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Abstract

Accurate diagnosis is a prerequisite to effective management of plant diseases especially those whose symptoms are not very
specific. A survey was conducted from February to March 2018 to detect the presence and determine the distribution of six
viruses infecting pepper in Rwanda. A total of 225 symptomatic samples were collected from high, mid and low-altitude
zones, and analysed using serology assay with antibodies to cucumber mosaic virus (CMV), potato virus Y (PVY), pepper
veinal mottle virus (PVMYV), pepper mild mottle virus (PMMoV) and tobacco mosaic virus (TMV). Polymerase chain reac-
tion was used to confirm the results from serology and to test for the presence of pepper vein yellows virus (PeVYV), which
has no commercial antibodies. Amplified DNA fragments were sequenced and compared with other known pepper viruses
available in the GenBank database. Seventy-three percent of the samples tested positive for at least one of the viruses. CMV,
PVY, PVMYV, TMV and PMMoV were detected in all zones but PeVYV was detected in the mid and low-altitude areas.
CMYV was the most widespread and was detected in 48% of the samples, followed by PVMYV and PVY in 23.6% and 18.2%,
respectively. There were both single (36%) and mixed (34.6%) infections of the viruses. Sequence and phylogenetic analysis
confirmed the presence of CMV, PeVYV, PVMV and TMV in the country. This is the first report of TMV, PMMoV and
PVY infecting pepper in Rwanda. Efforts towards the development of sustainable management for these viruses should be
put in place to improve yields and quality of hot pepper.
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Introduction

Hot pepper (Capsicum spp.) is a spicy vegetable crop widely
cultivated throughout the world. In Rwanda, production of
hot pepper generates income for farmers and contributes to
the development of the country’s economy through the crea-
tion of employment and earning of foreign revenue (USAID
2018). For instance, in 2017 hot pepper contributed 4.5%
of the foreign revenue generated from the sale of vegeta-
bles (NISR 2018). In addition to its economic importance,
hot pepper is also known for its chemical and medicinal

> Bancy Waithira Waweru
bancywaweru @ gmail.com

Department of Plant Science and Crop Protection, College
of Agriculture and Veterinary Sciences, University
of Nairobi, P.O. Box, Kangemi, Nairobi 29053-0625, Kenya

Rwanda Agriculture and Animal Resources Development
Board, P.O. Box 5016, Kigali, Rwanda

properties (Marin et al. 2004; Surh 2002). Although hot pep-
per production in Rwanda has increased over the past ten
years, the productivity is low with yields currently estimated
at 6.8 t/ha compared to the country’s production potential of
15 t/ha (FAO 2017).

Viral diseases in pepper are the most destructive caus-
ing huge losses in different parts of the world in terms of
quantity and quality of the produce (Olawale et al. 2012).
According to Olawale et al. (2020) more than 45 viruses are
associated with hot pepper in Africa. Among these viruses,
12 species have been reported in the eastern Africa region
including Potato virus Y (PVY), Pepper veinal mottle virus
(PVMY), Chilli veinal mottle virus (ChiVMV) and Ethiopian
pepper mottle virus belonging to genus Potyvirus; Cucum-
ber mosaic virus (CMV), genus Cucumovirus; Pepper mild
mottle virus (PMMoV), Tobacco mosaic virus (TMV) and
Tomato mosaic virus, genus Tobamovirus; Pepper vein yel-
lows virus (PeVYV), genus Polerovirus; Alfalfa mosaic
virus, genus Alfamovirus; Tomato spotted wilt virus, genus
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Tospovirus; and Potato virus X, genus Potexvirus (Dafalla,
2001; Haskias et al. 1999; IPM CRSP, 2008; Ndunguru
and Kapooria 1999; Skelton et al. 2018). Information on
viruses infecting pepper in Rwanda is scarce. So far, only
three (CMV, PVMYV and PeVYYV) of these viruses have been
detected in the country (Skelton et al. 2018).

Effective control of viral diseases requires a thorough
understanding of the responsible pathogens and their dis-
tribution. Knowledge of the distribution of different pepper
viruses in Rwanda is still limited. This information is essen-
tial in developing effective control strategies. There has been
only one previous survey on hot pepper viruses carried out
in 2016 (Skelton et al. 2018). However, the study did not
cover the major production areas except for a few samples
analysed for virus detection. Furthermore, regular surveys
are recommended since viruses are diverse and new species/
strains keep evolving over time. The present study aimed at
detecting six viruses namely CMV, PVY, PVMV, PeVYYV,
PMMoV and TMV that have been previously reported to be
prevalent in pepper in the eastern and other parts of Africa

(Appiah et al. 2014; IPM CRSP, 2008; Olawale et al. 2020;
Waweru et al. 2019), and determining their distribution in
three agro-ecological zones (AEZs) in Rwanda.

Materials and methods

Study areas. A survey for hot pepper viruses was carried
out in three (high, mid and low-altitude) AEZs of Rwanda
from February to March 2018. Eight districts within the
three AEZs were surveyed to cover areas where hot pepper
is mainly grown (EU 2015). These districts were Rulindo
and Gakenke (high-altitude areas), Huye and Nyanza (mid-
altitude areas), Bugesera, Rwamagana, Nyagatare and Rusizi
(low-altitude areas). The geographic locations of sampled
sites are as shown in Fig. 1.

Assessment of incidence and severity of viral symp-
toms. A total of 92 hot pepper fields were assessed in the
three AEZs. On a 10 by 10 m area, twenty plants were ran-
domly selected along x-shaped transect stretching between
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Fig. 1 Geographic location of the hot pepper fields sampled in three agro-ecological zones of Rwanda in 2018
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opposite corners and assessed for virus symptoms inci-
dence and severity. Disease incidence was expressed as a
percentage based on the proportion of plants showing viral
symptoms to the total number of plants observed per field,
as described by Galanihe et al. (2004).

Viral symptom severity was determined using a scale
of 1-5 as described by Olawale et al. (2015) with slight
modifications, where: 1 =no symptoms; 2 =mild symp-
toms of mosaic/mottling/yellowing on few leaves (<25%
of the plant affected); 3 = moderate symptoms of mosaic/
puckering/mottling/vein clearing/yellowing on many
leaves (26-50% of the plant affected); 4 = severe symp-
toms of mosaic/puckering/mottling/vein clearing/yellow-
ing/stunting (51-75% of the plant affected) and 5 =severe
symptoms of mosaic/puckering/mottling/vein clearing/yel-
lowing/ stunting/ necrosis (> 75% of the plant). For fields
that exceeded 2 acres, one to five sub-sampling sites were
assessed. The observations made from different sub-sites
were summed up and the average incidence and severity
calculated based on the total number of sub-sites observed.
Prevalence of viral diseases was estimated as the percent-
age of hot pepper fields having virus-like symptoms to the
total number of fields assessed per location (Shiferaw and
Alemayehu, 2014).

Collection of diseased leaf samples. A total of 225
leaf samples were collected from suspected diseased plants
showing virus-like symptoms from three AEZs. Each sam-
ple was collected from a different plant target-
ing five young leaves from different growing
points of the plant. The samples were kept in enve-
lopes containing silica gel and later transported to
Phytopathology Laboratory of Rwanda Agriculture and
Animal Resources Development Board (RAB) at Rubona
station, Huye district and stored at room temperature
until dry. After 4-5 days, they were ground in liquid
nitrogen and powdered leaf samples were stored in 1.5 ml

eppendorf tubes in duplicates at -40 °C (for ELISA test)
and -80 °C (for RNA extraction) until analyzed.

Serological tests. Presence of five suspected pepper
viruses reported in Africa namely; PVY, PVMV, PMMoV,
CMYV and TMV was tested in 225 samples using DAS-
ELISA kits (LOEWE Biochemica GmbH company, Ger-
many) following the manufacturer’s protocol. The absorb-
ance was measured at 405 nm using a microplate reader
(BioTek ELX800, USA). A sample with ELISA reading of at
least twice the average of the negative controls was consid-
ered as reacting positively for the target virus. All incubation
plates were covered with sealing tape provided with the kits
to maintain a uniform temperature. All buffers, negative and
positive controls were provided with the kits.

RNA extraction and RT-PCR. Total ribonucleic
acids (RNA) were extracted from 100 mg of frozen pow-
dered hot pepper leaf tissue using cetyl-trimethyl ammo-
nium bromide (CTAB) method as described by Allen et al.
(2006) with slight modifications. In addition to phenol:
chloroform: isoamyl alcohol (25:24:1), chloroform: isoa-
myl alcohol (24:1) was used to further remove traces of
proteins and phenolic compounds. Virus-specific primers
designed for this study based on the nucleotide sequence
data of CMV-R1 (GenBank accession No. MG470800.1),
PVMV-R1 (MG470801.1), PeVYV-R1 (MG470802.1) and
TMV (AY360447.1) were used. Accessions MG470800.1,
MG470801.1 and MG470802.1 are known sequences previ-
ously identified from hot pepper in Rwanda (Skelton et al.
2018) while AY360447.1 is a GenBank reference sequence
for TMV. The CMV-F/R primers amplified a fragment of
~502 bp from the RNA3 segment, PeVYV-F/R a fragment
of ~498 bp from RNA-dependent RNA polymerase, PVMV-
F/R and TMV-F/R fragments size of ~502 bp and ~622 bp
from the coat protein regions, respectively (Table 1). The
targeted genes contain conserved regions among the viruses.
The primers were designed using Primer3 software (http://
primer3.ut.ee/) and synthesized by Inqaba Biotechnical

Table 1 Sequences of primers

. Primer Sequence 5'to 3’ Annealing Tem- Fragment Region amplified

used for detection of CMV,. perature (°C) size (bp)

PVMYV, PeVYV and TMV in

hot pepper samples collectedin  cmv_F 5-GCTTCGCAATACGTTTTGACGG-3' 54 502 RNA3

Rwanda CMV_R  5-TACGACCAGCACTGGTTGATTC-3’ 54 502 RNA3
PVMV_F 5'-AAGCCCTCATTGAAGGTCAACG-3* 54 502 Coat protein
PVMV_R 5'-ATCAACCATCACCCACATACCG-3* 54 502 Coat protein
PeVYV_F  5-AGTACGTCTTCGAGACTACTGC-3’ 54 498 RdRp
PeVYV_R 5'-TCTATAGTAGAGAGGTCGATCC-3* 54 498 RdRp
TMV_F 5" TGATGATTCGGAGGCTACTGTC-3* 54 622 Coat protein
TMV_R" 5'-CCTTCGATTTAAGTGGAGGGAA-3" 54 622 Coat protein

RdRp RNA dependent RNA polymerase, CMV cucumber mosaic virus, PVMV pepper veinal mottle virus,
PeVYV pepper vein yellows virus, TMV tobacco mosaic virus

*TMV reverse primer cross-react with  PMMoV, however the sequence generated using both forward and
reverse primers were specific to TMV
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Industries (Pty) Ltd, South Africa. The specificity of the
primer sequence was checked using Basic Local Alignment
Search Tool provided online by the National Center for Bio-
technology Information.

One-step RT-PCR was carried out to confirm/identify
the viruses from DAS-ELISA positives and also to identify
PeVYYV for which a commercial antisera kit is not available.
One Taq One-step RT-PCR Kit (Catalogue ES31S5, New
England Biolabs Inc.) was used, following the manufac-
turer’s instructions. RT-PCR mixture comprised of 12.5 ul
of 2X reaction mix, 1 pl of 25X enzyme mix, 1 pl of 10 um
forward primer, 1 pl of 10 um reverse primer, 1 pl total of
RNA and the reaction mix was made to 25 ul with PCR
nuclease water. Thermal cycling conditions were: 48 °C at
15 min for RT; followed by 1 min at 94 °C for initial dena-
turation; 40 cycles of 94 °C at 15 s for denaturation, 54 °C at
30 s for annealing and 68 °C at 45 s for extension. The final
extension was at 68 °C for 5 min. These conditions were the
same for all the viruses. Optimization of the PCR conditions
for the PVY and PMMoV primers was not successful and
therefore the samples were not tested for the two viruses
using RT-PCR.

DNA fragments were separated by electrophoresis in
1.2% agarose gel stained with ethidium bromide at 100 V
for 40 min in 1 X Tris—Acetate-EDTA (TAE) buffer. Gels
were visualized under UV light. Purification of the ampli-
fied products was done using the QIAquick PCR Purification
Kit (Qiagen, USA), following the manufacturer’s protocol.
Nine isolates (3-PeVYYV, 3-CMV, 2-PVYMYV and 1-TMV)
were selected based on different geographical regions where
the samples were collected and the DNA fragments sent to
Inqaba Biotechnical Industries (Pty) Ltd, South Africa for
sequencing. A few isolates were sequenced due to limited
resources.

Analysis of disease incidence and severity data. Data
on virus disease incidence and severity in farmers’ fields
were subjected to one-way Analysis of variance (ANOVA)
using statistical product and service solutions software
(SPSS version 16). Comparison of means was done by Tukey
test at 5% level of probability. Data on incidence of aphid-
transmitted and seed-borne viruses were analysed separately.
Chi-square was used to test for the differences in incidence
among the viruses across the three AEZs.

Analysis of sequences and comparisons. The obtained
Sanger sequences were trimmed using the CLC main work
bench software and analysed with Basic Local Alignment
Search Tool nucleotide (BLAST). Multiple sequence align-
ment of the obtained virus sequences with other known hot
pepper viruses available in the GenBank database (Sup-
plementary materials la-c) was done by ClustalW using
MEGA X software (Kumar et al. 2018). The same size of the
sequence fragments was used in the alignments and a phylo-
genetic tree constructed using unweighted pair group method
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averages (UPGMA). Tree branches were bootstrapped
1000 replications. Pairwise sequence comparisons were
carried out on aligned sequences using Bioedit computer
software. GenBank isolates used for phylogenetic analysis
were selected based on host crop (pepper) and the targeted
regions/genes. However, for TMV, only a few sequences
from pepper are available in the GenBank therefore, isolates
from other host crop were included. Where multiple isolates
from the same origin/country exist, representative isolates
were used. The sequences of nine virus isolates namely
PeVYV-14 (MT445648), PeVYV-R13 (MT445647),
PeVYV-G12 (MT445649), PVMV-R12 (MT445645),
PVMV-28 (MT445646), TMV-198 (MT445644), CMV-
F1 (MW080679), CMV-G11 (MW080680) and CMV-R10
(MWO080681) were deposited in the GenBank.

Results

Virus disease incidence and symptom severity in farm-
ers’ fields. A range of viral disease symptoms were observed
in surveyed fields. These included dark green vein banding,
reduced leaf size, leaf mosaic, bleaching, puckering, mot-
tling, deformation, chlorotic veins and stunting (Fig. 2a-h).
The low-altitude zone had the highest (53.4%) incidence of
virus symptoms while the high and mid-altitude zone had
44.2% and 43.6%, respectively. Similarly, severity of symp-
toms was highest in the low-altitude zone (2.0) followed
by high-altitude (1.9) and the lowest was mid-altitude zone
(1.7). The incidence and severity of the viral symptoms did
not differ across the AEZs (data not shown). Results from
observed farmers’ fields indicated prevalence of viral dis-
eases was 100% in all zones.

Out of 225 leaf samples collected and analysed using
five polyclonal antibodies, 56% (126 samples) reacted posi-
tively to the antibodies of one or more of the viruses tested.
Using RT-PCR, a total of 76 samples selected from different
geographical regions including 26 positive and 50 negative
samples by serology were tested. A further 17.3% (39 of the
negatives by serology) samples tested positive for the pres-
ence of one or more of the viruses. The 26 positive samples
tested by serology were further supported by results from
RT-PCR using PVMV, CMV and TMV primers. Overall,
viruses were detected in 73.3% samples that were collected
from the field. Slightly above a quarter (26.7%) of the sam-
ples tested negative. A summary of samples and the viruses
detected using ELISA and RT-PCR are shown in Table 2.

Distribution of pepper viruses. Aphid transmitted viruses
namely CMV, PVY and PVMYV, and seed-borne viruses
PMMoV and TMV were detected by serology. Among the
aphid transmitted viruses, the most prevalent virus was CMV
detected in 48% of the samples tested followed by PVMYV in
23.6% and the least was PVY detected in 18.2% of the samples
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Fig. 2a-h Viral symptoms observed in farmers’ fields on hot pepper plants, a dark green vein banding, b leaf puckering, ¢ leaf distortion, d leaf
mottling, e leaf bleaching, f stunting, g and h chlorotic veins of pepper leaves

(Table 3). Chi-square test revealed that CMV and PVMV
incidence did not differ significantly across the zones. How-
ever, incidence of PVY differed significantly (y2=26.621;
p<0.001), where it was higher in mid-altitude areas detected
in 40% of the samples compared to high (13.3%) and low-
altitude areas (8.6%). Proportions of infected samples with
seed-borne viruses were about 16% for both PMMoV and
TMYV (Table 3). The viruses were distributed in all areas
surveyed. Incidence of TMV was significantly (x2=8.146;
p=0.017) higher in low-altitude zone and detected in 21.9%
of the leaf samples, followed by 16.7% in the high-altitude and
5% in mid-altitude areas. PMMoV was present at 20%, 16.2%
and 13.3% in high, low and mid-altitude areas, respectively.

Incidence of seed-borne viruses across the zones differed sig-
nificantly (x2=6.526; p=0.038) with highest prevalence in
low-altitude areas (Table 3).

Types of virus infections. Among the samples tested
using serology, the proportion of positive samples was
73.3%, consisting of both single (36%) and mixed (34.6%)
infections. The most common single virus species infection
was CMV detected in 33 samples while PVY was the least
detected in 8 samples (Table 4). Among the dual infection,
combinations of CMV + PVMV and CMV +PVY were
the most prevalent detected in 19 and 18 samples, respec-
tively. Other dual infections included CMV + PMMoV,
CMV + TMV, PVY +TMV, PVY +PVMV and
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Table2 Summary of number of . AEZ} No.of  No.of CMV* PVY PVMV TMV PMMoV PeVYV
leaf samples tested and viruses samples positive
Qetected by ELISA apd RT-PCR tested samples
in hot pepper from different
sites and agro-ecological zones ELISA'  High altitude 60 27 19 77 9 11 nt*
in Rwanda Mid altitude 60 45 31 24 12 3 8 nt
Low altitude 105 54 30 9 13 16 16 nt
Sub-total 225 126 80 40 32 28 35
RT-PCR? High altitude 15 13 11 ot 7 1 nt 0
Mid altitude 20 20 15 nt 6 3 nt
Low altitude ~ 41 32 16 nt 11 8 nt 8
Sub-total 76 65 42 0 24 2 0 12

"Enzyme linked immunosorbent assay;

Reverse-transcription polymerase chain reaction

3 Agro-ecological zone; “Not tested;

*CMYV cucumber mosaic virus, PVY potato virus Y, PVMV pepper veinal mottle virus, TMV tobacco
mosaic virus, PMMoV pepper mild mottle virus, PeVYV pepper vein yellows virus

PVMV +PMMoV in order of decreasing importance. Tri-
ple infections occurred in 16 samples. A multiple infection
involving four viruses (CMV +PVMV +TMV + PMMoV)
was detected from two samples and five viruses (CMV +PV
Y +PVMV +TMV +PMMoV) were detected in 3 samples.
Mixed infections were most prevalent in the low and mid-
altitude areas (Table 4).

A selection of samples based on geographical locations
and symptoms appearance were tested by RT-PCR for
PeVYV. Of the 76 samples tested, 12 were positive. Seven
collected from low AEZ had single infection while mixed
infections of PeVYV +CMYV and PeVYV +CMV +PVMV
were detected in three and one sample, respectively collected
from mid-altitude AEZ (data not shown). The combination
of PeVYV 4+ PVMYV was detected from one sample collected
from low-altitude AEZ.

Sequences and phylogenetic analysis. Using CMV-
F/R primers, fragments with an expected size of 502 bp
were amplified. DNA sequencing of 3 amplicons, isolate

F1 (MW080679), G11 (MWO080680) and R10 (MW080681)
confirmed the presence of CMV. Phylogenetic reconstruc-
tion based on segment RNA3 nucleotide (nt) sequences
(481 bp) suggested that the three isolates (MW080679,
MWO080680, MW080681) were CMV and formed a distinct
group (clade A) with 100% bootstrap support together with
previously isolated Rwandan strain (MG470800.1) and four
isolates (MN422338.1, KP033526.1, MN422335.1 and
KC527759.1) from South Korea (Fig. 3). Isolate AJ585522.1
from Australia and D12499.1 from Japan made an independ-
ent clade B while KT004544.1 from China was placed in
an intermediate position between Japan and Rwanda-South
Korea isolates. Clade C comprised of isolates from India
and Italy, while clade D contained isolates KX525738.1 and
MK440591.1 from Australia and USA, respectively. Pair-
wise nucleotides (nt) and deduced amino acids (aa) similar-
ity among the Rwandan isolates ranged between 98.6—-100%
nt (99.3-99.7% aa). Identities of the Rwandan isolates to
isolates from South Korea, China, Italy, India and Japan

Table 3 Proportion (%) of aphid-transmitted and seed-borne viruses detected in hot pepper leaf samples collected from three agro-ecological

zones in Rwanda in 2018

Type Virus Low altitude Mid altitude  High altitude  Total X 2-test P-value
Aphid-transmitted viruses CMV* 429 56.7 45.0 48 2.587 0.274
PVY 8.6 40 133 18.2 26.621 <0.001
PVMV 24.8 21.7 233 23.6 0.205 0.902
Overall infected samples 61.9 71.7 56.7 61.8 3.48 0.176
Seed-borne viruses ™V 21.9 5 16.7 16 8.146 0.017
PMMoV 16.2 13.3 20 16.4 0.98 0.613
Overall infected samples 343 16.7 23.3 26.7 6.526 0.038

CMYV cucumber mosaic virus, PVY potato virus Y, PVMV pepper veinal mottle virus, TMV tobacco mosaic virus PMMoV pepper mild mottle

virus

*Total number of samples tested is 225 (105 from low, 60 from both mid and high altitude areas)
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Table 4 Frequency of single and mixed virus infections detected using serology in hot pepper leaf samples collected from three agro-ecological

zones in Rwanda

Type of infection Virus/combinations Low altitude Mid altitude High altitude Total
Single CMV 15 10 8 33(14.7)*
PVMV 9 1 6 16(7.1)
PMMoV 9 4 0 13(5.8)
T™MV 7 1 3 11(4.9)
PVY 2 5 1 8(3.5)
Total 42 21 18 81(36)
Double CMV +PVMV 11 3 5 19(8.4)
CMV +PVY 1 14 3 18(8.0)
CMV +PMMoV 2 0 4 6(2.7)
CMV +TMV 6 0 0 6(2.7)
PVY +TMV 4 0 0 4(1.8)
PVY +PVMV 1 2 0 3(1.3)
PVMV + PMMoV 0 1 0 1(0.4)
Sub-total 25 20 12 57 (25.3)
Triple CMV +TMV + PMMoV 2 1 4 7@3.1)
CMV +PVY +PVMV 1 3 0 4(1.8)
CMV +PVMV + TMV 2 1 0 3(1.3)
CMV +PVMV + PMMoV 0 2 0 2(0.9)
Sub-total 5 7 4 16 (7.1)
Multiple CMV +PVMV +TMV +PMMoV 2 0 0 2(0.9)
(4and 5) CMV +PVY +PVMV + TMV + PMMoV 0 0 3 3(1.3)
Sub-total 2 0 3 5(2.2)
Total (mixed infections) 32 27 19 78(34.6)

CMYV cucumber mosaic virus, PVY potato virus Y, PVMV pepper veinal mottle virus, TMV tobacco mosaic virus, PMMoV pepper mild mottle

virus.

*Total samples and values in brackets are proportion (%) of single and mixed virus infections detected to the total number of samples

tested =225

ranged from 77.6-98% nt (88.9-99.3% aa) which were above
the cut off (65%) for species demarcation for Cucumovirus
(data not shown). Alfalfa mosaic virus (AMYV), accession
MF990286.1 was used as outgroup.

For PeVYYV, three amplicons G12 (MT445649), 14
(MT445648) and R13 (MT445647) with an expected
size of ~498 bp obtained with primers PeVYV-F/R
were sequenced. The three samples clustered together
with the previously identified isolate MG470802.1 from
Rwanda, and other isolates from Israel (HM439608.2),
Spain (KY523072.1), Japan (LC126031.1, LC126045.1,
AB594828.1), China (KP326573.1), Australia (KU999109.1)
and Malaysia (MN337276.1) in Fig. 4. The sequence identi-
ties of the deduced amino acids (aa) sequences for partial
RdRp were 97-100% aa (94.9-100% nt) between MT445649,
MT445648, MT445647 and MG470802.1 from Rwanda.
Comparison of the Rwandan isolates with those of Spain,
Australia and Asian countries (Japan, Israel, China, Malay-
sia), revealed sequence identities ranging from 90.3-94.9%
aa (90.5-96.8% nt) which were above the currently
accepted < 90% threshold for genus Polerovirus dermacation

(data not shown). Barley vein yellow dwarf virus (BYDV),
accession EU332330.1 was used as outgroup.

Using PVMV-F/R, fragments with an expected band
size of ~502 bp were amplified from the samples tested.
From BLASTn analysis, isolates R12 (MT445645) and 28
(MT445646) sequences indicated the highest nucleotide iden-
tity of 98.5-98.9% to MG470801.1 previously isolated from hot
pepper in Rwanda. Phylogenetic grouping of eighteen PVMV
isolates based on nucleotide sequences (418 bp) corresponding
to the partial coat protein gene was done (Fig. 5). The PVMV
isolates separated into four groups. The first cluster com-
prised of isolates from Ghana (FM202327.1, NC011918.1),
Japan (LC438542.1, LC438544.1, LC438545.1), China
(KR002568.1, MN082715.1) and Taiwan (EU719646.1). The
second clade B comprised of Mali isolates (GQ918276.1,
GQ918276.1) while clade C comprised of Cameroon
(AJ780967.1) and Ghana (AJ780968.1). Rwanda isolates
(MT445645, MT445646, MG470801.1), Yemen (AJ780969.1)
and Ethiopia (AJ780970.1) clustered together in clade D.
Sequence identities between the Rwandan PVMYV isolates
ranged from 98-99% nt (99% aa) while to other isolates from
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Fig.3 Phylogenetic tree

constructed with sequences of

seventeen cucumber mosaic

virus (CMV) isolates, genus

Cucumovirus. The tree was

based on alignments of 481

nucleotides of partial RNA3 100
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Ethiopia, Senegal, Cameroon, Ghana, Japan, China and Tai-
wan were 76-79% nt (82-87% aa) which correspond the opti-
mal species demarcation criterion (<76% nt,<82% aa) for
the CP in genus Potyvirus species (data not shown). However,
isolates from Rwanda (MT445645, MT445646) and Mali
(GQ918274.1, GQIY18275.1) seems to be separate species
by their nt identities (74—75% nt) but not by their aa identities
(82-83% aa). Squash vein yellowing virus (SqVY V), accession
DQ812125.1 was used as outgroup.

For TMYV, sequencing of one amplicon (622 bp) confirmed
the identification of TMV. Phylogenetic analysis was done
based on complete coat protein nucleotides sequences (Fig. 6).
Isolate 198 (MT445644) from Rwanda, India (JQ895560.1),
Africa (AY360447.1), China (AJ239099.1, JX993906.1,
GU324660), United Kingdom (KY810785.1), Germany
(AJ429081.1), South Korea (AB369275.1, AB354955.1),
Thailand (AY633749.1) and Serbia (GQ340671.1) clus-
tered together in one distinct clade A with 100% bootstrap
value (Fig. 6). TMV isolates from pepper, tobacco, soya
bean, eggplant, tomato and impatiens all clustered together
in clade A. Rwandan isolate MT445644 showed 91.1-99.8%
nt (92.7-99.8% aa) similarity to twelve isolates clustered
together in clade A which is above the threshold (<90%) for
Tobamovirus species demarcation (data not shown). Tobacco
rattle virus (TRV), accession JO4347.1) was used as outgroup.

@ Springer
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Discussion

Viral diseases cause significant losses in the quantity and
quality of pepper crop globally (Olawale et al. 2012). They
are one of the most important constraints for pepper produc-
ers. The present study aimed at detecting six viruses namely
CMV, PVMV, PVY, TMV, PMMoV and PeYV and deter-
mine their distribution in Rwanda. Results show that the
viruses are widespread in the main areas where hot pepper
is grown in the country. Of the six viruses included in this
study, CMV, PVMV and PeVYV were previously reported
infecting pepper in Rwanda (Skelton et al. 2018). To our
knowledge, this is the first report of TMV, PMMoV and
PVY in pepper crop in Rwanda. These findings therefore
extend our knowledge on viruses infecting hot pepper in
Rwanda.

Aphids-transmitted viruses namely CMV, PVMV and
PVY were the most prevalent viruses infecting hot pepper
in the surveyed AEZs in decreasing order of importance.
The high prevalence of CMV, PVY and PVMV may be
attributed to their broad host range and the fact that they are
mainly transmitted by several species of aphids (Pernezny
et al. 2003). Among the insect-vectors, aphids are the most
prevalent in pepper fields in Rwanda (Waweru et al. 2020).
The most common aphid species associated with peppers
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Fig.4 Phylogenetic tree
constructed with sequences of
fourteen pepper vein yellows
virus (PeVYYV) isolates, genus
Polerovirus. The tree was based
on alignments of 475 nucleo-

tides of partial RNA-directed 86

99 —— 4 PeVYV MT445647 Rwanm

» L @ PeVYV MT445648 Rwanda

96

PeVYV MG470802.1 Rwanda

RNA polymerase gene and
was rooted in the sequence
of barley vein yellow dwarf
virus (BYDV), genus Luteo-
virus (EU332330.1). Nodes
bearing less than 50% bootstrap 50
values support are collapsed.
The accession numbers of the

@ PeVYV MT445649 Rwanda

PeVYV HM439608.2 Israel

95

PeVYV KY523072.1 Spain

>

PeVYV LC126031.1 Japan
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isolates and place of origin are
indicated in the tree. Samples 90
analysed in this study are indi-
cated by the symbol €

100
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PeVYV AB594828.1 Japan

PeVYV KP326573.1 China
PeVYV KU999109.1 Australia

PeVYV MN337276.1 Malaysia j
PeVYV LC528383.1 Indonesia

PeVYV MK 184554.1 Brazil

in the field are Myzus persicae and Aphis gossypii (Fajinmi
et al. 2011). Both species are known to efficiently transmit
CMYV, PVY and PVMV in a non-persistent manner within a
short period, among other aphid species (Mello et al. 2011;
Palukaitis et al. 1992). It is likely that the same species of
aphids are transmitting CMV, PVY and PVMV within the
AEZs leading to an increase in prevalence of the viruses.
CMYV has been previously reported as a dominant virus in
hot pepper, particularly in the tropical and semi-tropical
regions (Choi et al. 2018; Myti et al. 2014; Olawale et al.
2012). Dafalla (2001) also reported that CMV and PVY
were among the most common and damaging viruses infect-
ing pepper in the Sub-Saharan region.

The non-significant differences in the mean prevalence of
aphid-transmitted viruses amongst the three AEZ, shows
the importance of the viral diseases in all the AEZ in the
country. However, for PVY, the incidence of the disease was
significantly different between zones with mid AEZ record-
ing highest value. The variation may be due to several fac-
tors such as environment conditions, source of inoculum
and insect-vectors (Njeru et al. 2008; Thresh et al. 2003).
The widespread distribution of the viruses across all agro-
ecological zones could also be attributed to inadequate
farmers’ knowledge on viral diseases and pest management
methods, and poor agronomic practices such as continuous
cropping, mono-cropping, use of uncertified seeds, free
movement of planting materials from one location to another
and field sanitation (Waweru et al. 2020).

BYDV EU332330.1 Outgroup

The high incidence of the seed-borne viruses in the low
altitude zone compared to the high and mid AEZs can be
attributed to unchecked local and international exchange
of planting materials. Majority of the hot pepper farmers
from low AEZ obtain their seeds from exporting companies
(Waweru et al. 2020). The level of PMMoV and TMYV infec-
tions were generally low. This may suggest that the patho-
gens might have been recently introduced in pepper fields.
Both viruses are seed-borne and could be spread unknow-
ingly by farmers through infected seeds or as they work in
the fields (Genda et al. 2005). Besides, some of the farmers
normally recycle planting materials or use uncertified seeds
and these practices may provide a means to perpetuate the
diseases (HCA 2012). Therefore, the government should
emphasize on testing of seed prior to planting and educate
the farmers not to recycle seeds but rather use certified seed
only. Farmers’ awareness of the viruses should be raised so
that they can be cautious and conscious while working in
the fields.

In this study, the presence of PeVY'V was confirmed from
a few samples analysed, its distribution is yet to be con-
firmed. This is because there are no commercial antisera
that would allow processing bulk leaf samples. However,
from the few samples analysed, the virus was detected in low
and mid-altitude AEZs. PeVYV was first isolated in Israel
in 2010 (Dombrovsky et al. 2010). Since then it has been
detected in African countries which include Sudan, Benin,
Tunisia and Mali (Afouda et al. 2013; Alfaro-Fernandez

@ Springer
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Fig.5 Phylogenetic tree
constructed with sequences of
eighteen pepper veinal mottle
virus (PVMV) isolates, genus
Potyvirus. The tree was based
on alignments of 418 nucleo-
tides of partial coat protein gene
and was rooted in the sequence
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et al. 2014; Buzkan et al. 2013; Knierim et al. 2013). More
recently PeVYV was detected in Rwanda by Skelton et al.
(2018) in samples collected from the high-altitude AEZ
(Rulindo district) and low-altitude AEZ (Kirehe and Kayonza
districts). Considering the present finding and previous
results by Skelton et al. (2018), it is evident that the virus is
present in the low, mid and high-altitude AEZs. The results
also suggest that PeVYV can co-infect with other viruses.
For example, it was present as a double infection with CMV
or PVMYV and a triple infection as PeVYV + CMV + PVMV.
Therefore, further research need to be carried out to under-
stand the virus, its epidemiology and economic significance.

Mixed infections in pepper increase the intensity of dis-
ease symptoms, leading to significant losses in yield (Ola-
wale et al. 2012). The occurrence of double, triple and mul-
tiple infections among the viruses detected was observed in
the three AEZs, which could have serious consequences in
their management and the resultant yield obtained by farm-
ers. Double infection of CMV +PVY and CMV + PYMV
were the most common. The co-infection of CMV with Poty-
virus is common and has been reported in other countries
like Ivory Coast and Nigeria, based on serological analy-
sis of diseased pepper leaf samples (Olawale et al. 2015;
Sorho et al. 2014). Conversely, mixed infections of CMV
with Tobamovirus (TMV or PMMoV) and Potyvirus with

@ Springer
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Tobamovirus as was revealed in this study have also been
documented in Ghana (Appiah et al. 2014). Mixed infec-
tions are quite common in nature not only on pepper but also
in other solanaceous crops, and are associated with serious
virus problems in pepper production (Afouda et al. 2013).
The mixed infections cause synergistic or antagonistic inter-
actions (Syller 2012).

The presence of mixed virus infections from several gen-
era in farmers’ hot pepper field is likely to cause varying
levels of losses in quantity and quality leading to a signifi-
cant reduction in yield. There are no specific studies done in
Rwanda, however, yield losses of 10.84 to 50.51%, 54.5 to
64.3%, 20-70%, 75-95% and up to 90% have been reported
elsewhere due to CMV, PYMYV, PVY, PMMoV and TMV,
respectively (Avilla et al. 1997; Chitra et al. 2002; Fajinmi
et al. 2012; Guldur and Caglar, 2006; Rahman et al. 2016).
Like in other countries, it is expected that these viruses will
cause varying degrees of damage and yield losses, and thus
threaten pepper production in Rwanda. This is a cause for
concern in economic terms and hence, the need for diseases
management strategies that target these viruses. About
26.7% of the apparently diseased samples were negative,
an indication of possible presence of other viruses infecting
the crop. Considering the symptoms (dark green vein band-
ing, reduced leaf size, leaf mosaic, bleaching, puckering,
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Fig. 6 Phylogenetic tree
constructed with sequences
of fourteen tobacco mosaic
virus (TMV) isolates, genus
Tobamovirus. The tree was

64 —— 4P TMV MT445644 Rwanda
7 L ™MV JQ895560.1 India

\

based on alignments of 622
nucleotides of coat protein gene 52
and was rooted in the sequence
of tobacco rattle virus (TRV),
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Nodes bearing less than 50%
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bootstrap values support are 51
collapsed. Bootstrap values
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(1,000 replications) are shown
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of the isolates and place of ori-
gin are indicated in the tree. The 100
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sample analysed in this study is

indicated by the symbol 4p
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TMV AF012917.1 South Korea

mottling, deformation, chlorotic veins leaf mosaic, mottle
and dark green vein-banding) observed in the samples col-
lected, more assays targeting other viruses is therefore nec-
essary. Pepper viruses such as pepper mottle virus, tobacco
etch virus and ChiVMV which exhibits similar symptoms
in infected pepper and have been reported in Africa might
be present in the country and would be important to test
(Njukeng et al. 2013; Olawale et al. 2015).

The sequence and phylogenetic analysis of the Rwandan
CMYV, PVYMYV, TMV and PeVYYV isolates confirmed the
identity of the viruses. Sequence identities between the
Rwandan isolates ranged from 97-100%, suggesting low
genetic variability. Phylogenetic analysis of TMV resulted
in a tree with one main part. TMV isolates from different
tobacco, soya bean, eggplant, tomato and impatiens clus-
tered together in a distinct branch. There was no evidence
of branching pattern based on differences in plant hosts
as observed in previous research by Alishiri et al. (2013).
Considering the observed low diversity, it is possible that
host species do not contribute to differentiation of the virus
population. According to the criteria established by the
International Committee on Taxonomy of Viruses (ICTV),
demarcation thresholds recommended for members of the
genus Polerovirus is <90% aa sequence identity of any gene,
Tobamovirus <90% nt identity, Potyvirus <76% nt (< 82%
aa) of coat protein gene and Cucumovirus < 65% nt sequence
identity (Adams et al. 2005, 2012; Domier 2012; Wylie et al.
2017). Based on the ICTV criteria, the degree of similari-
ties between the Rwandan isolates to other isolates of either
PeVYV, TMV, or CMV reported in the GenBank were well
above the thresholds suggesting that the isolates are not new

TRV J04347.1 Outgroup

virus species. Overall, the Rwandan pepper isolates of CMV,
PVMYV and PeVYYV clustered together indicating that, their
geographical origin and phylogenetic relatedness could be
correlated. However, complete genomes sequences will be
needed to fully characterize the viruses. In addition, further
characterization of PVMYV isolates would be useful to clarify
their taxonomic status as their amino acid and nucleotide
identities were just above the demarcation threshold for dif-
ferentiation between species in the genus Potyvirus.

Conclusion

This study detected and identified six virus species namely
cucumber mosaic virus, pepper veinal mottle virus, potato
virus Y, pepper mild mottle virus, tobacco mosaic virus and
pepper vein yellows virus that are widely distributed in all
major hot pepper growing areas in Rwanda. The viruses exist
either as single or mixed infections. This is the first time
that TMV, PMMoV and PVY are being reported in pepper
fields in Rwanda. It will be important for the government to
strengthen extension services to educate farmers on diseases
and pests management and strengthen the hot pepper seed
certification system to prevent the spread of viral diseases
that might threaten income security to smallholder farmers.
Further assays targeting viruses other than those tested in this
study are recommended. In addition, further studies should
be carried out to determine the effect of mixed infections
on severity and yield losses. Resistance breeding and other
control strategies focusing on viruses are urgently needed.
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