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A B S T R A C T   

Background: Groundnut (Arachis hypogaea L.) is the 13th most important global crop grown throughout the 
tropical and subtropical regions of the world. One of the major constraints to groundnut production is viruses, 
which are also the most economically important and most abundant pathogens among cultivated legumes. Only a 
few studies have reported the characterization of RNA viruses in cultivated groundnuts in western Kenya, most of 
which deployed classical methods of detecting known viruses. 
Methods: We sampled twenty-one symptomatic and three asymptomatic groundnut leaf samples from farmers’ 
fields in western Kenya. Total RNA was extracted from the samples followed by First-strand cDNA synthesis and 
sequencing on the Illumina HiSeq 2500 platform. After removing host and rRNA sequences, high-quality viral 
RNA sequences were de novo assembled and viral genomes annotated using the publicly available NCBI virus 
database. Multiple sequence alignment and phylogenetic analysis were done using MEGA X. 
Results: Bioinformatics analyses using as low as ~3.5 million reads yielded complete and partial genomes for 
Cauliflower mosaic virus (CaMV), Cowpea polerovirus 2 (CPPV2), Groundnut rosette assistor virus (GRAV), 
Groundnut rosette virus (GRV), Groundnut rosette virus satellite RNA (satRNA) and Peanut mottle virus (PeMoV) 
falling within the species demarcation criteria. This is the first report of CaMV and the second report of CPPV2 on 
groundnut hosts in the world. Confirmation of the detected viruses was further verified through phylogenetic 
analyses alongside reported publicly available highly similar viruses. PeMoV was the only seed-borne virus 
reported. 
Conclusion: Our findings demonstrate the power of Next Generation Sequencing in the discovery and identifi-
cation of novel viruses in groundnuts. The detection of the new viruses indicates the complexity of virus diseases 
in groundnuts and would require more focus in future studies to establish the effect of the viruses as sole or mixed 
infections on the crop. The detection of PeMoV with potential origin from Malawi indicates the importance of 
seed certification and cross-boundary seed health testing.   

1. Introduction 

Groundnut (or peanut) (Arachis hypogaea L.) is a self-pollinated (Lim 
and Gumpil, 1984) allotetraploid (AABB; 2n = 4x = 40) grain legume 
with a genome size of 2.7 Gb (Moretzsohn et al., 2013). It is the 6th most 
valuable vegetable oilseed crop and 13th most important crop globally, 
grown throughout the tropics and subtropical regions in more than 100 
countries across six continents lying between latitudes 40

◦

N and 40
◦

S 

(Abate et al., 2012; Naidu et al., 1999; Okello et al., 2010). The esti-
mated area under groundnut production worldwide is 22.6 million 
hectares resulting in 36.4 MM t of kernel production. The global average 
yield is 1600 kg ha− 1, which is higher than 1000 kg ha− 1 average yield in 
sub-Saharan Africa (Abate et al., 2012). Groundnut production in Kenya 
is concentrated along the coastal and western parts of the country, 
where it is both a principal source of protein and a major source of cash 
income to smallholder growers, who are preponderantly women (Naidu 
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et al., 1999; Mukoye et al., 2015; Masira, 2017). The estimated area 
under groundnut cultivation in Kenya is 11,627 ha with a total pro-
duction of 27,751 t (FAOSTAT, 2018). 

Groundnut yield in Kenya has been on the decline with farmers 
obtaining even less than 50% of the potential output (Kipkoech et al., 
2007; Mukoye et al., 2015). This drop in yield is attributed to both 
abiotic and biotic factors such as fungi, bacteria, nematodes, and viruses 
(Prasad et al., 2009). Within the group of viruses, riboviruses (RNA vi-
ruses) are significant due to their extremely adaptive nature to diverse 
environments resulting from their high mutation rates and formation of 
quasi-species (Roossinck, 2012; Watkiss, 2009). More than 30 viruses 
found in 14 genera have been reported to infect groundnuts naturally 
worldwide (Sreenivasulu et al., 2008). About 25 of these viruses are of 
economic importance, nineteen of which were first reported in 
groundnut, while the remaining were isolated from other alternative 
hosts (Sreenivasulu et al., 2008). A total of 11 groundnut viruses have 
been reported across Africa with only four of those reported in Kenya 
(Sastry et al., 2019). Groundnut Rosette Disease (GRD), which is a 
complex synergistic interaction of three viruses/agents (Deom et al., 
2000), is endemic to sub-Saharan Africa and is the most devastating viral 
disease of groundnut in Africa. The three agents include Groundnut 
rosette assistor luteovirus (GRAV); Groundnut rosette umbravirus (GRV) 
and satellite RNA (satRNA) (Deom et al., 2000; Naidu et al., 1999). 

The transmission of GRD is through an aphid, Aphis craccivora Koch, 
a polyphagous vector, which also feeds on alternative hosts (Mangeni 
et al., 2020; Singh and Singh, 2017), usually other cultivated legumes. 
Recent studies in Kenya reported the transfer of cowpea (Vilna ungui-
culata L. Walp.) viruses into groundnut (Mukoye et al., 2015; Orakha 
et al., 2019), possibly through the same vector or mechanical transfer. 
Mixed farming and/or intercropping, which is common among small-
holder legume farmers in Africa (Desmae and Sones, 2017), enhances 
further the transfer of inoculum across different hosts. Without robust 
virus detection methods, such cross-host viral transfer events go unre-
ported making disease management extremely cumbersome. 

The groundnut viruses detection methods reported in Kenya so far 
have involved techniques such as serological assays, virus-sensitive in-
dicator bioassays, and nucleic acid detection assays (i.e. nucleic acid 
hybridization and polymerase chain reaction) (Mukoye et al., 2015; 
Naidu et al., 1999; Sreenivasulu et al., 1991, 2008). Though these 
techniques are excellent at checking for known viruses, they have the 
restrained capability for characterizing unknown and novel viruses. 
Such assays are based on known sequences or reference information 
(CEFA, 2011), and therefore, cannot detect several viruses simulta-
neously. More importantly, they do not reveal the presence of mixed 
infections or co-infecting viruses in the same plant (Syller, 2012). There 
is an urgent need to use advanced methods such as meta-transcriptomics 
(Shi et al., 2018) to establish the true picture of the viral diversity in 
groundnut production areas in Kenya. Groundnut has been reported as 
one of the legumes with the highest number of viruses detected using 
different methods (Sastry et al., 2019). 

Meta-transcriptomics allows for the rapid and relatively inexpensive 
assembly of viruses within a host sample (Shi et al., 2018) and can 
therefore greatly expand our knowledge on possible RNA virus diversity 
(Roossinck et al., 2015) in groundnut. Meta-transcriptomics provides an 
avenue for unearthing the different categories of RNA viruses of eco-
nomic importance or otherwise (Gutiérrez Sánchez et al., 2016; Kreuze 
et al., 2009; Roossinck et al., 2015; Webster et al., 2015; Wu et al., 
2015). The Meta-transcriptomics method has demonstrated reliability, 
whereas the gold standard method of RT-PCR assays alone could not 
(Marais et al., 2014), or could only be poorly detected (Amayo et al., 
2012). 

This study used meta-transcriptomics to investigate viruses in 
groundnut leaf samples obtained directly from farmers’ fields in two 
Sub-counties in western Kenya. We hypothesized that there were 
abundant groundnut RNA viruses in these sub-counties owing to the 
common phenomenon of emergence and re-emergence of plant viruses. 

We collected both symptomatic and asymptomatic groundnut leaf 
samples from 24 sites and used a meta-transcriptomics approach to 
identify the RNA viruses. 

2. Materials and methods 

2.1. Plant material 

Sampling was done in Gem, Siaya County, and Matayos, Busia 
County (Fig. 1) in western Kenya, in 2017. The two counties lie between 
latitudes 0◦ 28′N to 0◦ 42′ N and longitudes 33◦ 58′E to 34◦ 42′E with an 
average altitude of 1270 m (Climate Data - https://en.climate-data.or 
g/location/11165-8/). This region has a mixture of rhodic-ferralsol 
and haplic-lixisol soil types (Omuto, 2013). It also experiences a 
bimodal rainfall pattern between January and December with the 
highest average of 1775 mm and a temperature range of 21–25 OC 
(Masira, 2017). Prior approval was obtained from all farmers whose 
fields were sampled. Leaf samples were collected from 24 farms, 12 each 
in Gem and Matayos Sub-counties. Each farm was surveyed using a 
W-pattern (Domola et al., 2008) and at least four leaf samples from 
different parts of the field were obtained and subsequently bulked as one 
sample. The sample collection was indiscriminate of any particular va-
rieties of groundnut but based solely on planted varieties at the time. 
The leaf samples were collected from both asymptomatic and symp-
tomatic plants. The samples were stored in RNAlater® reagent (Sig-
ma-Aldrich, Saint Louis, MO 63103 USA) and transported to the 
laboratory for processing. All 24-leaf tissues were used for total RNA 
extraction. 

2.2. Total RNA isolation, purification, and quantification 

Total RNA was extracted from all the 24 groundnut leaf samples that 
had been kept in RNAlater® reagent using Direct-Zol MiniPrep kit (Zymo 
Research, Irvine, CA, USA) with TRIzol reagent (Thermo Fisher Scien-
tific Inc., Carlsbad, CA 92008 USA) according to the manufacturer’s 
instructions. Depletion of rRNA was done by adding 1 μl of thermostable 
RNase H (Thermo Fisher Scientific Inc., Carlsbad, CA 92008 USA) to 
each reaction tube followed by 20 min incubation at 37 ◦C to enrich for 
viral RNA. RNA quality was evaluated using agarose gel electrophoresis 
and the concentration was measured with Qubit® RNA BR Assay Kit 
(Life Technologies, USA). First-strand cDNA was synthesized using 
RevertAid First-strand cDNA Synthesis Kit (Thermo Fisher Scientific 
Inc., USA). Briefly, 100–500 ng of total RNA was mixed with 2–4 μl of 
random hexamer primer (Thermo Fisher Scientific Inc., Carlsbad, CA 
USA) in either 20 l or 40 l volumes. The reverse transcription was con-
ducted at 25 ◦C for 5 min, followed by 45 ◦C for 60 min. The reaction was 
terminated by heating at 70 ◦C for 15 min. The First-strand cDNA 
samples were sent to Xcelris Labs Limited (Gujarat, India) for a paired- 
end Illumina TruSeq stranded RNA library preparation and sequencing. 
Concentrations of each of the samples and the barcodes used for 
sequencing are provided in Supplementary Table S1. Sequencing was 
done on Illumina HiSeq 2500 (Illumina, platform) using a 2 × 150 bp 
configuration. 

2.3. Processing of the transcript reads 

Raw Illumina reads were trimmed of sequencing adapters and low- 
quality bases using Trimmomatic v0.36 (Bolger et al., 2014). The 
quality of the trimmed reads was visualized using FASTQC v.0.11.5 
(https://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). The trim-
med reads were first mapped to the groundnut reference genome, 
Arachis hypogaea cv. Tifrunner that had been retrieved from the Pea-
nutBase database (https://v1.legumefederation.org/data/v2/Arachis/h 
ypogaea/genomes/Tifrunner.gnm2.J5K5/) using Bowtie2 (Langmead 
and Salzberg, 2013) to remove groundnut host sequences. Ribosomal 
RNAs in the reads were removed by SortMeRNA software (Kopylova 
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et al., 2012). To further remove any additional bacterial contamination, 
the ribosomal RNA discriminated reads were retrieved and mapped to 
the NCBI RefSeq-based bacterial genomes (https://www.ncbi.nlm.nih. 
gov/genome/microbes/) before proceeding with de novo-assembly of 
virus reads using metaSPAdes (Nurk et al., 2017) and megaHIT (Li et al., 
2016) assemblers. The Genome Detective (Vilsker et al., 2019), a pipe-
line that employs a combined assembly, was also used to do the as-
sembly to compare the sensitivity of the assemblers involved. 

2.4. Reads error correction and meta-transcriptomic assembly 

The host-free and bacterial contamination-free reads obtained were 
error-corrected using the inbuilt module within the metaSPAdes 
assembler (Nurk et al., 2017). The reads were then assembled into viral 
contigs using the metaSPAdes (Nurk et al., 2017) and the megaHIT 
assembler (Li et al., 2016). The fill module within the MindTheGap 
pipeline (Guyomar et al., 2019) was used for finishing possible gaps 
between adjoining contigs. To confirm the integrity of the viral contigs 
obtained, the clean reads were first mapped to an adopted exhaustive 
local viral database (https://www.ncbi.nlm.nih.gov/genome/viruses/) 
and then the mapped reads were used to repeat the de novo assembly. 
The quality of assembly was assessed and visualized using the Meta-
QUAST (Mikheenko et al., 2016), which compares the statistics of the 
assemblies’ software outputs and provides a basis for deciding on the 
best assembly outcome based on the parameters used. 

2.5. Virus discovery, genome annotation and viral prevalence 

The obtained putative viral contigs were used to determine sequence 
identity (%), coding sequences (Cds), Open reading frames (ORFs) and 
conserved protein domains. For sequence identity determination, the de 
novo assembled contigs were screened against the NCBI virus database 
(https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/) with an e-value 
cutoff of ≤1 × 10− 3 using BlastN. A BlastX (Altschul et al., 1990) was 
also performed against NCBI using the individual viral contigs to obtain 
the Cds (https://blast.ncbi.nlm.nih.gov/Blast.cgi?). The search for ORFs 
was done using the ORF finder (https://www.ncbi.nlm.nih.gov/o 

rffinder/). 
Finally, the assembled virus contigs were screened against the 

Conserved Domain Database (https://www.ncbi.nlm.nih.gov/Structu 
re/cdd/wrpsb.cgi), with an e-value cutoff of ≤1 × 10− 3 to identify 
viral gene segments. The virus associations among the identified viruses 
were determined based on the proportion of samples with at least a viral 
contig detection with a high degree of similarity to that of the identified 
virus as per the demarcation criterion spelt out on ICTV protocol (http 
s://www.microbiologyresearch.org/content/ictv-virus-taxonomy-profi 
les). 

2.6. Multiple sequence alignment and phylogenetic analyses 

The longest non-redundant de novo assembled viral contigs were 
used as queries to retrieve existing similar viruses from the NCBI virus 
database. The top 10–50 hits were retrieved from each group based on 
the extent of diversity and regional representation for use in further 
phylogenetic analysis. Multiple sequence alignment was done using the 
MUSCLE module within MEGA X with default settings (Kumar et al., 
2018; Stecher et al., 2020). Maximum likelihood phylogenetic tree di-
agrams were generated for each of the six viral groups identified using 
the JTT matrix-based model (Jones et al., 1992) implemented in MEGA 
version X with 1000 bootstrap replicates as a test for the support of 
branches. 

3. Results 

3.1. Symptoms observed in the sampling fields 

Of the twenty-four samples collected, twenty were from symptom-
atic groundnut plants and four were from asymptomatic plants 
(Table 1). The symptoms observed were typical virus symptoms 
including leaf chlorosis (LC), mottling (MO), necrotic spots (NR), 
puckering (P), shriveling (SH), leaf distortion (LD) and stunting (ST) 
(Table 1; Fig. 2). All the symptomatic groundnut plants, except one (M7 
that showed chlorosis), displayed more than one symptom on the same 
plant (Table 1). 

Fig. 1. Map of Kenya showing the sampling sites in Matayos sub-County (Busia) and Gem sub-County (Siaya). Source: Open Street Map drawn using Tab-
leau Software. 
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3.2. RNA-sequencing and data output 

A total of 295, 904, 168 raw reads were generated from 24 
groundnut leaf samples with a minimum of 3,591,790 reads for sample 
G7 and a maximum of 29, 074, 936 for sample G13 (Table 2). After 
trimming and removal of host sequences and microbial contamination, 
about 30% (89, 639, 878) of the original raw reads were retained for 
further analysis (Table 2). 

3.3. Viral genome assemblies and annotation 

Eighty contigs were obtained from the combined viral genome as-
semblies of lengths ranging from 101 bp to 5671 bp (Table 3; Supple-
mentary Table S2). The contigs retrieved covered varying proportions of 
the virus ranging from 8 to 100% viral genomes (Supplementary 
Table S2). Forty-one contigs were putatively annotated as known 
groundnut viruses (Table 3) with BLAST similarity ranges of 88–98%. 
The groundnut viruses and a satellite RNA identified were GRAV, GRV, 
and satRNA – the three viruses causing groundnut rosette disease and 
peanut mottle virus (PeMoV) (Table 3). An additional 39 contigs were 
positively annotated as Cauliflower mosaic virus (CaMV) and cowpea 
polerovirus 2 (CPPV2) with a BLAST similarity range of 92–99% 
(Table 3). In general, CPPV2 was the most predominant virus in the 
groundnut samples analyzed as it was detected in eleven out of the 16 
positive samples. The majority of contigs assembled in the study rep-
resented partial genomes of the six detected viruses. We recovered one 
complete contig sequence for the satRNA virus genome (892 nt). Of the 
six identified viruses, four were detected across the two Sub-counties, 
while PeMoV was confirmed in Matayos, Busia County and CaMV was 
established only in Gem, Siaya County. PeMoV was detected in just one 
sample, which was from the Matayos sub-county in Busia County. All 

three samples from which CaMV was detected were from Gem, Sub- 
county in Siaya County (Table 3). Five symptomatic samples (G7, M1, 
M2, M7, M15) and three asymptomatic samples (G28, G33, and M9) had 
no detectable virus contig(s), while sample M3 was asymptomatic but 
tested positive for GRV contig (Table 1; Table 3). 

3.4. Virus associations 

Virus associations in the study were single, co-infections and multi-
ple infections: four instances of single infections, five cases of co- 
infections and seven of multiple infections in the Gem sub-county and 
Matayos sub-county (Fig. 3). The single infections were for CPPV2, GRV 
and satRNA (Fig. 3). CPPV2 virus infection was further observed in 
eleven samples either in co-infection or in multiple infections, turning 
out to be the most prevalent virus detected in the study (Fig. 3). PeMoV 
virus was detected once as a co-infection of CPPV2 virus, in Matayos, 
Busia County (Fig. 3). All the CaMV virus cases detected in the study 
were from Gem, Siaya County and were always part of a multiple 
infection of at least one of the Groundnut rosette complex viruses, and 
CPPV2 virus (Fig. 3). There was a single case of GRAV-satRNA present 

Table 1 
A summary of symptoms observed from groundnut plants that were samples.  

Sample ID Symptoms Sample ID Symptoms 

1. M1 LC, NR 13. G1 LC, NR, SH 
2. M2 LC, MO 14. G7 LD, ST 
3. M3 Asymptomatic 15. G8 PU, MO 
4. M4 LC, MO 16. G12 LC, MO 
5. M5 MO, ST 17. G13 MO, SH, LC 
6. M7 LC 18. G23 MO, LC 
7. M8 MO, SH, LC 19. G24 MO, LC, NR 
8. M9 Asymptomatic 20. G25 NR, MO, LC 
9. M10 NR, MO 21. G27 LC, NR 
10. M11 NR, MO 22. G28 Asymptomatic 
11. M15 LC, NR, MO 23. G30 LC, NR 
12. M16 NR, MO, LC 24. G33 Asymptomatic 

LC: Leaf chlorosis; MO: Mottling; NR: Necrotic spots; P: Puckering; SH: Shriv-
eling; LD: Leaf distortion; ST: Stunted Plant. 

Fig. 2. Symptoms observed from the groundnut plants sampled. A. Asymptomatic sample. B. Yellowing of leaves. C. Mottling of the leaves. D. Necrotic spots are 
visible on the leaves. E. Leaf curling and mottling. F. Green rosette with stunting. G. A mixture of leaf curling, mottling and leaf distortion symptoms. 

Table 2 
Summary of reads generated and processed.  

Sample 
ID 

Raw reads Trimmed 
reads 

Host 
subtracted 
reads 

Clean error- 
corrected reads 

M1 8,709,082 7,659,238 3,104,972 3,037,524 
M2 14,025,988 12,842,576 1,171,228 1,138,390 
M3 10,901,674 9,719,754 542,266 513,654 
M4 15,145,008 13,401,288 763,570 740,814 
M5 9,195,594 8,336,288 1,167,580 1,133,384 
M7 10,195,430 9,232,160 1,529,049 997,034 
M8 16,674,828 15,051,646 2,185,994 2,152,998 
M9 8,522,016 7,693,678 1,085,332 1,056,926 
M10 5,707,668 4,637,402 371,410 363,120 
M11 20,123,234 17,483,048 5,485,462 5,441,030 
M15 13,838,288 11,956,266 2,416,092 2,353,552 
M16 17,291,326 15,318,282 3,269,702 3,221,302 
G1 5,585,458 4,830,708 1,438,472 1,391,908 
G7 3,591,790 3,161,988 1,207,396 1,167,246 
G8 8,284,306 7,272,324 828,172 768,500 
G12 4,617,446 3,990,550 551,296 527,764 
G13 29,074,936 25,127,114 4,423,918 4,328,766 
G23 6,369,114 5,323,634 1,578,920 1,515,976 
G24 18,399,678 15,424,836 14,812,090 14,473,454 
G25 20,262,388 16,849,324 15,735,684 15,569,976 
G27 11,028,814 9,635,140 3,048,854 2,970,226 
G28 14,714,052 12,760,382 11,967,884 11,671,106 
G30 12,393,254 10,608,252 6,285,670 6,132,304 
G33 11,252,796 9,505,080 7,125,230 6,972,924 

Total 295,904,168 257,820,898 92,096,243 89,639,878  
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together, two instances of GRV-satRNA and five instances of association 
of GRAV-GRV-satRNA. In seven samples across the two sub-counties, at 
least two of the viruses causing groundnut rosette disease were 
confirmed. Overall, GRAV (in 9 samples out of 24), satRNA (9 samples 
out of 24) and GRV (in 8 out of 24 samples) in the study (Fig. 3). 

3.5. Phylogenetic analyses of the detected viruses and a satellite RNA 

Near complete and partial genomes of CaMV, CPPV2, GRAV, satRNA 
and PeMoV obtained from the combined assembly were used for 
phylogenetic analysis of each virus strain identified. Distinct phyloge-
netic trees assigned to each virus category were shown in each case. 

3.5.1. Groundnut rosette assistor virus 
Clustering the 11 distinct GRAV coat protein contigs identified in the 

current study with 29 other publicly available isolates revealed a 
monophyletic grouping containing two sub-clusters, mainly corre-
sponding to the regions where the groundnut hosts were cultivated 
(Fig. 4). The West African sub-cluster was predominated by Ghanaian 
and Nigerian isolates, although 2 each of Kenyan and Malawian isolates 
from previous studies also clustered with the West African isolates. The 
largest cluster comprised mainly of Kenyan isolates with just one 
exception from Malawi (Fig. 4). Nine of the 11 contigs identified in the 
current study clustered together with the Kenyan isolates. One isolate 
from the Matayos sub-County (M8) was an outgroup (Fig. 4). The 
phylogenetic tree further indicated that GRAV strains in West and East 
Africa are closely related or are of a similar strain (Fig. 4). 

3.5.2. Groundnut Rosette Virus 
Phylogeny based on the overlapping ORF3/ORF4 - GRV hypothetical 

protein sequence revealed four major clusters representing Kenyan, 
Malawian, Nigerian and Ghanaian isolates (Fig. 5). All the isolates from 
the current study grouped with Kenyan isolates except one, which fell 

into the Malawian group. Malawian and Kenyan isolates are mono-
phyletic groups, similar to the Ghanaian and Nigerian groups. The 
eastern African (Kenyan and Malawian) isolates appeared more closely 
related in comparison to the western African (Ghanaian and Nigerian) 
(Fig. 5). 

3.5.3. Groundnut Rosette Virus-satellite RNA 
Phylogenetic analysis of Groundnut Rosette Virus-satellite RNA was 

Table 3 
Contig details for the viruses plus a satellite RNA identified on groundnut plants in the study.  

Virus annotation Known hosts # Contigs Length Range Similarity 
% 

E-value aGroundnut 
Sample IDs 

GRAV Groundnut 9 101–1037 98 2.6e-61 M8, M10, M11, G8, G13, G24, G25, G27, G30 
GRV Groundnut 18 196–3964 88 2.5e-60 M3, M8, G1, G12, G13, G24, G25, G30 
SatRNA Groundnut 11 205–892 90 1.1e-45 M4, M8, M11, G1, G12, G13, G24, G25, G30 
PeMoV Groundnut 3 213–379 96 1e-68 M5 
CaMV Brassicaceae 4 214–501 99 3e-92 G8, G13, G24 
CPPV2 Cowpea 35 168–5671 92 4.0e-79 M5, M8, M10, M11, M16, G8, G13, G23, G24, G25, G27  

a All samples coded with M are from Matayos, Busia County while those coded with G are from Gem, Siaya County. 

Fig. 3. A graphical representation of the virus proportions detected in 
each sample. 

Fig. 4. Clustering of the coat protein of GRAV isolates identified in the current 
study with those from publicly available databases. Two major clusters were 
observed within a monophyletic grouping: West African (in blue) and Kenyan 
(in Red). All isolates from the current study are highlighted with a black star. 
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based on the virus nucleotide sequences generated from our study 
alongside 39 other publicly available homologous sequences. We 
established three distinct polyphyletic groups representing isolates from 
Kenya, Malawi, Nigeria and Ghana (Fig. 6). All the isolates from the 
present study were grouped with the Kenyan-Malawian group con-
firming their closer relationship with those from Malawi and Kenya than 
those from West Africa (Fig. 6). 

3.5.4. Peanut mottle virus 
Phylogenetic analysis of PeMoV was undertaken using polyprotein 

sequences. The sole PeMoV isolate identified in the current study was 
compared with 21 other isolates selected from the public databases. The 
phylogenetic tree portrayed two major clusters, one cluster of mottle 
viruses isolated from soybean {Glycine max (L.) Merr.}, and the second 
of mottle viruses isolated from P. vulgaris or peanut (Fig. 7). Although a 

complete genome of the Kenyan PeMoV was included in the phyloge-
netic analysis, our isolate PeMoV_M5 grouped with four other isolates 
from diverse hosts, from Mexico (SJ 8 

5), USA (Nicotiana clevelandii), Tanzania (Phaseolus vulgaris) and 
Zambia (Phaseolus vulgaris) (Fig. 7). The existing Kenyan PeMoV com-
plete genome clustered with the soybean isolates from South Korea 
(Fig. 7). The phylogenetic tree further showed a wide geographical 
distribution of the PeMoV with a diverse number of hosts (Fig. 7). 

3.5.5. Cauliflower mosaic virus 
The phylogeny of CaMV was based on ORF2 sequences. The three 

isolates identified in the current study clustered together with the 
publicly available CaMV complete genomes with 100% nodal support 
(Fig. 8). We obtained two major clusters, one cluster predominantly of 

Fig. 5. Phylogenetic tree denoting relationships among GRV isolates con-
structed based on GRV overlapping ORF3/ORF4 hypothetical protein. All the 
isolates from the current study are highlighted using black stars. The four major 
groupings are further distinguished using four different colour backgrounds. 

Fig. 6. Maximum-likelihood tree for Groundnut Rosette Virus – satellite RNA 
isolates based on nucleotide sequences. The clusters highlighted in blue, yellow 
and red comprise isolates from Ghana, Nigeria, Kenya and Malawi respec-
tively. Black stars highlight isolates from the current study. 
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mosaic viruses (6 out of 10), and the second cluster-comprised viruses 
from Dahlia, Lactuca sativa and Tanacetum cinerariifolium (Fig. 8). 

3.5.6. Cowpea polerovirus 2 
Phylogenetic analysis for the 11 CPPV2 isolates identified in the 

current study was based on polerovirus, CPPV2 CDC, read-through 

protein sequences and was done alongside 21 additional isolates from 
public databases. Three major clusters were identified, the first cluster 
predominantly of Cucurbit aphid-borne yellows virus (CABYV), the 
second of Phasey bean mild yellows virus (PBMYV) and the third of 
Cowpea Polerovirus 2 (CPPV2). Two other minor groupings were ob-
tained for members of the family Luteoviridae: GRAV isolates (GRAV 
SC7.1, GRAV SC7.2) and Chickpea chlorotic stunt virus (CpCSV) (Fig. 9). 
All isolates from the current study clustered with the publicly available 
Cowpea polerovirus, except Gem G23, which clustered with the PBMYV 
isolates. We also noted that our study isolates did not cluster based on 
the area of collection (Fig. 9). 

4. Discussion 

We explored groundnut leaf virome through a meta-transcriptomics 
approach and identified near complete and partial genomes of five vi-
ruses and a satellite RNA from symptomatic plant samples and an 
asymptomatic samples collected directly from groundnut fields in 
Western Kenya; Four of the viruses and a satellite RNA have RNA ge-
nomes (CPPV2, GRAV, GRV, satRNA, PeMoV) while one has DNA 
genome (CaMV). To the best of our knowledge, this is the first report of 
CaMV on groundnut samples in the world; and the second report of 
CPPV2 on groundnut fields in Western Kenya (Were et al., 2019). 

The total number of paired-end sequence reads generated in the 
study ranged from ~3.5 m to 29 m and averaged 12 m reads per sample. 
This data output is comparable to that generated in other studies 
involving groundnut virus surveys (Li et al., 2022) and soybean (Elmore 

Fig. 7. Maximum-likelihood tree for Peanut Mottle virus isolates based on the polyprotein sequence. Distinct coloured backgrounds denote the major grouping in the 
phylogenetic diagram, while the black star highlights the study isolate. 

Fig. 8. Phylogenetic tree denoting relationships among CaMV isolates con-
structed using the CaMV ORF2 sequences. All the isolates from the current 
study are highlighted using black stars. The cluster highlighted in red comprises 
isolates from the current study. 
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et al., 2022) but lower than reported in alfalfa (Medicago sativa L.) 
(Nemchinov et al., 2022). While conducting a more extensive groundnut 
viruses’ survey in the same region, Were et al. (2019) identified up to 20 
viruses using both ELISA and NGS approaches. Therefore, we cannot 
rule out the likelihood of additional or new viruses that may have gone 
undetected by our study because of lower sequence reads. However, our 
ability to detect the common and novel groundnut viruses from as low as 
3.5 million raw reads per sample suggests that the optimum number of 
sequence reads to recommend for any given study would depend upon 
the objective of the study, the host and the virus species (Mollov and 
Malapi-Wight, 2016). 

The first detection of CaMV and only the second detection of CPPV2, 
is significant and has several implications for future management of 
viral diseases of groundnut, ranging from the likely emergence of virus 
strains, the unreliability of existing virus detection methods and the 
potential widening of geographical distribution and increased host 
ranges for the viruses (Burrell et al., 2017; Dennehy, 2017). Though 
CaMV was not previously reported in groundnut, aphids transmit the 
virus, the same vector that transmits most groundnut viruses (NG and 
Perry, 2004). Furthermore, the most common vegetable in subsistence 
farms in Kenya is “Sukuma wiki”, Kale (Brassica oleraceae var. Ace-
phala), which is a host of CaMV (Spence et al., 2007). The groundnut 
samples used in the current study had been grown alongside other crops 
in an intercropping system having “Sukuma wiki” and other weedy 
plants, making cross-host infection by the same vector possible. The 
same case applies to CPPV2, which is also transmitted by aphids, and the 
main host, cowpea, is often grown alongside groundnut crops on 
farmers’ fields in western Kenya. 

Certain CaMV strains have been reported to infect members of the 
Solanaceae species in addition to the known Brassicaceae family (Haas 
et al., 2002). This is also not the first member of the Caulimovirus genus 
to infect groundnuts. The Peanut chlorotic streak virus (PCISV) was the 
first Caulimovirus isolated in a groundnut host (Reddy et al., 1993). 
Other than, in Kenya where CPPV2 has been reported twice, first by 
Were et al. (2019), elsewhere, CPPV2 has been detected only in cowpea 
plants (Palanga et al., 2017; Kwak et al., 2022). Given that groundnut is 
a host to several virus groups, we expect that more extensive viral 
metagenomics studies in the future will continue to detect additional 
novel viruses in groundnut and other hosts as well. 

We chose to collect samples from both symptomatic and asymp-
tomatic samples. Given the affliction of groundnut plants by several 
virus groups, it would be difficult to rely on a specific symptom for the 
detection of a virus infection. Coupled by the mixed infections from 
other not-so-obvious viruses such as CaMV and CPPV2, which are novel 
and likely to present different symptoms in the new hosts (Palanga et al., 
2017; Orakha et al., 2019; Bak and Emerson, 2020), our study confirms 
the ability of Next Generation Sequencing (NGS) for a more reliable 
diagnosis of virus infections in most crops. We also detected a viral 
contig (GRV) in one of the asymptomatic samples further supporting 
Okello et al. (2014) on the unreliability of using solely symptoms to 
identify virus infections in groundnuts. The lack of symptoms in a 
GRV-containing sample is not surprising, as we know that the presence 
of GRAV or GRV solely could result in mild to no symptoms (Waliyar 
et al., 2007). 

Virus diseases tend to be complex owing to different subtle in-
teractions that occur between/or among the concerned viruses, and the 

Fig. 9. Maximum-likelihood tree for CPPV2 virus isolates based on the CPPV2 read-through protein sequence. The distinct coloured backgrounds denote the major 
grouping in the phylogenetic diagram, while the black stars highlight the study isolates. 

D. Obonyo et al.                                                                                                                                                                                                                                 



Virology 593 (2024) 110011

9

host, in addition to other factors such as adaptation to the host, within- 
host interactions and the interaction between or among the viruses 
(Moreno and López-Moya, 2020). Our study reported different virus 
associations ranging from single to as many as five viruses in one sample. 
Multiple/mixed virus infections are remarkably common (Anitha et al., 
2014; Ferriol et al., 2020; Moreno and López-Moya, 2020; Singhal et al., 
2021; Were et al., 2019; Xu et al., 2022). GRAV, GRV and satRNA are 
known to exhibit synergistic interaction among themselves with GRAV 
contributing to the encapsidation of both GRV and satRNA, while 
satRNA is responsible for variance in symptomatology (Deom et al., 
2000). It is well known that satRNA is packaged with GRV and depends 
on GRV for its replication, (Taliansky et al., 2000). The sole occurrence 
of satRNA in one of our symptomatic samples is highly likely to be a case 
of missed detection of GRV, or GRV and GRAV. 

The occurrence of CaMV, CPPV2, GRAV, GRV and satRNA in mixed 
infections is not unique to our study and can be attributed to the fact that 
these viruses and satRNA are all transmitted by polyphagous aphid 
species (Bak and Emerson, 2020; Naidu et al., 1998, 1999; Okello et al., 
2014; Palanga et al., 2017). Cowpea polerovirus 2 belongs to the Pole-
rovirus genus, which has a wide host range, from cucurbits to cereals, 
and is transmitted by a wide range of aphid species found in four genera 
(Latourrette et al., 2021). Poleroviruses have often been found in mixed 
infections with other viruses (Moreno and López-Moya, 2020). Notably, 
CaMV, a Caulimovirus, has been reported in mixed infections with Turnip 
mosaic virus in other Brassicaceae hosts (Twardowicz-Jakusz et al., 
1999). The interactions in co-infection/mixed infection can either be 
synergistic antagonistic or neutral (Moreno and López-Moya, 2020; 
Syller, 2012). The specific interactions among the mixed infections 
remain to be determined and should be a priority in future studies. 

Peanut mottle virus was the only seed-borne virus (Demski, 1975) 
identified in our study, which further confirms the findings of a previous 
study (Were et al., 2019) in the same region. Groundnut farmers in 
western Kenya do not typically use certified groundnut seed, so the 
result is not surprising. Future studies will need to quantify and establish 
the actual cost of investment in certified seed by taking into consider-
ation the prevalence and extent of yield loss attributed to this seed-borne 
virus. 

The detection of five viruses in groundnut leaf samples collected 
from western Kenya further supports the suggestion that groundnut is 
one of the legumes with the highest number of infecting viruses (Sastry 
et al., 2019). Although the actual economic importance remains to be 
determined, the discovery of CaMV and CPPV2 in groundnut will likely 
add to the pressure on groundnut production. We suggest an extensive 
study in the same region to establish the effect of the viruses on the crop, 
either as sole or mixed infections. The nature of the various virus asso-
ciations detected in our study could reveal a greater intricate interaction 
and possibly reveal more viruses than reported. A recent review by 
Trebicki (2020) predicted increases in the severity of viruses through 
changes in hosts and vectors. 

The GRAV isolates in the study exhibited the closest identities with 
the majority of previously identified Kenyan isolates and were distinct 
from West African (Nigeria and Ghana) isolates. Our findings support 
those of Mabele et al. (2021) and Appiah et al. (2017) who reported 
similarities within specific geographical regions but could also be 
indicative of germplasm and seed sharing across specific regions. GRV 
isolates, on the other hand, formed distinct groups representing coun-
tries of origin and suggesting a different and potentially faster evolution 
pattern in comparison to GRAV. Earlier studies reported region-specific 
clustering of GRV and sat-RNA isolates in comparison to GRAV (Deom 
et al., 2000). Indeed, the satRNA clustering pattern was also 
country-specific in our study and mirrored that of GRV more than GRAV. 
These results indicate that a thorough characterization of the GRD 
agents will be necessary for a better understanding of their interactions 
towards disease symptoms across different environments. 

The clustering of different PeMoV isolates by host and by region 
further confirmed earlier results (Beikzadeh et al., 2015) and reflected 

the seed-borne transmission nature of the virus. The CaMV isolates from 
our study were highly similar (99%) in the nucleotide sequence and 
100% nodal support clustering with the reference CaMV (Franck et al., 
1980). The absence of major genetic variations among the CaMV isolates 
is evidence of CaMV genomic stability despite the change of host plants. 
However, a more exhaustive study would need to be done with signifi-
cantly more isolates from Kenya and other countries as well as other 
hosts to confirm the stability of their genome. The clustering of CPPV2 
virus contigs suggested that one of the viruses detected was potentially a 
PBMYV but will need to be further validated with complete genome 
sequences and more samples. According to Palanga et al. (2017), both 
PBMYV and CPPV2 have high genetic similarity and can form clusters 
with 100% bootstrap support in a phylogenetic tree drawn using the 
P1–P2 protein sequence. 

The meta-transcriptomics approach demonstrated in this study offers 
not only an easy but also a rapid way for the initial diagnosis of these 
groundnut viruses, shortening their diagnosis by pointing to the possible 
viral pathogen, which can be validated by other virus diagnostic 
methods. These findings offer a basis for the universal diagnosis of the 
six viruses together by providing an opportunity for designing primers 
for the development of suitable diagnostic assays for the simultaneous 
identification of the viruses. 

5. Conclusion 

In this study, we have demonstrated the use of the meta-tran-
scriptomics approach in the discovery and identification of six viruses on 
cultivated groundnut fields starting with as low as ~3.5 million raw 
paired-end sequence reads. The study further asserts that various virus 
associations are commonplace in groundnut plants grown in Western 
Kenya implying more intricate virus interactions not reported before. 
The majority of isolates for various viruses identified in the study have 
shown clustering reflecting geographical correlation and having close 
genetic identities. We proposed the use of the meta-transcriptomics 
procedures as an initial diagnostic procedure for the detection and 
identification of ground viruses. This approach is suitable for groundnut 
virus disease monitoring and surveillance in seed system development, 
exchange and breeding works given its capability for generic use. 
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Moreno, A.B., López-Moya, J.J., 2020. When viruses play team sports: mixed infections 
in plants. Phytopathology 110 (1), 29–48. https://doi.org/10.1094/PHYTO-07-19- 
0250-FI. 

Moretzsohn, M.C., Gouvea, E.G., Inglis, P.W., Leal-Bertioli, S.C.M., Valls, J.F.M., 
Bertioli, D.J., 2013. A study of the relationships of cultivated peanut (Arachis 
hypogaea) and its most closely related wild species using intron sequences and 
microsatellite markers. Ann. Bot. 111 (1), 113–126. https://doi.org/10.1093/aob/ 
mcs237. 

Mukoye, B., Mangeni, B.C., Leitich, R.K., Wosula, D.W., Omayio, O.D., Nyamwamu, P.A., 
Arinaitwe, W., Winter, S., A, M., W, K., 2015. First report and biological 
characterization of cowpea mild mottle virus (CPMMV) infecting groundnuts in 
western Kenya. Journal of Agri-Food and Applied Sciences 3 (1), 1–5. 

Naidu, R.A., Bottenberg, H., Subrahmanyam, P., Kimmins, F.M., Robinson, D.J., 
Thresh, J.M., 1998. Epidemiology of groundnut rosette virus disease: current status 
and future research needs. Ann. Appl. Biol. 132 (3), 525–548. https://doi.org/ 
10.1111/j.1744-7348.1998.tb05227.x. 

D. Obonyo et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.virol.2024.110011
https://doi.org/10.1016/j.virol.2024.110011
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref1
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref1
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref1
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref1
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref2
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref2
https://doi.org/10.5897/ajb11.398
https://doi.org/10.5897/ajb11.398
https://doi.org/10.1007/s00705-014-2139-7
https://doi.org/10.1007/s00705-014-2139-7
https://doi.org/10.1007/s40858-017-0140-x
https://doi.org/10.3389/fsufs.2020.00021
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref7
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref7
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref7
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1016/B978-0-12-375156-0.00010-2
https://doi.org/10.1016/B978-0-12-375156-0.00010-2
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref10
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref10
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref10
https://en.climate-data.org/location/11165-8/
https://doi.org/10.1094/phyto-65-917
https://doi.org/10.1111/nyas.13304
https://doi.org/10.1094/PHYTO.2000.90.3.214
http://africasoilhealth.cabi.org/wpcms/wp-content/uploads/2017/05/ASHC-English-Groundnut-A5-colour-lowres.pdf
http://africasoilhealth.cabi.org/wpcms/wp-content/uploads/2017/05/ASHC-English-Groundnut-A5-colour-lowres.pdf
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref16
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref16
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref16
https://doi.org/10.1186/s12985-022-01872-5
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref18
https://doi.org/10.3390/proceedings2020050094
https://doi.org/10.3390/proceedings2020050094
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref20
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref20
https://doi.org/10.15446/rfna.v69n2.59133
https://doi.org/10.15446/rfna.v69n2.59133
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref22
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref22
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref22
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref22
https://doi.org/10.1046/j.1364-3703.2002.00136.x
https://doi.org/10.1046/j.1364-3703.2002.00136.x
https://www.microbiologyresearch.org/content/ictv-virus-taxonomy-profiles
https://www.microbiologyresearch.org/content/ictv-virus-taxonomy-profiles
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref25
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref25
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref26
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref26
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref26
https://doi.org/10.1093/bioinformatics/bts611
https://doi.org/10.1016/j.virol.2009.03.024
https://doi.org/10.1093/molbev/msy096
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref30
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref30
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref30
https://doi.org/10.1038/nmeth.1923.Fast
https://doi.org/10.1038/nmeth.1923.Fast
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref32
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref32
https://doi.org/10.1093/bioinformatics/btw419
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref34
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref34
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref34
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref35
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref35
https://doi.org/10.1016/j.cropro.2020.105381
https://doi.org/10.1016/j.cropro.2020.105381
https://doi.org/10.1111/jph.12928
https://doi.org/10.1094/PHYTO-08-13-0229-R
https://doi.org/10.1094/PHYTO-08-13-0229-R
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref39
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref39
https://doi.org/10.1093/bioinformatics/btv697
https://doi.org/10.1093/bioinformatics/btv697
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref41
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref41
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref41
https://doi.org/10.1094/PHYTO-07-19-0250-FI
https://doi.org/10.1094/PHYTO-07-19-0250-FI
https://doi.org/10.1093/aob/mcs237
https://doi.org/10.1093/aob/mcs237
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref44
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref44
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref44
http://refhub.elsevier.com/S0042-6822(24)00032-1/sref44
https://doi.org/10.1111/j.1744-7348.1998.tb05227.x
https://doi.org/10.1111/j.1744-7348.1998.tb05227.x


Virology 593 (2024) 110011

11

Naidu, R.A., Kimmins, F.M., Deom, C.M., Subrahmanyam, P., Chiyembekeza, A.J., van 
der Merwe, P.J., 1999. Groundnut rosette: a virus disease affecting groundnut 
production in sub-saharan Africa. Plant Dis. 83 (8), 700–709. 

Nemchinov, L.G., Irish, B.M., Grinstead, S., Shao, J., Vieira, P., 2022. Diversity of the 
virome associated with alfalfa (Medicago sativa L.) in the U.S. Pacific Northwest. Sci. 
Rep. 12 (1), 1–14. https://doi.org/10.1038/s41598-022-12802-4. 

Ng, J.C.K., Perry, K.L., 2004. Transmission of plant viruses by aphid vectors. Mol. Plant 
Pathol. 5, 505–511. https://doi.org/10.1111/J.1364-3703.2004.00240.X. 

Nurk, S., Meleshko, D., Korobeynikov, A., Pevzner, P.A., 2017. metaSPAdes: a new 
versatile metagenomic assembler. Genome Res. 1 (27), 30–47. https://doi.org/ 
10.1101/gr.213959.116.4. 

Okello, D.K., Biruma, M., Deom, C., 2010. Overview of groundnut research in Uganda: 
past, present and future. Afr. J. Biotechnol. 9 (20), 2843–2850. https://doi.org/ 
10.5897/AJB09.013. 

Okello, D., Akello, L.B., Tukamuhabwa, P., Odong, T.L., Ochwo-Ssemakula, M., 
Adriko, J., Deom, C.M., 2014. Groundnut rosette disease symptoms types 
distribution and management of the disease in Uganda. Afr. J. Plant Sci. 8 (3), 
153–163. https://doi.org/10.5897/AJPS2014.1164. 

Omuto, C.T., 2013. Major soil and data types in Kenya. In: Developments in Earth Surface 
Processes, first ed., Vol. 16. Elsevier B.V. https://doi.org/10.1016/B978-0-444- 
59559-1.00011-6. 

Orakha, P.O., Were, H., Ndonga, M., Benard, M., 2019. First report of cowpea polero 
virus 1 (CPPV1) infecting cowpea in Kenya. Int. J. Genet. Genom. 7 (4), 123. https:// 
doi.org/10.11648/J.IJGG.20190704.16. 

Palanga, E., Martin, D.P., Galzi, S., Zabré, J., Bouda, Z., Neya, J.B., Sawadogo, M., 
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