMYV HC-Pro gene 1.1 This study
MWMYV GSP-R2 5’- GCCCTTCCCTTCTTATCC-3 MWMV P1 for RACE - This study
Abridge Anchor 5’-GCC CAC GCG TCG ACT AGT ACG GGI IGG GII
Primer (AAP) GGG IIG-3’ Poly-C tail - Gibco-BRL
M13(-21) 5' GTAAAACGACGGCCAGT 3' pGEM vector - Invitrogen
MI13R 5' CAGGAAACAGCTATGAC 3' pGEM vector - Invitrogen

In the primer sequences, I = inosine; Y = C/T; R =G/A; W=A/T; V=A/C/G; S=C/G and D=A/G/T
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Chapter I11

Future Directions
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Survey of Moroccan watermelon mosaic virus (MWMYV) Distribution and Genetic Diversity

In Chapter II, we established that MWMYV is an emerging disease that threatens the
production of cucurbits in Africa and the Mediterranean Basin. Furthermore, the MWMYV isolates
characterized to date in Africa and the Mediterranean Basin have a great degree of genetic
diversity, some of which is associated with geographic distribution, i.e., isolates of the North and
South Africa/Southern Europe and Central/East African clades (Fig. 2B). However, the diversity
and genetic structure of the MWMYV isolates in the Central/East African clade have remained less
clear. The analysis of the sequence of MWMV-TZ16 further support a Central/East African
lineage and provided new insights into strain diversity in this lineage. The MWMV-TZ16 sequence
was also used to develop primer pairs for specific detection of these viruses. Finally, our work also
raised many questions about the MWMYV strain distribution in Africa.

The number of currently available full-length sequences of MWMYV isolates is limited.
Partial sequences, usually of the 3’-end of the genome [1,4], have been determined and used in
phylogenetic studies of other studies [5]. Moreover, some of these isolates are particularly
interesting in terms of strain diversity, geography and population structure [1,12]. Thus, a
comprehensive survey of MWMYV distribution in African and Mediterranean countries is needed,

including more extensive characterization of diverse MWMYV isolates.

Further biological characterization of Moroccan watermelon mosaic virus (MWMYV) isolates

We also conducted a partial host range study with MWMV-TZ16. Based on this study, this
isolate was restricted to cucurbits, and more pathogenic to squash and pumpkin. Moreover,

MWMV-TZ16 induced the diagnostic chlorotic mottle and dark green blister in all infected
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cucurbits, but did not induce necrosis or shoestring symptoms. This experiment also revealed
biological differences between MWMV-TZ16 and isolates of the North and South Africa/Southern
European lineage, the latter also infecting non-cucurbit hosts, e.g., inducing local lesions in
Chenopodiaceae and systemic infection in N. benthamiana, and necrosis and shoestring symptoms
in some cucurbits [5]. These biological properties may be useful in identifying MWMYV isolates
of these and other lineages, and should be determined for MWMYV isolates chosen for full genome
sequencing.

PRSV is a cucurbit- and papaya-infecting potyvirus, with cucurbit-infecting (PRSV-W)
and papaya-infecting (PRSV-P) isolates or biotypes [6]. The association of MWMV with severe
virus-like symptoms in papaya, makes it important to complete the Koch’s Postulate for these
diseases and to assess the host range of MWMYV isolates from papaya [2,3]. The genetic diversity
of papaya and cucurbit isolates of MWMYV could be compared to identify regions of the genome
that involved in host adaptation. Mapping of the genetic factors influencing host adaptation would
involve genome exchanges with infectious clones of cucurbit- and papaya-infecting strains of
MWMV.

Mixed infections of MWMV with other potyviruses, e.g. WMV and ZYMV, were
previously reported [7,12]. More recently, mixed infection of MWMYV with carlaviruses, e.g.,
Cowpea mild mottle virus (CpMMYV) and Cucumber vein-clearing virus (CuVCV), was also
reported [8]. The synergistic or antagonistic interactions between MWMYV and each of these co-
infecting viruses during infection of cucurbit plants should be investigated to better understand the

impact to the biology of these viruses and symptom development.
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Seed Transmission of Moroccan watermelon mosaic virus (MWMYV)

Some members of the genus Potyvirus are known to be seed-transmitted, e.g., BCMV,
LMV, SMV and ZYMYV [9-11]. Seed transmission often plays an important role in the global
distribution of plant viruses [9,11], though some whitefly-transmitted begomoviruses and
criniviruses are notable exceptions [13]. Although there is no evidence of seed transmission of
MWMYV [14], this was based on small numbers of seeds. Thus, a more thorough investigation of
seed transmission is warranted, and with different cucurbit crops. For example, although ZYMV
1s seed-transmitted in C. pepo, this occurs at low frequency and latent infections may be involved
[15,16].

Phylogenetic analyses showed that MWMYV isolates from South Africa were most closely
related to those from Morocco, Tunisia and Southern Europe, despite the great geographic distance
between South Africa and these other countries. This suggests long-distance movement may have
been involved, e.g., with seed or transplants. Therefore, potential mechanism for long-distance
movement of MWMYV should be investigated. This could lead to determination of management
strategies to prevent the long-distance movement of the virus.

In the present study, we developed two primer pairs for RT-PCR detection of MWMYV, one
predicted to allow detection of all MWMYV isolates/strain and the other to allow specific detection
of isolates from East Africa, e.g. MWMV-TZ16. It will be of interest to use these tools for
detection of MWMYV in comprehensive field surveys to better understand the worldwide
distribution and prevalence of MWMYV strains. Furthermore, these surveys should not be limited
to cucurbits, as some MWMYV isolates appear to infect and cause severe disease symptoms in

papaya [2,3]. It would be important to identify other hosts in the field, with or without symptom:s.
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