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Abstract

Maize and sugarcane are two economically important crops often grown
in adjacent fields or co-cultivated in the northern guinea savannah agro-
ecological zone, a major cereal production region of Nigeria. This study
was conducted to determine the prevalence of mosaic disease in sugar-
cane and maize fields in the northern guinea savannah agroecological
zone and to molecularly characterize the associated sugarcane mosaic vi-
rus (SCMV, genus Potyvirus) isolates. Surveys were conducted from
June to July 2015, and sugarcane mosaic disease (SCMD) incidence
was assessed across 21 farmer’s fields. Mean SCMD incidence varied
across states with ~82% (308/376), ~66% (143/218), and ~67% (36/54)
recorded in Kaduna, Kano, and Katsina states, respectively. RT-PCR anal-
ysis of 415 field-collected samples using genus-specific primers confirmed
potyvirus infection in 63.7% (156/245) of sugarcane, 29.7% (42/141) of
maize crops, and 45% (13/29) of itch grass samples. Cloning and

sequencing of gene-specific DNA amplicons from a subset of 45 sam-
ples (sugarcane = 33, maize = 9, itch grass = 3) confirmed their speci-
ficities to SCMV. Phylogenetic analysis of the partial gene sequences
showed that they all belong to a single monophyletic clade of SCMV.
These results were supported by analysis of complete polyprotein se-
quences of representative maize and sugarcane isolates from Nigeria.
Both isolates shared 94.9%/97.3% complete polyprotein nucleotide
(nt)/amino acid (aa) identities with each other and 75.2%/97.6% nt/aa
identities with corresponding sequences of global SCMV isolates.
The detection of identical populations of SCMV isolates in both crop
species and a weed host suggests possible vector mediated interspecies
spread within cereal landscapes in the study area with implications for
the integrated and sustainable management of SCMD in cereal crop-
ping systems in Nigeria.

Maize (Zea mays L.) and sugarcane (Saccharum officinarum L.)
(family Poaceae) are two economically important crops in Nigeria.
The former is grown primarily as a basic staple food crop for human
and livestock consumption, while the latter is produced as both a food
(chewing cane) and cash crop (sugarcane) in the country. Although
both crops are cultivated across all seven agroecological zones of
Nigeria, their production occurs predominantly in the northern
guinea savannah zone of the country encompassing states such as
Kaduna, Kano, and Katsina (Iken and Amusa 2004; USDA 2010).
Both sugarcane and maize play very important roles in the livelihood
of rural farmers, serving as main income sources.
Maize and sugarcane are often cultivated in adjacent fields, in

mixed cropping systems, or as rotation crops, thus providing oppor-
tunities for the perpetuation of common viruses infecting both crops.
Several diseases, including mosaic and streak disease caused by
viruses, affect sugarcane and maize production, but studies on the es-
timation of yield losses due to mosaic-inducing viruses infecting both
crops are generally lacking in Nigeria. However, studies elsewhere
have shown that Potyvirus-associated mosaic disease may cause se-
rious yield losses in maize and sugarcane crops (CABI 2018). Hence,
efforts by national and international research institutes with mandates

for both crops in Nigeria have focused on understanding the epidemi-
ology of virus diseases and the development of control strategies.
Among several viruses documented from maize and sugarcane

worldwide, the most economically important in Africa are causative
agents of maize streak and sugarcane mosaic diseases. However, pre-
vious studies of viral diseases of both crops in Nigeria have focused
largely on the widely prevalent maize streak disease, caused bymaize
streak virus (MSV; genus Mastrevirus; family Geminiviridae)
(Gordon and Thottappilly 2003; Oluwafemi et al. 2014). Besides
MSV, other so-called ‘‘African streak viruses’’ (AfSVs), including Sug-
arcane streak Reunion virus, Urochloa streak virus, Maize streak Re-
union virus, Axonopus compressus streak virus, and Sugarcane
chlorotic streak virus, have also been documented in maize plants and
other grass species showing streak symptoms (Oluwafemi et al. 2014;
Yahaya et al. 2017). These AfSVs are currently delimited to the conti-
nent of Africa and its adjoining islands. In a recent study, the maize-
adapted strain MSV-A was detected in sugarcane under field conditions
in Nigeria (Yahaya et al. 2017), suggesting that the sugarcane crop could
be epidemiologically important as a reservoir host for MSV.
Unlike maize streak disease, sugarcane mosaic disease (SCMD) is

widespread across all cereal-producing regions of the world (Silva-
Rosales et al. 2015). SCMD has been implicated in significant yield
losses of tons of cane and sucrose per hectare (Yao et al. 2017), with
most sugarcane genotypes being susceptible to the disease (Addy
et al. 2017; Thorat et al. 2015). SCMD also causes reduced grain
and forage yield of affected plants, and susceptible cultivars that be-
come infected early in the season may be barren (Leng et al. 2015).
The primary causative agent of SCMD is sugarcane mosaic virus
(SCMV; genus Potyvirus; family Potyviridae) (Silva-Rosales et al.
2015 and references therein). Other SCMD-causal viruses includeMaize
dwarf mosaic virus, Johnsongrass mosaic virus, Sorghum mosaic virus,
Zea mosaic virus, Pennisetum mosaic virus, and Cocksfoot strike virus
(Wu et al. 2012). SCMV and some of the SCMD-causal viruses may
also interact synergistically with Maize chlorotic mottle virus (genus
Machlomovirus; family Tombusviridae) to cause maize lethal necrosis
disease (synonyms corn lethal necrosis disease), an emerging debilitat-
ing disease of maize (Niblett and Claflin 1978; Wangai et al. 2012).
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The occurrence of SCMV in Nigeria has been serologically dem-
onstrated (Dangora et al. 2014; Muhammad et al. 2016; Yahaya et al.
2014), but information is lacking on the molecular characteristics of
field isolates of the virus. Studies from different cereal-producing re-
gions of the world have shown that SCMV exists as genetic variants
belonging to distinct phylogroups (Alegria et al. 2003; Gao et al.
2011; Gemechu et al. 2005; Ha et al. 2008; Xu et al. 2008). Hence,
it is important to further characterize field isolates of SCMV from
Nigeria to determine their genetic relationship to global isolates of
the virus. In addition, given the mixed cropping system nature of
the Nigerian northern guinea savannah agroecological zone, a com-
parative evaluation of SCMV isolates derived from sugarcane and
maize may provide epidemiological insights pertinent to developing
ecologically relevant control measures to tackle SCMD.
This study was conducted to determine the prevalence of mosaic

disease in sugarcane and maize fields in the northern guinea savan-
nah agroecological zone, to molecularly characterize field isolates
of the associated SCMV, and to determine the genetic relationships
between isolates of SCMV from Nigeria and global isolates of the
virus.

Materials and Methods
Field incidence of SCMD and provenance of samples. Surveys

were conducted from June to July 2015 in 21 farmer’s fields across
three leading cereal producing states of Kaduna, Katsina, and Kano

(Supplementary Figure S1). The survey sites were selected to include
farms that were frequently cultivated with sugarcane and/or maize.
SCMD incidence was assessed in each field on 30 to 32 plants that
were chosen on each of the two longest opposite sides of the field
and a diagonal, after every 20 to 30 steps (depending on the size of
the field) (Barnett 1986). Disease incidence per field was determined
as number of plants showing typical mosaic symptoms (Fig. 1) di-
vided by number of plants assessed, expressed as a percentage. How-
ever, leaf tissues were sampled from 18 to 19 randomly selected
plants per field (sugarcane = 245; maize = 141) for laboratory anal-
ysis. An additional 29 samples were collected from itch grass (Rott-
boellia cochinchinensis) growing within or in proximity to the
assessed fields due to virus-like symptoms observed on some of
the plants (Fig. 1B). This resulted in the collection of a total of 415
samples. Each sample was preserved dry on CaCl2 at room temper-
ature to be analyzed later.
Preliminary screening. Total RNA was extracted from each of

the 415 dried leaf samples using a modified CTAB method (Silva
et al. 2015) at the Virology and Molecular Diagnostics Laboratory
of the International Institute of Tropical Agriculture (IITA), Ibadan,
Nigeria. The RNA was suspended in 50 ml of RNase-free water and
stored at −20°C until use. Two microliters of 100 ng/ml RNA per
sample was used in a 12.5-ml one-step RT-PCR assay containing
0.2 mM of each universal potyvirid primers CIFor and CIRev (Ha
et al. 2008) targeting partial cylindrical inclusion (CI) gene of

Fig. 1. Virus-like symptoms observed on leaves of (A) sugarcane, (B) itch grass (Rottboellia cochinchinensis), and (C) maize in the northern guinea savannah agroecological
zone of Nigeria.
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potyviruses (Table 1), 0.2 mM of each dNTP, 1 U GoTaq DNA
Polymerase (Promega, USA), 12 U M-MLV reverse transcription
(Promega, USA), and 1× GoTaq Reaction Buffer (plus 1.5 mM
MgCl2). The thermal cycle conditions were 42°C for 30 min, 35 cy-
cles of 95°C for 5 min, and 35 cycles of 95°C for 30 s, 40°C for 30 s,
and 72°C for 45 s, and a final extension step of 72°C for 10 min. The
obtained DNA products were resolved in a 1.2% agarose gel in Tris-
Acetate-EDTA (TAE) buffer (pH 8.3) containing 0.05 ml/ml EZ-
Vision Blue Light DNA Dye (Amresco, USA), and visualized under
UV light using a Gel Doc EZ Imager (Bio-Rad, France). Samples
were scored as either potyvirus-positive or -negative based on an ap-
pearance of the expected ~700 bp DNA fragment.
DNA fingerprinting of potyvirus-positive samples. Based on

the results of the initial screening, dried leaf tissues from a subset
of 45 samples (sugarcane = 33, maize = 9, and itch grass = 3) were
shipped under permit from the U.S. Department of Agriculture-
Agricultural Research Service Plant Protection Quarantine (P526P-
14-04321) to the Texas A&M University (TAMU) AgriLife Re-
search and Extension Center facility in Weslaco, TX for further
analysis. The 45 samples were selected such that they were represen-
tative of the different plant species and field locations. Total nucleic
acids (TNA) was extracted from each dried leaf sample (Dellaporta
et al. 1983) and used as template for cDNA synthesis using random
hexamers, with the ThermoScript RT-PCR System (Thermo Fisher
Scientific, Waltham, MA, USA) as per manufacturer’s instructions.
Approximately 400 ng/ml cDNA aliquots per sample were subjected
to PCR using three pairs of degenerate primers. The primer pairs
HPFor and HPRev, and CIFor and CIRev (Ha et al. 2008) each target
a ~700 bp DNA fragment specific to the helper component protease
(HC-Pro) and cylindrical inclusion (CI) genes of potyviruses, respec-
tively, while primers NIb2F and NIb2R (Zheng et al. 2010) target a
~350 bp fragment of the nuclear inclusion b (NIb) gene of most poty-
viruses (Table 1, Supplementary Figure S2). Each 25-ml reaction
mixture contained 1× buffer withMgCl2 (Roche Diagnostics, Indian-
apolis, IN), 0.4 mM each forward and reverse primers, 0.2 mM
dNTPs, 5 U Taq polymerase (Roche Diagnostics, Indianapolis,
IN), and 2 ml cDNA aliquot. Amplicons of expected sizes were ver-
ified by resolving 10 ml PCR product aliquots, along with the 1 kb
Plus DNA ladder (Thermo Fisher Scientific), on 1.5% agarose gels
prestained with ethidium bromide. The gels were visualized under
a UV-transilluminator, and the gene-specific amplicons were gel-
eluted (Zymoclean Kit; Zymo Research, Irvine, CA). Each eluate
was ligated into pCR2.1 TOPO-TA vector (Thermo Fisher Scien-
tific) following the manufacturer’s instructions. The ligation prod-
ucts were used to transform One Shot TOP10 chemically
competent Escherichia coli cells (Thermo Fisher Scientific), follow-
ing which plasmid DNA was purified from positive recombinant
clones with the GenElute Plasmid Miniprep Kit (Sigma-Aldrich,

MO, USA). Two to three independent clones were sequenced per iso-
late in both orientations for each gene-specific DNA fragment us-
ing M13F/R primers. A consensus sequence was derived when all
isolate-specific independent clones from each genomic region
showed$99% nucleotide identities after pairwise comparisons were
performed with the BioEdit Sequence Alignment Editor version
7.2.5 (Hall 1999). The aligned gene-specific amino acid sequences
were phylogenetically analyzed along with corresponding sequences
of global SCMV isolates using the MEGA7 program (Kumar et al.
2016).
Complete genome characterization of representative maize

and sugarcane SCMV isolates from Nigeria. To further character-
ize SCMV isolates from Nigeria, one representative virus isolate
from sugarcane and maize each were selected based on results ob-
tained from the analyses of partial gene fragments which showed
very high sequence identities among SCMV isolates from Nigeria.
Complementary DNA samples from each of the two isolates were
subjected to PCR to amplify the near complete genome of SCMV
as four pieces of overlapping DNA fragments using virus-specific
primers (Table 1). The 25-ml PCR reaction volume for each reaction
consisted of 1× PrimeSTAR GXL buffer, 0.2 mM dNTPs, 0.2 mM
each primer, 1.5 U PrimeSTAR GXL DNA polymerase (Takara-
Bio USA, Inc., Mountain View, CA, USA) and 2ml of a 1:10 dilution
of the template cDNA. Thermal cycling conditions were 35 cycles of
98°C for 10 s, annealing 55°C for 15 s, and extension 68°C for 10 s/kb.
The correct size amplicons on a prestained (10 mg/ml ethidium bro-
mide) 1% agarose gel were excised and gel-eluted as described above.
Each eluate was A-tailed before cloning as previously described (Alabi
et al. 2016). Three plasmids with the correct size inserts per DNA
amplicon were isolated and initially sequenced in both directions with
theM13F/R primers as described above. Additional primers were used
to walk each plasmid DNA sample (data not shown) until the entire se-
quence fragment was completed. A consensus sequence was obtained
for each PCR fragment, and the putative near-full-length viral genome
was assembled from all four genome fragments using the CAP contig
assembly program of the BioEdit software (Hall 1999).
Sequence analysis, estimation of genetic distance, and test

for recombination.Multiple alignments were performed for the par-
tial gene sequences and the complete polyprotein nucleotide (nt) and
amino acid (aa) sequences with the program MUSCLE (Edgar 2004;
https://www.ebi.ac.uk/Tools/msa/muscle/), with default settings along
with corresponding sequences of 88 global SCMV isolates. The
complete polyprotein alignment files were used to generate sequence
identity matrices using the BioEdit program and for reconstruc-
tion of the phylogeny of global SCMV sequences with the MEGA7
program (Kumar et al. 2016) using the best fit substitution model
as described previously (Alabi et al. 2014). The estimates of evolu-
tionary divergences over sequence pairs (d) were calculated for

Table 1. Name, sequence, and genome position of oligonucleotides used for the amplification of partial and complete genome fragments of sugarcane mosaic
virus (SCMV) isolates analyzed in this study and their expected product sizes

Primer name Sequence (59 – 39)a Genome positionb Size (bp) Reference

HPFor TGYGAYAAYCARYTIGAYIIIAAYG 1441–1465 683 Ha et al. 2008
HPRev GAICCRWAIGARTCIAIIACRTG 2123–2101
CIFor GGIVVIGTIGGIWSIGGIAARTCIAC 3730–3755 683 Ha et al. 2008
CIRev ACICCRTTYTCDATDATRTTIGTIGC 4412–4387
NIb2F GTITGYGTIGAYGAYTTYAAYAA 7441–7463 350 Zheng et al. 2010
NIb2R TCIACIACIGTIGAIGGYTGNCC 7790–7768
SCMV-63F CAGATTGTAGTGAACGGCTCG 63–83 2,769 Gao et al. 2011
SCMV-2831R ACAGCGCCTAAATCTACG 2831–2814
SCMV-2711F ACCARTCATGGGCAGAWTTATC 2711–2732 2,640 Gao et al. 2011; modified
SCMV-5329R CCATGAGTTCTGACGGATCTTG 5350–5329
SCMV-5209F AATGGGTTGGTRTCCATGAT 5209–5228 2,350 Gao et al. 2011; modified
SCMV-7558R CTTCCGGCAACTTCTCAAGTA 7558–7538
SCMV-7408F GCAGCTCCATTGGAAACTTTG 7408–7428 2,167 Gao et al. 2011; modified
SCMV-9574R TGTCTCTTACCAGGAGACTCG 9574–9554

a N = A+C+G+T; V = A+C+G; R = A+G; W = A+T; Y = C+T; M = A+C; K = G+T; H = A+T+C; D = G+A+T; S = G+C; I = deoxyinosine.
b Nucleotide position based on SCMV isolate Brisbane (AJ278405) from Australia.
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the entire polyprotein amino acid dataset and for the within and be-
tween identified phylogroups using the JTT matrix-based model
(Jones et al. 1992), with rate variation among sites modeled with a
gamma distribution (shape parameter = 0.6) in MEGA7 (Kumar
et al. 2016). The complete polyprotein nucleotide sequence align-
ment file was scanned for putative recombination events involving
SCMV isolates from Nigeria since recombination has been reported
for other isolates of the virus (Moradi et al. 2016; Xie et al. 2016). The
suite of programs implemented in the RDP v.4.56 software (Martin
et al. 2005) was used to scan the complete polyprotein alignment file,
with Bonferroni correction. Default settings were used for each RDP
analysis with the exceptions that the linear genome option was se-
lected. Only events detected by at least five of the seven detection
methods, with strong statistical support (P# 0.05) were considered.

Results
SCMD prevalence. Typical mosaic symptoms were observed on

leaves of sugarcane (Fig. 1A), itch grass (Fig. 1B), and maize (Fig.
1C) plants encountered in farmer’s fields during the survey. Based
on visual assessment of symptoms, mean disease incidence varied
across states, with ~82% (308/376), ~66% (143/218), and ~67%
(36/54) recorded for Kaduna, Kano, and Katsina states, respectively.
Information gathered through informal interviews of farmers en-
countered during the survey indicated that, whereas there is a consen-
sus that presence of mosaic symptoms on maize and sugarcane plants
is linked to poor yield and quality attributes of both crops, many

farmers attributed the mosaic patterns to varietal properties (~43%
or 9/21) or nutritional imbalances (~10% or 2/21). The remaining
48% of farmers (10/21) have no opinion about the potential cause
of the observed mosaic symptoms. Eleven of 21 surveyed fields
(~52%) cultivated maize or sugarcane as monocrops, while the
remaining 10 fields (~48%) practiced mixed cropping whereby sug-
arcane is grown in mixtures with maize and/or other vegetable crops
such as tomato, peppers, or watermelon.
Potyvirus incidence and DNA fingerprinting of positive samples.

The ~700-bp product specific to the CI gene of most potyviruses was
successfully amplified byRT-PCR from ~51% (211/415) of samples, in-
dicating presence of aPotyvirus in the samples. Further analysis revealed
greater potyvirus incidence in sugarcane (~64% or 156/245) than in
maize (~30% or 42/141) samples. Thirteen (~45%) of 29 itch grass sam-
ples collected during the survey also tested positive by RT-PCR. Based
on these results, 45 samples (sugarcane = 33, maize = 9, and weed = 3)
were advanced for further molecular analyses.
DNA band of the expected size was successfully amplified from

each of the 45 samples with at least one of the three generic potyvirid
primer pairs (Table 1) in agreement with results of the initial screen-
ing. However, the three gene-specific primers varied in their relative
performance with the HC-Pro-specific primers yielding DNA band
of the expected size in ~76% (34/45) of samples, followed by the
NIb-specific primers (~71% or 32/45) and the CI-specific primers
(~42% or 19/45). BLASTN analysis of the derived gene-specific se-
quences confirmed their specificities to SCMV. The sequences have

Fig. 2. Unrooted neighbor-joining phylogenetic tree depicting evolutionary relationships among global isolates of sugarcane mosaic virus (SCMV) based on analysis of partial amino
acid sequences specific to A, helper component protease (HC-Pro), B, cylindrical inclusion (CI) protein, and C, nuclear inclusion B (NIb) protein. The analysis was performed with
the MEGA7 program (Kumar et al. 2016) using the Jones-Taylor-Thornton (JTT) evolutionary model (Jones et al. 1992) that best-fitted the sequence dataset. Bootstrap values
(1,000 replicates) are shown at the branch nodes and branches corresponding to partitions reproduced in <50% of bootstrap replicates were collapsed. The GenBank accession
number of each isolate is followed by the taxon ID, country of origin, and host plant (M or MZ = maize; S or SC = sugarcane). Sequences obtained in this study are in bold fonts.
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been deposited in GenBank under the accession numbers
KY807568-598 and MH790917-925 (partial HC-Pro), KY807599-
607 and MH790926-936 (partial CI), and KY807608-635 and
MH790937-946 (partial NIb). In pairwise comparisons, the partial
HC-Pro-specific sequences derived in this study were 94 to 100%
and 97 to 100% identical to each other at the nt and aa levels, respec-
tively. The partial CI-specific sequences derived in this study were 94
to 100% and 98 to 100% identical to each other at the nt and aa levels,
respectively. The partial NIb-specific sequences derived in this study
were 92 to 100% and 96 to 100% identical to each other at the nt and
aa levels, respectively. All partial gene-specific SCMV sequences
derived in this study clustered into one of the five phylogroups
(group V) reported earlier (Gao et al. 2011; Wang et al. 2010)
(Fig. 2). We detected an additional phylogroup VI formed by two
newly characterized SCMV isolates derived from Canna sp. (Fig.
2). Within group V, the maize, sugarcane, or itch grass SCMV se-
quences from Nigeria were intermingled regardless of the gene under
consideration (Fig. 2). These results suggest that SCMV isolates
from Nigeria are genetically identical regardless of their crop host
or sample location. Consequently, one isolate each from maize and
sugarcane were studied further via analyses of their near complete ge-
nome sequences.
Complete genome characterization of representative maize

and sugarcane SCMV isolates from Nigeria. The near complete
genome of SCMV was amplified as four pieces of overlapping
DNA fragments from one sugarcane (isolate NG-SC) and one maize
(isolate NG-MZ) sample. Size variations were observed in the near
complete genome length of both isolates such that the length of
NG-SC was determined to be 9,526 nt (GenBank accession no.
MH795798), while that of NG-MZwas 9,558 nt (GenBank accession
no. MH795797). Further analyses of both isolates revealed that each
contain the expected single large open reading frame (ORF) with a
putative ORF start at AUG (86-88 nt). However, whereas isolate
NG-SC encodes a polyprotein of 3,067 amino acids (nt 86…9289)
with an estimated molecular weight of 347.3 kDa, isolate NG-MZ
has a slightly larger polyprotein of 3,078 amino acids (nt 86…
9,322) with an estimated molecular weight of 347.9 kDa. The differ-
ence in genome length between the two isolates is due to the presence
of an extra 11 amino acid residue “GAKPAASGAGS” within the
carboxyl-terminus of the NIb protein of isolate NG-MZ. Both iso-
lates NG-SC and NG-MZ are similar in seven of the nine putative
protease cleavage sites based on comparison of their putative coding
region with the consensus protease recognition motifs in other
SCMV isolates (data not shown). Our attempts to verify the 5¢ and
3¢ extremities of both isolates with the SMARTer RACE 5¢/3¢ Kit
failed perhaps due to suboptimal RNA template quality. Thus, both
isolates are putatively missing 62 nucleotides in the 5¢ untranslated
region (UTR) and a poly(A) tail at their 3¢UTR based on homology
with complete SCMV isolates available in the databases.
Phylogenetic and recombination analysis of complete polyprotein.

Analysis of global SCMV isolates using complete polyprotein amino
acids sequences (This study = 2; GenBank = 88) revealed their segrega-
tion into six phylogroups (Fig. 3) similar to results obtained for the partial
gene-specific sequences (Fig. 2). Support for the existence of the six phy-
logroups could be found in the greater between-group genetic distances
(0.091 ± 0.006 to 0.184 ± 0.010) relative to within-group genetic dis-
tances (0.012 ± 0.002 to 0.043 ± 0.003). The overall genetic distance
was estimated to be 0.081 ± 0.003 (Supplementary Figure S3).
Using a stringent threshold of events detected by at least five of the

seven RDP4-implemented programs (Martin et al. 2005), a total of 20
acceptable putative recombination events were detected when the
aligned complete polyprotein sequences of global SCMV isolates
(This Study = 2; GenBank = 88) were scanned using the software
(Supplementary Table S1). Notably, one of the putative recombina-
tion events involved maize isolates NG-MZ (MH795797) from
Nigeria and EmbuG1 (MH205604) fromKenya as putative recombi-
nant sequences (Fig. 4). The event spanned the P1 and HC-Pro with
the potential major and minor parental sequences being maize iso-
lates Bomet G1 (MG932077) from Kenya and R3 (KF744390) from
Rwanda (Fig. 4). This phylogroup V specific putative recombination

Fig. 3. Unrooted neighbor-joining phylogenetic tree depicting evolutionary
relationships among global isolates of sugarcane mosaic virus (SCMV). The tree
was constructed using aligned complete polyprotein amino acid sequences of 90
SCMV isolates (This Study = 2; GenBank = 88). The phylogenetic analysis was
performed with the MEGA7 program (Kumar et al. 2016) using the Jones-Taylor-
Thornton (JTT) evolutionary model (Jones et al. 1992) that best-fitted the sequence
dataset. Bootstrap values (1,000 replicates) are shown at the branch nodes and
branches corresponding to partitions reproduced in <50% of bootstrap replicates
were collapsed. The GenBank accession number of each isolate is followed by the
taxon ID, country of origin, and host plant (MZ = maize; SC = sugarcane).
Sequences obtained in this study are highlighted.
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event was predicted by all the seven RDP4-implemented programs
with very strong statistical support. Thirteen of the 20 acceptable pu-
tative recombination events were interphylogroup events, while
seven involved isolates belonging to the same phylogroup. None
of the putative recombination events involved the Nigerian sugar-
cane isolate NG-SC (MH795798).

Discussion
Previous studies on the prevalence of cereal-infecting viruses in

Nigeria were limited to specific crop hosts and production areas
(Dangora et al. 2014; Muhammad et al. 2016; Yahaya et al. 2014).
In contrast, mixed cropping systems, in which maize (an annual crop)
is cultivated in the same or adjacent fields with sugarcane (a perennial
crop) are common in the cereal-producing northern guinea savannah
zone of Nigeria. Thus, it is important to gain a better understanding of
how field isolates of major viruses infecting multiple crops in the
same landscape compare genetically with each other and the poten-
tial epidemiological significance of their genetic relatedness.
We employed the concept of molecular epidemiology to unravel
the genetic relatedness of SCMV isolates from maize, sugarcane,
and a weed sampled from farmer’s fields across the northern guinea
savannah agroecological zone of Nigeria. The results show a high
prevalence of sugarcane mosaic disease across the study area and
the occurrence of SCMV in sugarcane, maize, and a weed host plant.
The results of this study confirmed previous reports of the serolog-

ical detection of SCMV in sugarcane samples obtained from the same
region (Dangora et al. 2014; Yahaya et al. 2014). The results also rep-
resent the first confirmed detection of SCMV in maize and Rottboel-
lia cochinchinensis (itch grass), a common weed growing in cereal
landscapes, in Nigeria. Interestingly, R. cochinchinensis was also re-
cently reported as a host toMaize yellow mosaic virus (Yahaya et al.
2017), suggesting that this perennial grass species may be a common
reservoir for multiple cereal-infecting viruses and could thus be play-
ing an important role in the epidemiology of these viruses. The cose-
gregation of SCMV isolates derived from different plant species in
the study area into a monophyletic clade would suggest cross-
species movement of the virus by one or more competent aphid vec-
tor species. Given the perennial growth habits of sugarcane and itch
grass, it is likely that both plant species are reservoir hosts of SCMV
and possibly its aphid vector(s) for initiation of disease epidemics in
maize crops during a given season. Further studies are needed to de-
termine the relative ability of different aphid vectors of SCMV to ac-
quire the virus from itch grass and transmit it to cultivated crops such
as sugarcane and maize.
Analyses of partial gene-specific sequences derived from the

HC-Pro, CI, and NIb proteins (Fig. 2) and the complete polyprotein
sequences (Fig. 3) revealed the segregation of global SCMV isolates
into six distinct phylogroups. These results agree to a large extent
with previous studies that reported the segregation of global SCMV
isolates into five well-defined phylogroups (Gao et al. 2011; Wang
et al. 2010). However, the detection of an additional phylogroup
VI consisting of two recently characterized SCMV genome se-
quences from Canna sp. in China (Figs. 2 and 3) suggests a more
complex evolutionary history of SCMV than was previously real-
ized. The analyses of genetic distances show that SCMV isolates
from Canna sp. are very distant to isolates from other host species,
suggesting a divergent evolution of the virus in this host plant. The
availability of more complete genome sequences of SCMV from
nongrass species will shed further light on the evolutionary aspects

of this virus as a precursor to interrogating the biological conse-
quences of the newly evolved sequence variants.
The comparative analyses of isolates NG-SC and NG-MZ de-

rived from sugarcane and maize plants, respectively, show that they
differ in the length of their polyprotein nucleotide and amino acid
sequences. Further analyses revealed the presence of an extra 11
amino acid residue “GAKPAASGAGS”within the 3¢-distal NIb se-
quences of NG-MZ. Interestingly, these extra amino acid resi-
dues have also been documented for other maize isolates of
SCMV from the African continent, including isolates from Rwanda
(KF744391-92), Ethiopia (KP772216 and KP860936), and Kenya
(MH205604). It is unknown what fitness advantage or cost the pres-
ence or absence of this residue confers on SCMV isolates, if any. Fu-
ture reverse genetic studies are needed to determine the biological
function of these extra residues.
The possibility that recombination may have contributed to the

evolution of SCMV isolates was suggested by Gao et al. (2011)
and later confirmed via genome-wide analysis of several isolates
(Moradi et al. 2016; Padhi and Ramu 2011; Xie et al. 2016). In the
latter studies, recombination events involving few SCMV isolates
were identified, leading the authors to conclude that recombination
is the major driving force in the evolution and emergence of new var-
iants of SCMV. Recombination analyses performed with complete
polyprotein sequences of all available GenBank sequences and iso-
lates derived in this study confirmed the recombinant nature of sev-
eral isolates identified in previous studies (Moradi et al. 2016; Padhi
and Ramu 2011; Xie et al. 2016). Additionally, the maize isolate
NG-MZ from Nigeria was also determined to have arisen out of a pu-
tative recombination event involving isolates belonging to phy-
logroup V (Fig. 4). Given that SCMV is neither transmitted via
true seeds nor mechanically transmitted, the only plausible explana-
tion for the recombinant nature of NG-MZ is that it arose via interac-
tions between two parental isolates that were coinoculated into a
single host plant by aphid-mediated transmission (Louie and Knoke
1975). The perennial nature of sugarcane and R. cochinchinensismay
provide greater opportunities for recombination among SCMV vari-
ants in contrast to the annually propagated maize plant. Regardless
of the origin of the putative recombinant SCMV isolates, our results
reinforce the notion that genetic recombination influenced the evolu-
tion of natural SCMV populations more greatly than was previously
realized, in line with the observations made about the recombination-
prone nature of positive-sense RNA viruses (Chare and Holmes
2004). Interestingly, Silva-Rosales et al. (2015) also alluded to the
occurrence of widespread recombination events in SCMV genomes
from five continents based on their yet-to-be published data.
In conclusion, the results obtained in this study have practical im-

plications for cereal cropping systems in Nigeria, and possibly other
sub-Saharan African countries, where co-cultivation of sugarcane
with maize and other cereals occurs in the same or adjacent fields.
The observation that many farmers lack awareness of virus diseases
in cereal crops is disturbing. Hence, there is need for greater invest-
ment in extension plant pathology support for farmers within the re-
gion to educate them on the importance of virus diseases, recognition
of virus symptoms, practice of good crop rotation, avoidance of
mixed cultivation of susceptible host plant species, and control of
grass weed species that may serve as virus reservoirs. These key in-
gredients, along with the cultivation of disease-resistant or -tolerant
cultivars, will be pivotal for an integrated and sustainable manage-
ment of SCMD in Nigeria.

Fig. 4. Putative recombination event in the genome of sugarcane mosaic virus (SCMV) isolate NG-MZ (GenBank accession no. MH795797). The potential major and minor parental
sequences are isolates Bomet G1 (MG932077) from Kenya and R3 (KF744390) from Rwanda. The event was detected by seven RDP4-implemented programs (Martin et al. 2005)
with very strong statistical supports (P # 3.766 × 10−08).
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Supplementary Table 1. Putative recombination events involving isolates of sugarcane mosaic virus (SCMV) based on the analysis 
of 90 complete polyprotein sequences of the virus (GenBank = 88; This Study = 2; see Fig. 3). Only events detected by five of the 
suites of programs implemented in the RDP v.4.56 software (Martin et al. 2005), with good statistical support (P ≤ 0.05) were 
considered acceptable. 
 
Event 
#a 

Putative recombinantb Putative parentalsb Site Detected 
byc 

P-valuec 

  Major Minor    
1 HZ6-CN-MZ [I] FP5-CN-MZ [I] HZ8-CN-MZ 

[IV] 
2658 - 9192 RGBMCST 8.377 × 10-57 

2 FP1-CN-MZ [I] HY8-CN-MZ [I] SX5-CN-MZ 
[IV] 

4304 - 8000 RGBMCST 2.424 × 10-31 

3 LZ1, LZ2, YL9, HY9, FP5, 
HY8, HY7, YL12, FP2, 
HZ6, FP1-CN-MZ [I] 

Zhejiang-CN-MZ [I] GD-CN-MZ 
[II] 

1787 - 4929 RGBMCST 1.555 × 10-04 

4 YL9, HY9, FP5, HY8, HY7, 
YL12, FP2, FP1-CN-MZ [I] 

SX5-CN-MZ [IV] LZ1-CN-MZ 
[I] 

8001 - 9109 RGBMCST 2.640 × 10-31 

5 G3-Bomet-Kenya-MZ [V] Elgeyo Marakwet G1-
Kenya-MZ [V] 

HZ8-CN-MZ 
[IV] 

7952 - 9192 RGBMCST 1.921 × 10-25 

6 ZRA, NRA-Iran-MZ [III] G3-Bomet-Kenya-MZ 
[V] 

Brisbane-
Australia [III] 

1266 - 7790 RGBMCST 1.401 × 10-08 

7 JAL1-Mexico-MZ, 
Kiriyanga-Kenya-SrGm [I] 

VER1-Mexico-MZ [I] Ohio-USA-MZ 
[V] 

8260 - 9127 RGBMCST 1.162 × 10-11 

8 Kiriyanga-Kenya-SrGm [I] Seehausen-Germany-
MZ [I] 

Embu G1-
Kenya-MZ [V] 

7948 - 8259 RGBMCS 1.181 × 10-08 

9 F3S2, F2S1-Ethiopia-MZ [I] Kiriyanga-Kenya-SrGm 
[I] 

Embu G1-
Kenya-MZ [V] 

5396 - 7947 RGBMCST 4.977 × 10-28 

10 F3S2, F2S1-Ethiopia-MZ [I] Seehausen-Germany-
MZ [I] 

Embu G1-
Kenya-MZ [V] 

7955 - 9139 RGBMCST 2.757 × 10-20 

11 NG-MZ, Embu G1-Kenya-
MZ [V] 

Unknown (Bomet G1-
Kenya-MZ) [V] 

R3-Rwanda-
MZ [V] 

23 - 2059 RGBMCST 3.766 × 10-08 

12 ARG-915-Argentina-SC [III] Unknown (Brisbane) 
[III] 

ARG-1662-
Argentina-SC 

261 - 5427 RBMCST 1.772 × 10-02 



[III] 
13 ZRA, NRA-Iran-MZ [III] Unknown (GD-CN-MZ) 

[II] 
FZ-C1-CN-
SC [III] 

8039 - 9151 RGBMCST 1.884 × 10-11 

14 SX3, SX2-CN-MZ [IV] YL8-CN-MZ [IV] Yunan-CN-
MZ [IV] 

5012 - 7528 RGBMCST 7.453 × 10-13 

15 Kiriyanga G2-Kenya-MZ [I] Bomet G1-Kenya-MZ 
[V] 

Kiriyanga-
Kenya-SrGm 
[I] 

20 - 5956 RGBMST 2.614 × 10-35 

16 HN, SD-CN-MZ [I] Sp-Spain-MZ [I] CD4-CN-MZ 
[I] 

4853 - 9192 RGBST 7.391 × 10-03 

17 Beijing-CN-MZ [I] HN-CN-MZ [I] Zhejiang-CN-
MZ [I] 

1674 - 3592 RGBMCST 4.093 × 10-15 

20 SX-CN-MZ [I] JAL1-Mexico-MZ [I] Sp-Spain-MZ 
[I] 

2978 - 9126 RGBST 8.448 × 10-13 

21 YL9, HY9, FP5-CN-MZ [I] SX5-CN-MZ [IV] FP2-CN-MZ 
[I] 

4304 - 7132 RGBMT 1.260 × 10-22 

22 NXZN2, NXZ7272, NXA1-
CN-MZ [I] 

SX-CN-MZ [I] Zhejiang-CN-
MZ [I] 

5460 - 8886 RGBMCST 2.683 × 10-18 

 

aEvent #s 18 and 19 are not listed because they did not meet the threshold of events detected by at least five of the seven RDP4-
implemented programs. 
bM = maize; SC = sugarcane; CN = China. The phylogroup to which the isolates belong are provided in square brackets []. 
cThe different recombination detection used in the RDP4 analyses are R, RDP; G, GENECONV; B, BOOTSCAN; M, MAXCHI; C, 
CHIMAERA; S, SISCAN; and 3S, 3SEQ. P-values are shown only for methods with the least level of statistical significance (bold 
font). 
 
 



Supplementary Figure 1. The map of Nigeria (top left corner) showing the northern guinea savannah study area (red rectangular box). The sampled farmer’s fields are marked on
the enlarged abridged map.



Supplementary Figure 2. (A), Genome map of sugarcane mosaic virus (SCMV) depicting the positions of different open reading frames (ORFs) as colored boxes. The map is
drawn based on the complete genome sequence of SCMV isolate Ohio (JX188385). Details of protein abbreviations are available in Adams et al. (2012). (B), Agarose gel
electrophoresis of gene-specific RT-PCR products. Potyvirid generic primers (Ha et al. 2008; Zheng et al. 2010) specific to a portion of the helper component protease (HC-
Pro), cylindrical inclusion (CI) protein and nuclear inclusion replicase (NIb) gene coding sequences were used to amplify 683, 683 and 350 base pair (bp) DNA fragments
(lanes 1 to 3, indicated by arrows), respectively, from each isolate. M, 1Kb Plus DNA Ladder (Thermo Fisher Scientific); –, sample from SCMV-negative sugarcane; and +,
sample from SCMV-positive sugarcane.



Supplementary Figure 3. Estimates of genetic distances over complete polyprotein sequence pairs of sugarcane mosaic virus (SCMV). The analysis was performed for the overall
dataset and for within or between phylogroups identified in Fig. 3. All analyses were conducted in MEGA7 (Kumar et al. 2016) using the JTT matrix-based model (Jones et al. 1992)
and the rate variation among sites was modeled with a gamma distribution (shape parameter = 0.6). The analysis involved 90 complete polyprotein amino acid sequences (This
Study = 2; GenBank = 88; see Fig. 3). All positions containing gaps and missing data were eliminated.
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