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Abstract
Typically associated with fungal species, members of the viral family Totiviridae have recently been shown to be associated 
with plants, including important crop species, such as Carica papaya (papaya) and Zea mays (maize). Maize-associated 
totivirus (MATV) was first described in China and more recently in Ecuador, where it has been found to co-occur with other 
viruses known to elicit maize lethal necrosis disease (MLND). In a survey for maize-associated viruses, 35 samples were 
selected for Illumina HiSeq sequencing, from the Tanzanian maize producing regions of Mara, Arusha, Manyara, Kilimanjaro, 
Morogoro and Pwani. Libraries were prepared using an RNA-tag-seq methodology. Taxonomic classification of the result-
ing datasets showed that 6 of the 35 samples from the regions of Arusha, Kilimanjaro, Morogoro and Mara, contained reads 
that were assigned to MATV reference sequences. This was confirmed with PCR and Sanger sequencing. Read assembly of 
the six MATV-associated datasets yielded partial MATV genomes, two of which were selected for further characterization, 
using RACE. This yielded two full-length MATV genomes, one of which is divergent from other available MATV genomes.
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Introduction

Members of the viral family Totiviridae have been shown 
to infect a wide diversity of fungal genera and have been 
implicated in the “killer” phenotype of certain yeast strains 
[1]. They have also been hypothesized to modulate virulence 
in parasites, such as Leishmania, Trichomonas and Giardia 
[2] and shown to infect arthropod hosts, including mosquitos 
[3], ants [4] and shrimp [5]. More recently, members of the 
family Totiviridae have been detected in a number of plant 
species including Carica papaya (papaya) [6], Panax sp [7]. 
and Zea mays (maize) [8, 9]. Given the opportunities for 
transfer during fungal colonization, it is possible that Toti-
viruses were initially transmitted to maize via a fungal host 
species [10]. Totivirus genomes are double-stranded RNA 
molecules, typically non-segmented containing two open 
reading frames (ORF), with the 5′ proximal ORF encoding 
for a coat protein (CP) and the 3′ proximal ORF encoding for 
an RNA-dependant-RNA-polymerase (RdRp). Genome sizes 
vary in length from − 4000 to 8500 bp, based on publicly 
available sequences in GenBank. Maize-associated totivirus 
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(MATV) was first detected in China [8] and subsequently in 
Ecuador [9].

Maize leaf material was collected from 35 plants as part 
of a survey for maize-associated viruses in Tanzania [11]. 
Total RNA isolations were rRNA depleted, using a Ribo-
Zero rRNA Removal Kit—Plants (Illumina, San Diego, 
CA, USA). Tagged libraries were prepared according to 
the RNA-tag-seq protocol of Shishkin et al. [12] and were 
sequenced using an Illumina HiSeq2500 instrument (paired-
end; 2 × 125 nt) (Ilumina, San Diego, CA, USA) by the 
Agricultural Research Council—Biotechnology Platform 
(ARC-BTP).

Quality and adapter trimming was done using CLC 
Genomics Workbench 9 (Qiagen Bioinformatics, Aarhus, 
Denmark). Initial taxonomic identification of trimmed unas-
sembled reads was performed using the browser-based ver-
sion of Kaiju software package [13]. Six of the 35 NGS 
datasets suggested the presence of MATV, with between 
0.001 and 20.8% of virus-associated reads mapping to Toti-
virus references. CLC Genomics Workbench 9 was used to 
assemble contigs, with the de novo assembly function, using 
the following adjustable parameters: mismatch cost: 2, inser-
tion cost: 3, deletion cost: 3, length fraction: 0.5, similarity 
fraction: 0.7, global alignment: off, update contigs: on, mini-
mum contig length: 1000 base pairs (bp). The identities of 
the contigs were determined using BLASTx [14] and contigs 
showing homology to reference sequences within the Toti-
viridae family were analysed further.

Seven partial MATV genomes were generated and 
were assigned GenBank Accession Numbers MK037419 
– MK037425. Two complete/near complete genomes were 
generated from a single sample (16–0130). These genomes 
represent two distinct MATV strains, one of which shares 
a 99% nucleotide sequence homology to MATV-Ec from 
Ecuador (KT722800) [9] and is 5006 bp in length. The 
genome of this isolate has been named Maize-associated 
totivirus-1-Tanz (MATV-1-Tanz), with GenBank accession 
number MK066242. The other strain represents a divergent 
MATV strain, with a sequence length of 5583 bp and has 
been named Maize-associated totivirus-4-Tanz (MATV-
4-Tanz) and was assigned GenBank Accession Number 
MK066243.

The terminal nucleotides of the two near complete 
genomes derived from sample 16–0130 were confirmed 
using RACE-PCR. RACE-PCR products were cleaned-up 
using a Nucleospin® Gel and PCR clean-up kit (Mach-
erey–Nagel, Düren, Germany) and submitted to the ARC-
BTP Core facility (Agricultural Research Council—Biotech-
nology Platform, Pretoria, South Africa) for Illumina MiSeq 
sequencing. RACE contigs were generated using the de novo 
assembly tool within the CLC Genomics Workbench 9 suite. 
Whole-genome contigs of MATV-1-Tanz and MATV-4-Tanz 
were generated, using the Contig Assembly Program (CAP) 

assembly program” within BioEdit 7.1.3.0 [15], using the 
partial genome contigs and RACE-PCR contigs as input 
sequences.

The complete genomes generated from this study rep-
resent two divergent MATV strains that were obtained 
from the same plant. MATV-1-Tanz (MK066242) has a 
total genome length of 5006 bp with two non-overlapping 
ORFs (separated by 27 bp). ORF1 (115–2409 bp) encodes 
for a putative capsid protein of 764 amino acids (aa). 
ORF2 encodes for a putative RdRp of 834aa. The amino 
acid sequences of the putative coat-protein and RdRp gene 
products share a > 99.9% aa homology with the MATV 2 
isolate EC_Portoviejo strain (KT722800) from Ecuador. 
MATV-4-Tanz (MK066243) represents a divergent MATV 
strain with a total genome length of 5583 bp with ORF1 
and ORF2, sharing an overlap of 36 bp. The aa sequence of 
the putatively expressed coat protein of ORF1 shares a 35% 
aa identity with the homologous protein product of Panax 
notoginseng virus B (MF614102). The RdRp amino acid 
sequence shares a > 99% aa similarity with the cognate gene 
product of MATV 1 from South Sudan (MF372915).

Coat protein sequences derived from the contigs gener-
ated in this study, as well as references, were aligned using 
the “create alignment” function in CLC Genomics Work-
bench 9. MEGA 6.06 [16] was used for the determination 
of a best-fit model and the subsequent generation of a max-
imum-likelihood phylogeny (Fig. 1), using the LG matrix 
model and 1000 bootstrap replicates.

Separate RT-PCR assays were designed to target the two 
MATV strains from this study. MATV1 was targeted using 
the MATV1F/R primer pair (5′CTA​CCT​CCG​ATG​CAC​AAT​
GAG​TTC​3′/5′ GGA​TAG​AGT​GCG​CTT​GAC​GATG3′) and 
MATV4 was targeting using the MATV4F/R primer pair 
(5′ATC​GTA​GTG​TGT​CGT​TCA​CAGG3′/5′CAA​CAT​TAG​
ATC​GTC​TGC​CGACG3′). All primers have a Tm of 60 °C. 
Positive reactions for each primer pair/sample combination 
are listed in Supplementary Table 1. PCR products derived 
from samples 16–0111 and 16–0130 were submitted for 
bidirectional Sanger sequencing (Inqaba Biotechnical Indus-
tries, Pretoria, South Africa). The identity of each sequence 
was confirmed through alignment against the MK066242 
and MK066243 genome sequences.

This is the first report of MATV in Tanzania and the first 
formal report of the presence of the virus in Africa. The 
occurrence of MATV sequences on GenBank originating 
from Kenya, Ethiopia and South Sudan, however, suggests 
that the virus is widespread in East Africa. Prior to this 
report, the virus was detected in geographically disparate 
countries of China [8] and Ecuador [9], suggesting that the 
virus may have a worldwide distribution. The contribution of 
MATV to symptom expression in plants still requires further 
research. Redinbaugh [17] recently suggested that MATV is 
an MLND-associated virus, along with Maize yellow mosaic 
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virus (MaYMV). This trend was observed among the sam-
ples from this study, where Maize chlorotic mottle virus 
(MCMV), potyvirus and MaYMV associated-reads formed 
part of each viral population. Future research will require 
determining the ability of MATV strains to elicit symptoms 
as single viral isolates, its potential to act synergistically 
with other MLND-associated viruses and the mechanisms 
involved in its dispersal.
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