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Abstract Sugarcane mosaic virus (SCMV) one of the
causative viruses of mosaic disease in sugarcane occurs
in sugarcane growing countries worldwide. India is the
second largest sugarcane producing country and ge-
nome of SCMV from India has not been characterized
so far. Hence detailed studies were carried out to char-
acterize the virus isolates based on its complete genome.
Comparative genome analyses of five new isolates were
performed with previously reported SCMV full genome
sequences of isolates infecting sugarcane, maize, sor-
ghum and Canna. Sequence identity matrix and phylo-
genetic analyses clearly represented that Indian isolates
are closely related to sugarcane infecting isolates report-
ed from Australia, Argentina, China and Iran and they
diverged as a separate subgroup from other reported
maize infecting isolates from Mexico, China, Ohio,
Spain, Germany, Iran, Ethiopia, Kenya and Eucador.
Selection pressure analysis clearly depicted the predom-
ination of strong purifying selection throughout the viral
genome, and strongest in CI andHC-Pro gene. Evidence
for few positively selected sites was identified in all the

cistrons except in 6 K1 and Nib rep. Among the geno-
mic region, CI gene has exhibited comparatively more
recombination hotspots followed by HC-Pro unlike oth-
er reported isolates. As the cultivation of sugarcane first
originated in India, our results from the recombination
events strongly suggest that Indian SCMV populations
contribute for the emergence of upcoming new recom-
binant SCMV isolates not only within the sugarcane
isolates but also with maize infecting isolates of SCMV
in other countries irrespective of geographic origin and
host type.
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Introduction

Sugarcane (Saccharum spp. hybrid) is considered to be
one of the major food and energy crops grown in many
tropical and subtropical countries. Mosaic disease occurs
throughout the sugarcane sugarcane growing across the
globe and causes considerable yield losses in different
countries (Koike and Gillespie 1989). Mosaic disease of
sugarcane is associated by three viruses viz., Sugarcane
mosaic virus (SCMV), Sugarcane streak mosaic virus
(SCSMV) and Sorghum mosaic virus (SrMV) (Grisham
2000; Viswanathan et al. 2007). SCMV and SrMV be-
long to Potyvirus genus, which is the largest member of
plant viruses. As sugarcane is vegetatively propagated for
commercial cultivation, transporting virus infected setts
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favours the spread of mosaic disease in the field. More-
over aphids play a predominant role in transmission of
SCMV from infected to healthy plants. SCMV is known
to be most prevalent in infecting sugarcane, sorghum and
maize. In India, the presence of this disease in sugarcane
was first reported nearly a century ago (Barber 1921),
since then it widely prolonged its adaptation in all the
sugarcane growing zones of India. Despite, mosaic is less
concerned in some countries, its severe epidemic out-
breaks gained the attention of sugarcane researchers to
focus on its genome biology owing to its substantial yield
loss. The only effective way to control sugarcane mosaic
or any virus diseases has been the use of resistant culti-
vars (Xia et al. 1999). Previously there is a general
opinion among sugarcane workers that mosaic does not
cause any extensive damage to the crop (Chona and
Rafay 1950). However, the economic losses depend on
varietal susceptibility, virus strain, its interaction with
other diseases, vector population, and environmental
conditions (Goodman 1999). In the mid-1920s, the dis-
ease caused frequent epiphytotics in Argentina, Cuba,
USA and Brazil and threatened the sugar industry
(Koike and Gillespie 1989), and 40–50% yield losses in
South America were reported (Costa and Muller 1982).

Whole genome characterization of viruses help in
understanding the viral evolution, diversity and the host
pathogen interaction. Recent studies on plant viruses
emphasize not only on determining primary sequences
but also in depth study is carried out to gain insight into
the selection pressure analysis and detection of recombi-
nation events. Numerous studies of viral evolution have
addressed the role of positive Darwinian selection, par-
ticularly selection exerted by the host immune system
favouring the evasion of immune recognition (Hughes
and Hughes 2007). On the other hand, there is also
abundant evidence that purifying selection which acts
to eliminate deleterious mutations and that play an im-
portant role in the evolution of viruses (Hughes and
Hughes 2005). Recombination refers to the formation
of chimeric molecules from parental genomes of mixed
origin and which can be important for evolution, com-
monly occurs with RNA viruses (Simon and Holmes
2011). Identifying recombination events in rapidly mu-
tating viruses are considered to be pivotal which have a
profound influence on evolutionary rates. Phylogenetic
tree drawn from multiple sequence alignment of full
length sequences is a powerful mirror for studying the
evolution of viruses. Single phylogenetic tree cannot
robustly reveal the recombination events that affect the

evolution of homologous sequences. Earlier characteri-
zation based on partial coat protein (CP) sequences was
done as the first attempt to identify the SCMVpopulation
representing both tropical and subtropical India by mo-
lecular approaches and observed high level of genetic
variability among Indian isolates (Viswanathan et al.
2008, 2009). However, there was a need to critically
analyse genetic structure and evolution of SCMV popu-
lations prevailing in India to define full length genomic
sequences. Hence we have taken up detailed studies to
determine full length sequences of five different SCMV
isolates from India and addressed the information on
evolutionary lineage and recombination hotspots in Indi-
an population in comparison with the already available
sequences in the GenBank. The outcome of the results
clearly depict that Indian isolates actively participate in
contributing for the emergence of new recombinant iso-
lates not only within India but also across the countries.

Materials and methods

Sample collection and RNA extraction

Varying phenotypic symptom expressions of mosaic
disease on different varieties, parental clones and germ-
plasm maintained at hybridization blocks by Sugarcane
Breeding Institute (SBI) at Coimbatore (NE) and Agali
(Kerala). Following varieties (CoC 671, CP 5268,
CoN 05072, CoSi 776) and clone (UB 1), exhibiting
distinct mosaic symptoms were selected for complete
genome determination. The collected leaf samples were
stored in −80 °C until processing. Total RNA was ex-
tracted from the lamina and midrib using TRI reagent
(Sigma, USA) following the manufacturer’s protocol.
The extracted RNA was dissolved in a final volume of
40 μl sterile milliQ water and stored at −20 °C. The
quality of RNAwas checked in a 1.5% agarose gel.

RT-PCR assay

The RNA was reverse transcribed using RevertAid H
minus First Strand cDNA Synthesis Kit (MBI
Fermentas, USA). PCRwas carried out using diagnostic
SCMV CP primers SCMV-380F and SCMV-380R
(Viswanathan et al. 2013) to confirm the presence of
SCMV in the synthesized cDNA following the manu-
facturer’s protocol in a thermocycler (Mastercycler gra-
dient, Eppendorf, Germany). The primers were
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designed by aligning the available SCMV complete
genome sequences in GenBank at the time of study.
Only eight full genome sequences were available during
the study period. The isolates were SCMV Brisbane,
SCMV Mexico, SCMV Spain, SCMV SX, SCMV He-
nan, SCMV SD, SCMV China1 and SCMV Beijing.
Consensus sequence was generated from the eight avail-
able sequences using the software BioEdit and eight
overlapping primers were designed (Supplementary
Table 1). PCR reaction was performed with
2μl cDNA, 2.5 μl of 10X PCR buffer containing
15 mM MgCl2, 0.5 μl of 10mM dNTP mix, 10 pmol
each of forward and reverse primers,1.25 units of Taq
DNA polymerase (Merck, Mumbai, India), and sterile
milliQ water to the final volume of 25 μl. The PCR
reaction was performed with initial denaturation at 94°C
for 3 min, 30 cycles of 94°C for 30 s, 60°C for 30 s, and
72°C for 1 min and a final extension of 72°C for 10 min
in the same thermocycler. Amplicons were visualized by
electrophoresis on 1.6% agarose gels stained with
Ethidium bromide.

Cloning and sequencing of RT-PCR amplicons

RT-PCR products of each fragment were eluted from low
melting agarose gel (1.6%) using Gen- Elute Gel Extrac-
tion Kit (Sigma, USA). The eluted PCR products were
ligated into pTZ57R/T vector (MBI Fermentas, USA) and
then used to transform in E. coliDH5α. More than twenty
white colonies were obtained during cloning along with
blue colonies. Ten white colonies were randomly picked
and were subjected to PCR for confirmation of positive
recombinant clones. Out of them five were taken for
plasmid extraction using GenElute™ Plasmid Miniprep
Kit (Sigma, USA). Restriction digestion was carried out
for all the five samples to confirm the release of target
fragment from the isolated plasmid. Positively confirmed
clones of each virus isolate were sequenced
by bidirectional sequencing to eliminate potential sequence
heterogeneity introduced by Taq DNA polymerase
(Bioserve Biotechnologies, Hyderabad, India).

Sequence alignment and phylogenetic analysis

The full-length genomic sequences of the 5 isolates
were assembled from eight overlapping fragments using
the software BioEdit version 7.0.4.1 (Hall 1999). Full
length sequences generated in this study, were compared
with 87 SCMV sequences from the database and the

sequence identity matrices were generated. Multiple
alignment was done using Mega X software (Kumar
et al. 2018) for the construction of phylogenetic tree
with the help of Neighbor-Joining method. Bootstrap
analysis with 1000 replicates was performed to evaluate
the significance of the interior branches.

Recombination and selection pressure analysis

Potential recombination events were identified using
two algorithms: genetic algorithm for recombination
detection (GARD) that yields the best Akaike Informa-
tion Criteria (AICc); a measure of the goodness of fit
and the single breakpoint recombination (SBP) in
Datamonkey server (Pond and Frost 2005). Recombi-
nation events, likely parental isolates of recombinants,
and recombination break points were analyzed using the
RDP, GENECONV, Chimaera, MaxChi, BOOTSCAN,
SISCAN and 3Seq methods implemented in the RDP4
program with default settings (Martin et al. 2015). The
reliability of the results were cross checked with Re-
combination Analysis Tool (RAT) (Etherington et al.
2005). Purifying and diversifying selection affecting
the sites from multiple sequence alignments were statis-
tically tested by the fixed-effects likelihood methods
such as single likelihood ancestor counting
(SLAC), fixed effects likelihood (FEL), random effects
likelihood (REL) and internal fixed effects likelihood
(IFEL) were available from Datamonkey server
(Delport et al. 2010). These methods would allow iden-
tification of codons undergoing positive selection and
removes the assumptions about the demographics asso-
ciated with other statistical selection tests (Cavatorta
et al. 2008). Evidence of episodic diversifying selection
were identified using mixed effects model of episodic
selection (MEME) an approach to test the hypothesis
whether the individual sites have been subject to posi-
tive or diversifying selection implemented in the HyPhy
program (hypothesis testing using phylogenies) in the
Datamonkey server.

Results

RT-PCR assays

RT-PCR assays of RNA isolated from five SCMV in-
fected varieties/clones CoC 671, CP 5268, UB 1,
CoN 05072 and CoSi 776 with diagnostic primers
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amplified the target CP region of 380bp and that con-
firmed the presence of SCMV in all the isolates. Eight
amplicons of expected sizes of SCMV genome frag-
ments were amplified using the overlapping primers
designed for the study.

Full-length genome assembly

The Indian SCMVisolates of this study were designated
as SCMV-IND (Table 1). Graphical representation of
whole sequence of SCMV IND671 is given in the Fig.
1. The whole sequence lengths were 9574, 9570 and
9519 nt respectively for SCMVIND671, SCMV
IND5268 and SCMV INDUB1. The isolates SCMV
INDN05072 and SCMV INDSi776 had a total length
of 9573 excluding polyA tail. The total amino acid
length was found to be 3064 for SCMV IND671,
SCMV INDN05072 and SCMV INDSi776. The respec-
tive aa length for IND5268 and INDUB1were 3063 and
3046. Individual length of the ten cistrons and their
positions were given in the Table 2. The differences in
length were due to the deletions in the CP genome
(Supplementary Fig. 1). The recently discovered puta-
tive protein BPretty Interesting Potyviridae^ PIPO was
also found with a frame-shifting motif of G2A6 within
the P3 protein gene in all the five isolates. N-terminal
K54ITC57 motif is found to be conserved in all SCMV
HC-Pro except in Indian isolate INDSi776, it is replaced
as IIAC where lysine is substituted with isoleucine and
threonine is replaced by alanine and P312TK313 motif is
conserved in all the isolates (Supplementary Fig. 2).

Phylogenetic analyses

Phylogenetic analyses of full length nucleotide se-
quences revealed that the SCMV isolates were diverged
into three distinct groups. Group I consisted of SCMV
isolates infecting various crops like sugarcane, maize,
sorghum and Canna. It was further divided into Group
IA, Group IB and Group IC (Fig. 2). Group IA consisted
of 5 Indian (SCMV IND671, SCMV INDUB1, SCMV
IND5268, SCMV INDSi776 and SCMV INDN05072),
1 Australian (SCMV Brisbane), 2 Argentinean (SCMV
ARG1662, SCMV ARG915, 1 Iranian (SCMV NRA)
and 2 Chinese isolates (SCMV FZ-C1 and SCMV FZ-
C2) infecting the host sugarcane. However, SCMV
ZRA isolated from maize shared a sister taxon with
SCMV NRA isolated from sugarcane formed another
separate clade from the rest of the isolates within group

A is the exception. Group IB consisted of all SCMV
isolates infecting the host maize. Similar to the case in
group A, four Chinese isolates viz., SCMV Yuhang,
SCMV Xiangshan, SCMV Lingpin and SCMV China1
isolated from sugarcane were placed in group B. Group
1C consisted of two Chinese isolates viz., SCMVCanna
Taian and SCMV Canna Jinan isolated from Canna.
Group III and IV consisted of MDMV and SrMV iso-
lates. The grouping of five new isolates clearly revealed
that they were clustered together based on the geograph-
ic origin. Their close relationship with Australian, Ar-
gentinean, Iranian and Chinese isolates was found to be
purely based on host specificity. Hence the grouping
pattern of the isolates was found to be a combined effect
of host specificity and geographic origin of the isolates.

Selection pressure analyses

The rate of (dS) synonymous and (dN) non-
synonymous substitutions were estimated for all
the protein coding DNA sequences individually
using Datamonkey server (Table 3). Codons of CP
followed by P1 were under weaker purifying selec-
tion with mean dN/dS ratios 0.2912 and 0.1761,
respectively when compared to the other eight pro-
teins. Whereas, codons of CI gene undergo strong
purifying selection followed by HC-Pro with mean
dN/dS ratio 0.0264 and 0.0351, respectively. How-
ever, the rate of synonymous substitutions did not
exceed the rate of non-synonymous substitution
throughout the genomic regions indicating the pres-
ence of purifying selection pressure. The genes viz.,
P1, HC-Pro, P3, CI, Nia-VPg and CP were identi-
fied with the evidence of positively selected sites by
four different methods SLAC, FEL, IFEL and REL.
P3 gene had the highest positively selected sites
numbering 20 identified by REL followed by CP
with 5 positively selected sites identified by FEL
and IFEL. MEME model identified 28 codon sites
with evidence of diversifying selection in the CP
region (Table 3). In conclusion, P3, CP and VPg
had the highest positively selected sites identified by
REL and MEME models. Among the 10 protein
coding genes 6 K1 and Nib rep did not show any
evidence of diversifying selection. Hence these
genes may play a critical role in maintaining the
structural and functional integrity for viral fitness
in the stressful environment exerted by the host.
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Table 1 List of SCMV isolates from India and other countries taken for the study and their GenBank accession numbers

Strain or isolate Variety/clone Origin of cultivar Host GenBank
accession no

Reference

SCMV IND671 CoC 671 Cuddalore, Tamil Nadu, India Sugarcane KT719175 This study

SCMV IND5268 CP 52–36* Coimbatore, Tamil Nadu, India Sugarcane KT719176 This study

SCMV INDUB1 UB1* Agali, Kerala, India Sugarcane KT719177 This study

SCMV INDSi776 CoSi 776 Sirugamani, Tamil Nadu, India Sugarcane KT719178 This study

SCMV INDN05072 CoN 05072 Navasari, Gujarat, India Sugarcane KT719179 This study

SCMV Brisbane – Australia Sugarcane AJ278405 Pickering et al. 2005 (unpublished)

SCMVARG 1662 – Argentina Sugarcane JX237862 Gomez et al. 2012 (unpublished)

SCMVARG 915 – Argentina Sugarcane JX237863 Gomez et al. 2012 (unpublished)

SCMV NRA – Iran Sugarcane KT895081 Moradi et al. 2016

SCMV ZRA – Iran Maize KT895081 Moradi et al. 2016

SCMV Yuhang – China Sugarcane AJ310104 Chen et al. 2002

SCMV Xiangshan – China Sugarcane AJ310103 Chen et al. 2002

SCMV Linping – China Sugarcane AJ310102 Chen et al. 2002

SCMV Spain – China Sugarcane AM110759 Achon et al. 2007

SCMV FZC1 – China Sugarcane KR108212 Deng et al. 2015 (unpublished)

SCMV FZC2 – China Sugarcane KR108213 Deng et al. 2015 (unpublished)

SCMV China1 – China Sugarcane AY149118 Chen et al. 1990

SCMV China2 – China Maize NC_003398 Chen et al. 1990

SCMV Beijing – China Maize AY042184 Fan et al. 2003

SCMV SD – China Maize AY149118 Wang et al. 2005 (unpublished)

SCMV SX – China Maize AY569692 Zhong et al.2005

SCMV Seehausen – China Maize JX185303 Zhong et al.2005

SCMV Ohio – China Maize JX188385 Redinbaugh et al. 2012 (unpublished)

SCMV Henan – China Maize AF494510 Liu et al. 2003 (unpublished)

SCMV Jal 1 – Mexico Maize GU474635 Chaves et al. 2010 (unpublished)

SCMV Ver 1 – Mexico Maize EU091075 Chaves et al. 2011

SCMV BD8 – China Maize JN021933 Gao et al. 2011

SCMV Rwanda – Africa Maize KF744392 Adams et al. 2014

SCMV Ethiopia M5 – Africa Maize KP772216.1 Mahuku et al. 2015

SCMV Ethiopia F3S2 – Africa Maize KP860936 Mahuku et al. 2015

SCMV Ethiopia F2S1 – Africa Maize KP860935 Mahuku et al. 2015

SCMV Yunan – China Maize KU886553 Rao et al. 2018 (unpublished)

SCMV BD1 – China Maize JX047381 Gao et al. 2017 (unpublished)

SCMV BD2 – China Maize JX047382 Gao et al. 2017 (unpublished)

SCMV BD3 – China Maize JX047383 Gao et al. 2017 (unpublished)

SCMV BD4 – China Maize JX047384 Gao et al. 2017 (unpublished)

SCMV BD9 – China Maize JX047385 Gao et al. 2017 (unpublished)

SCMV BD10 – China Maize JX047386 Gao et al. 2017 (unpublished)

SCMV BD12 – China Maize JX047387 Gao et al. 2017 (unpublished)

SCMV BD13 – China Maize JX047388 Gao et al. 2017 (unpublished)

SCMV BD14 – China Maize JX047389 Gao et al. 2017 (unpublished)

SCMV BD15 – China Maize JX047390 Gao et al. 2017 (unpublished)

SCMV BD16 – China Maize JX047391 Gao et al. 2017 (unpublished)

SCMV CD1 – China Maize JX047392 Gao et al. 2017 (unpublished)
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Table 1 (continued)

Strain or isolate Variety/clone Origin of cultivar Host GenBank
accession no

Reference

SCMV CD4 – China Maize JX047393 Gao et al. 2017 (unpublished)

SCMV LZ1 – China Maize JX047394 Gao et al. 2017 (unpublished)

SCMV LZ2 – China Maize JX047395 Gao et al. 2017 (unpublished)

SCMV NX7271 – China Maize JX047396 Gao et al. 2017 (unpublished)

SCMV NX7272 – China Maize JX047397 Gao et al. 2017 (unpublished)

SCMV NX7273 – China Maize JX047398 Gao et al. 2017 (unpublished)

SCMV NXA1 – China Maize JX047399 Gao et al. 2017 (unpublished)

SCMV NXA2 – China Maize JX047400 Gao et al. 2017 (unpublished)

SCMV NXA3 – China Maize JX047401 Gao et al. 2017 (unpublished)

SCMV NXA4 – China Maize JX047402 Gao et al. 2017 (unpublished)

SCMV NXZN1 – China Maize JX047403 Gao et al. 2017 (unpublished)

SCMV NXZN2 – China Maize JX047404 Gao et al. 2017 (unpublished)

SCMV NXZN3 – China Maize JX047405 Gao et al. 2017 (unpublished)

SCMV SJZ3 – China Maize JX047406 Gao et al. 2017 (unpublished)

SCMV SJZ8 – China Maize JX047407 Gao et al. 2017 (unpublished)

SCMV SX2 – China Maize JX047408 Gao et al. 2017 (unpublished)

SCMV SX3 – China Maize JX047409 Gao et al. 2017 (unpublished)

SCMV SX5 – China Maize JX047410 Gao et al. 2017 (unpublished)

SCMV TS1 – China Maize JX047411 Gao et al. 2017 (unpublished)

SCMV TS2 – China Maize JX047412 Gao et al. 2017 (unpublished)

SCMV TS3 – China Maize JX047413 Gao et al. 2017 (unpublished)

SCMV CZ1 – China Maize JX047414 Gao et al. 2017 (unpublished)

SCMV CZ5 – China Maize JX047415 Gao et al. 2017 (unpublished)

SCMV CZ7 – China Maize JX047416 Gao et al. 2017 (unpublished)

SCMV FP1 – China Maize JX047417 Gao et al. 2017 (unpublished)

SCMV FP2 – China Maize JX047418 Gao et al. 2017 (unpublished)

SCMV FP5 – China Maize JX047419 Gao et al. 2017 (unpublished)

SCMV HY7 – China Maize JX047420 Gao et al. 2017 (unpublished)

SCMV HY8 – China Maize JX047421 Gao et al. 2017 (unpublished)

SCMV HY9 – China Maize JX047422 Gao et al. 2017 (unpublished)

SCMV HZ6 – China Maize JX047423 Gao et al. 2017 (unpublished)

SCMV HZ7 – China Maize JX047424 Gao et al. 2017 (unpublished)

SCMV HZ8 – China Maize JX047425 Gao et al. 2017 (unpublished)

SCMV YL9 China Maize JX047426 Gao et al. 2017 (unpublished)

SCMV YL9 – China Maize JX047427 Gao et al. 2017 (unpublished)

SCMV YL12 – China Maize JX047428 Gao et al. 2017 (unpublished)

SCMV ZZ6 – China Maize JX047429 Gao et al. 2017 (unpublished)

SCMV ZZ7 – China Maize JX047430 Gao et al. 2017 (unpublished)

SCMV ZZ8 – China Maize JX047431 Gao et al. 2017 (unpublished)

SCMV Embu G1 – Kenya Maize MH205604 Wamaitha et al. 2018

SCMV ElgeyoMarakwet – Kenya Maize MG932080 Wamaitha et al. 2018

SCMV Kirinyaga G2 – Kenya Sorghum MG932079 Wamaitha et al. 2018

SCMV Kirinyaga G2 – Kenya Maize MG932078 Wamaitha et al. 2018

SCMV Bomet G1 – Kenya Maize MG932077 Wamaitha et al. 2018
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Sequence analysis of SCMV isolates

The sequences determined from the five Indian iso-
lates were deposited in the GenBank and the acces-
sion numbers were obtained (Table 2). Five Indian
SCMV isolates from this study and 87 SCMV se-
quences reported from different countries were sub-
jected for multiple alignments and determined se-
quence identity matrix (Supplementary Table 2).
This study revealed that Indian isolates showed
92.7–96.2% identities at the nt level and 95.3–98%
identities at the aa level. The Indian isolates revealed
a very close relationship with Australian (94.2–
94.9% at nt level and 96.5–98.2% at aa level),
Argentinean (92.2–93.7% at nt level, and 97.1–
97.9% at aa level), Chinese FZ-C1 and FZ-
C2 (89.7–90.5% at nt level and 96.1–98.2% at aa
level and with Iranian isolates(91.8–93.8% at nt
level and 93.8–95.4% at aa level). The three Chinese

isolates infecting sugarcane viz., SCMV Yuhan,
SCMV Xiangshan and SCMV Linping shared very
low similarity of about 78.5–79.5% at nt level and
87.6–89.5% at aa level with Indian isolates. Maize
infecting Iranian isolate NRA shared 89.5–90.4% at
nt level and 93.4–95.1% at aa with Indian isolates.
Remaining maize infecting isolates from different
countries like China of different provinces, Mexico,
USA, Germany, Kenya, Ethiopia and Ecuador
shared least identities with Indian isolates which
ranged from 76.5–79.0% at nt level and 87.0–
89.2% at aa level. Two Canna infecting SCMV
isolates showed 75.0–75.2% identity at nt level and
86.0–86.4% identity at aa level. MDMV isolates
shared identities of 67–67.7% at the nt and 73–
74% at the aa levels with the Indian SCMV isolates.
Whereas, full length SrMV isolates shared identities
in the range of 67.8–69% at nt level and 73.6–75.2%
at aa level with the Indian isolates.

Table 1 (continued)

Strain or isolate Variety/clone Origin of cultivar Host GenBank
accession no

Reference

SCMV G3 Bomet – Kenya Maize MG932076 Wamaitha et al. 2018

SCMV Canna Tai’an – China Canna KY548507 Tang et al. 2018

SCMV Canna Ji’nan – China Canna KY548506 Tang et al. 2018

SCMV MO1 – Eucador Maize KY006657 Bernreiter et al. 2017

SCMV F3S2 – China Maize KP860936 Mahuku et al. 2015

SCMV F3S1 – China Maize KP860936 Mahuku et al. 2015

MDMV Golestan – Iran Maize JQ280313 Masumi et al. 2011 (unpublished)

MDMV Italy – Italy Maize JX185302 Redinbaugh et al. 2012 (unpublished)

MDMV Spain – Spain Maize AM110758 Achin et al. 2007

MDMV Bulgaria – Bulgaria Maize NC003377 Kong and Steinbiss 1998

MDMV OH2 – Ohio Maize JQ403609 Stewart et al. 2012

MDMV OH1 – Ohio Maize JQ403608 Stewart et al. 2012

SrMV GX – China Sugarcane KJ541740 Wen et al. 2014 (unpublished)

SrMV H – Texas Sorghum SMU57358 Yang and Mirkov 1997

SrMV Zhejiang – China Sugarcane NC004035 Chen et al. 1990

*: Clones originated from other countries and maintained at Coimbatore and Agali, respectively

Fig. 1 Graphical representation of complete genome of Indian SCMVisolate IND671. The above values represent nucleotide length and the
below values represent amino acid length
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Recombination detection and breakpoints

All the three softwares RDP4, GARD and RAT, detect-
ed recombination events in the viral genomes.

Recombination events in individual protein coding
nucleotide sequences

Evidences of breakpoints were not detected in the re-
gions of 5′ and 3’ UTRs in the RDP4 software. The
results were consistent with the other two reliable soft-
wares like RAT and GARD with no recombination
breakpoints in the non-coding regions. Similarly, pro-
tein coding regions 6 K1, 6 K2, P3 and Nia-pro did not
show evidence of recombination in GARD, RAT and
RDP4. However GARD detected one recombination
breakpoint in P3 gene but it is considered to be insig-
nificant by the KH test report. Two breakpoints at nu-
cleotide positions 282 and 609 in CI and 25 and 219 in
CP showed evidences of recombination. Whereas other
regions P1, HC-Pro, Nia VPg and Nib rep were identi-
fied with recombination breakpoints at nucleotide posi-
tions 250, 582, 219 and 585, respectively (Fig. 3).

Recombination analyses of full genome sequences

Recombination events were detected in Indian isolates
except in INDN05072, whereas remaining four

sequences generated in this study were identified with
recombination events (Table 4). A recombination event
was detected at the N-terminal region contributed by the
major parent INDSi776 and minor parent INDUB-1
with the starting and ending zones located at 877–
4014 covering HC-Pro-CI region. Recombination
hotspots were detected in the CI gene of the Indian
isolate IND52–68 contributed by four pairs of major
and minor parental sequences. INDSi776 paired with
Brisbane isolate at breakpoints 3838–4154, IND671
with unknown parent at 3785–4064, INDUB1 with
INDN05072 at 4802–5340 and IND671 with
INDN05072 at 4802–5340. INDUB-1 was detected
with the recombination events in the HC-Pro-P3 region
by the crossing over of two parents, major (unknown)
andminor (IND671) at position beginning from 876 and
ending at 2602. Two recombination events were detect-
ed in the CI gene of the isolate INDSi776. The parents
were IND5268 (major) and unknown (minor) at position
3749–4212, and the other one with unknown (major)
and SCMV Ohio (minor) at position 4815–5306. For
the Argentinean isolate ARG 915, IND52–68 contrib-
uted the recombination event by acting as a minor parent
at Nib rep-CP region. For the Chinese isolate SCMV
FZ-C1, INDUB-1 and INDSi776 behaved as minor
parents by crossing over with the major parent SCMV
FZ-C2 detected the recombination events at CI, 5’UTR
and P1. RAT software analysis showed Indian isolates

Table 2 Genome features of SCMV Indian isolates

Indian SCMV isolates and its genome region IND671 IND5268 INDUB1 INDN05072 INDSi776

Full genome size (nt) 9574 9571 9519 9573 9573

Protein length (aa) 3064 3063 3046 3064 3064

5’UTR (bp) 1–148 1–148 1–147 1–147 1–147

P1 (bp) 149–847 149–847 148–846 148–846 148–846

HC-Pro (bp) 848–2227 848–2227 847–2226 847–2226 847–2226

P3 (bp) 2228–3268 2228–3268 2227–3267 2227–3267 2227–3267

6 K1 (bp) 3269–3469 3269–3469 3268–3468 3268–3468 3268–3468

CI (bp) 3470–5383 3470–5383 3469–5382 3469–5382 3469–5382

6 K2 (bp) 5384–5542 5384–5542 5383–5541 5383–5541 5383–5541

Vpg (bp) 5543–6109 5543–6109 5542–6108 5542–6108 5542–6108

Nia Pro (bp) 6110–6835 6110–6835 6109–6834 6109–6834 6109–6834

Nib Rep (bp) 6836–8398 6836–8398 6835–8397 6835–8397 6835–8397

CP (bp) 8399–9340 8399–9337 8398–9285 8398–9285 8398–9285

3’UTR (bp) 9344–9574 9341–9571 9289–9519 9289–9519 9289–9519

282 Phytoparasitica (2019) 47:275–291



Fig. 2 Neighbor joining tree
based on the complete genome
sequences of five SCMV Indian
and other country isolates
evaluated using the interior
branch test method with Mega X
software. The scale bar represents
a genetic distance of 200. The
Indian isolates were clustered in
group IA along with closely
related sugarcane infecting
isolates from Australia,
Argentina, Iran and China. Rest of
the maize infecting SCMV
isolates were clustered in group
IB. Two SCMV isolates infecting
canna is grouped as IC. SrMV
isolates and MDMV were
included as an outgroup II and III
respectively. The details and their
accession numbers were given in
Table 1
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are the major contributor for the occurrence of recom-
binant maize infecting isolate SCMV SX in the HC-Pro
gene at position 1940 and also for SCMV ZRA in CI
gene at position starting from 4365 and ending at 5335.
The isolate IND671 paired with American isolate Ohio
and African isolate Rwanda which resulted in contribu-
tion of two recombinant Iranian isolates SCMV NRA
and SCMV ZRA, at position 1940 in the HC-Pro gene.
We found that the P Value was highly significant in
RDP4 and the results were consistent with the software
RAT used. Similarly, Brisbane isolate also contributed
to the recombinant isolate SCMV ZRA when paired
with Ethiopian isolate F3-S2 at Nib-rep region and
American isolate Ohio at 5’UTR-P1 region. For the
recombinant Chinese isolate FZ-C1, INDSi776 and
INDUB-1 acted as minor parents by crossing with FZ-
C2. N-terminal region (5’UTR-CI) was identified with
recombination hotspots among Indian SCMV isolates.
Among the N-terminal region, CI gene was found to be
prone for recombinant prone hotspots. We have further
observed that when the Indian SCMVisolates contribute
as major parents for other country recombinant isolates,
the hotspots were highly specific in N-terminal region.
The Chinese isolates Beijing, SD, SX, Henan were
detected with recombination events at 5’UTR-HC-Pro,
CI, 6 K1-CI and CI-3’UTR, respectively. The Mexican
isolates VER1 and Jal1 showed the breakpoints at HC-
Pro-P3 and HC-Pro-CI, respectively and the major and
minor parents were SCMV Seehausen and SCMV Bei-
jing. For the recombinant Ethiopian isolates, the paren-
tal isolates were Chinese isolate SCMV SD (major) and

African isolate Rwanda (minor) which determined the
hot spots at C-terminal region covering CI- 3’UTR.
Among MDMV isolates one recombination event was
detected in Golestan isolate at CI gene contributed by
Bulgarian and Italian isolate. No recombination events
were detected among SrMV isolates. Though recombi-
nation breakpoints were detected between MDMV and
SCMV isolates, they were considered as false positives
because the PValue was less than 1.0 and hence they are
not significant. Hence no interspecies recombination
event was detected in MDMV/SrMV or SCMV/
MDMVor SrMV/SCMV.

Discussion

Importance of viral diseases which impact sugarcane
production and productivity has been documented in
India in the recent years. Many popular varieties were
infected with more than one virus and severe infection
of the viruses led to varietal degeneration (Viswanathan
2016; Viswanathan and Balamuralikrishnan 2005;
Viswanathan and Karuppaiah 2010; Viswanathan and
Rao 2011). Viswanathan et al. (2010), confirmed the
presence of three RNAviruses viz., SCMV, SCSMVand
SCYLV infecting a single sugarcane host diagnosed
through multiplex RT- PCR. SrMV infecting sorghum
have not yet characterized at molecular level in India
(Viswanathan et al. 2008). Circulation of different viral
strains in a single host may increase the viral titre with
increase in symptom severity. Mixed infections by

Table 3 Detection of selective pressures acting on the individual protein coding nucleotide sequences aligned with codon alignments using
HYPHYpackage and Tajima s neutrality test

Cistrons dN/dS (ω) No of positivelyselected sites No of negativelyselected sites MEME Nucletide Diversity (π) Tajima’s D test

SLAC FEL IFEL REL SLAC FEL IFEL REL

P1 0.16165 1 1 2 1 84 126 100 98 4 0.231837 1.980088

HC-Pro 0.0351802 0 0 0 2 281 373 346 347 3 0.164962 1.959243

P3 0.0730678 1 3 2 20 156 214 196 258 6 0.148698 0.1670783

6 K1 0.0524163 0 0 0 0 44 54 50 All 0 0.183785 2.260243

CI 0.0264362 0 0 0 0 437 545 491 All 2 0.169002 2.237594

6 K2 0.0638727 0 0 0 2 27 36 36 47 1 0.188406 1.960322

Nia Vpg 0.0673875 0 0 0 2 104 142 127 174 9 0.184321 1.938103

Nia Pro 0.0429642 0 0 0 0 145 189 172 All 3 0.165506 2.067971

Nib Rep 0.0519969 0 0 0 0 290 392 295 All 0 0.166911 1.980505

CP 0.291205 0 5 5 1 53 110 90 179 28 0.137599 1.292508
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different viral strains/variants is a pre-requisite for the
generation of new viral strains/variants due to genetic
recombination (Lai 1992). In order to combat the host
defence and succeed in infection, the viruses follow a
strategy of mutation and recombination, the major driv-
ing forces for evolution.

Understanding of viral evolution will help in assessing
virus diversity in a country/ region in designing strategies
of disease prevention and diagnosis in a better way.

Earlier in India, detailed studies on SCMV diagnosis
and molecular characterization based on CP genome
from several infected sugarcane varieties were reported
(Viswanathan et al. 2007, 2009). In continuation, full
genome characterization was completed to assess geno-
mic diversity of SCMV in the country to enrich the
knowledge of selection pressure and recombination
events prevailing throughout the genome of Indian
SCMV population.

Fig. 3 Detection of
recombination breakpoints with
GARD upon complete and
individual cistrons of Indian
isolates. The probability of the
breakpoints is evaluated by
akaike information criterion
(AIC) score and Kishino-
Hasegawa toplogical incongru-
ence test. No breakpoints were
identified in 5’ UTR, 6 K1, 6 K2,
Nia-Pro and 3’UTR when they
were tested individually
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Phylogenetic analyses showed that Indian isolates
were clustered with Australian isolate Brisbane follow-
ed by and Argentinean, Chinese and Iranian isolates.
Though Iranian isolate NRA was grouped within the
sugarcane specific subgroup, it diverged away from
the rest of the sugarcane isolates sharing a common
clade with maize infecting SCMV isolate ZRA indicat-
ing that the grouping pattern is not based on host type
but by geographic origin (Moradi et al. 2016). Contrari-
ly, the Chinese isolates both reported from sugarcane
and maize did not cluster together which proved that the
grouping pattern is not based on geographic origin but
on host type (Achon et al. 2007). But our five new
isolates showed that, their grouping pattern is a com-
bined specificity of both geography and host when
compared to the previous reports.

Our in-silico analysis clearly revealed that Indian
SCMV isolates play an important role in contributing

to the genetic diversity of SCMV populations in and
across the geographic origin. CI and Nia pro genes
showed only one site with episodic diversifying selec-
tion identified by only one method (MEME). P1, P3,
Nia VPg and CP regions were identified with strong
evidence of diversifying selection identified by all the
five methods (SLAC, FEL, IFEL, REL and MEME)
indicating that these genes are undergoing serious evo-
lutionary constraints for adaptive evolution. Though
positively selected sites were observed in all the protein
coding DNA sequences, the ratio of purifying selection
is highly dominating. P3 gene is identified with 20
positively selected codon sites (Table 3). Even then
due to the domination of negative selection, the adaptive
evolution is shaped. CI and HC-Pro were found to
undergo strong purifying selection indicating that the
structural and functional integrity is maintained
favouring the conservation of existing genotypes.

Table 4 Potential recombination events detected in Indian SCMV
and their contribution to recombination in other country isolates
throughout the genome using seven non-parametric methods

showing the parental and recombinant sequences showing the
parental and recombinant sequences

Recombinant
isolate

Recombination
breakpoints

Genome locus Parent isolates Recombination detection

Major* Minor* Methods** P Value

IND671 877-4014 HC-Pro-CI INDSi776 INDUB1 R,G,B,M,C,S,3Seq 4.862 × 10−12

IND5268 3838–4154 CI INDSi776 SCMV
Brisbane

R,G,B,M,S 4.494X10−06

IND5268 3785–4064 CI IND671 Unknown R,G,B,M,C,S,3Seq 5.032X10−07

IND5268 4802–5340 CI INDUB1 INDN05072 R,G,B,M,C,S 2.280X10−07

IND5268 4802–5340 CI IND671 INDN05072 R,G,B,M,C,S 1.242X10−08

INDUB1 876–2602 HC-Pro-P3 Unknown IND671 R,G,B,M,C,S,3Seq 2.696X10−15

INDSi776 3749–4212 CI IND5268 Unknown R,G,B,C,S 4.673X10−07

INDSi776 4815–5913 CI INDUB1 INDN05072 R,G,M,C,S 1.662X10−08

SCMVARG 915 8009–8721 Nib rep-CP SCMVARG 1662 IND5268 R,G,B,M,C,S,3Seq 2.006X10−18

SCMV NRA 61–1384 5’UTR-HC-Pro IND671 SCMV Rwanda R,G,B,M,C,S,3Seq 3.972X10−69

SCMV NRA 26–1450 5’UTR-HC-Pro IND671 SCMV Ohio R,G,B,M,C,S,3Seq 4.021 × 10−88

SCMV ZRA 7986–8183 Nib rep-CP INDN05072 SCMV Ohio R,B,M,C 2.120X10−08

SCMV ZRA 40–1415 5’UTR-HC-Pro IND671 SCMV Ohio R,G,B,M,C,S,3Seq 1.374 × 10−82

SCMV ZRA 40–1415 5’UTR-HC-Pro IND671 SCMV Rwanda R,G,B,M,C,S 3972X10−69

SCMV FZ C1 128–756 5’UTR-P1 SCMV FZ C2 INDSi776 R,B,M,C,S 1.674 × 10−11

SCMV FZ C2 8911–9522 CP-3’UTR SCMV FZ C1 IND671 R,G,M,C,S,3Seq 1.230X10−19

SCMV SX 3312–5160 6 K1-CI SCMV Beijing INDSi776 R,M,C 2.558X10−30

The Indian isolates are highlighted in bold to indicate their potentiality in recombining with other country isolates infecting sugarcane and
maize so as to evolve new strains

The recombination detection methods with highest P-Value are highlighted in bold

*‘Minor’and ‘Majorparents refer to the parental isolates contributing the smaller and larger fractions of the recombinant’s sequence, respectively

**RDP (1), GENECONV (2), BOOTSCAN (3), MAXIMUM CHISQUARE (4), CHIMERA (5), SISTER SCAN (6), 3Seq (7)
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Moury et al. (2002), reported the evidence of diversify-
ing selection with 1 aa position in 6 k2 and 24 aa positions
in CP region in Potato virus Y (PVY) ofPotyvirus. Similar
results were observed in our study showing the evidence of
diversifying selection with 1 aa position in 6 k2 and
slightly higher with 28 aa positions in CP (Table 3) which
is comparatively more than PVY. Coat protein gene is
found with many functional constraints by undergoing
deletion mutations in the present study. Three amino acid
deletions are found in the Indian isolate IND671 down-
stream of the position 38 and the isolate INDUB1 at
position 43 showed deletion of 18aa. Long aa residue
deletion in SCMV CP was observed earlier
(Viswanathan et al. 2009) at 11–29 in the isolates namely

CBC92061–1, CBC92061–2, CB44–101 and CB1148.
Interestingly in this study, the pattern of long amino acid
deletion is found at the positon 38 which is 9 bp upstream
of the previous reports. This shows that the CP is actively
participating in adaptive evolution without affecting the
evolutionarily conserved functional domains like DAG
which plays an active role in aphid transmission present
in the hypervariable region.

In addition to these findings, we observed codon
based model MEME determined 28 sites with evidence
of positive selection. The dN/dS ratio of CP sequences
analyzed in the MEGA program is 0.19 (Table 3). This
value is in the range for viruses that infect plants. In our
study, we strongly suggest that Indian isolates contribute

Fig. 4 aDetection of recombination event obtained by comparing
Indian and other country SCMV isolates using Auto search option
in RAT software. The output for sequence maize infecting SCMV
SX is shown, along with its contributing sequences of sugarcane
infecting SCMV Indian isolates and maize infecting SCMV Bei-
jing. The lines on the graph represent the genetic distance (y-axis)
of each sequence in the sequence list pane (left). The x-axis
represents the breakpoint location on the sequence. b Detection
of recombination event obtained by comparing Indian and other
country SCMVisolates using Auto search option in RATsoftware.
The output for sequence maize infecting SCMV NRA is shown,
along with its contributing sequences of sugarcane infecting

SCMV Indian isolates and maize infecting SCMVOhio. The lines
on the graph represent the genetic distance (y-axis) of each se-
quence in the sequence list pane (left). The x-axis represents the
breakpoint location on the sequence. cDetection of recombination
event obtained by comparing Indian and other country SCMV
isolates using Auto search option in RAT software. The output for
sequence maize infecting SCMV ZRA is shown, along with its
contributing sequences of sugarcane infecting SCMV Indian iso-
lates and maize infecting SCMV Ohio. The lines on the graph
represent the genetic distance (y-axis) of each sequence in the
sequence list pane (left). The x-axis represents the breakpoint
location on the sequence
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to the negative selection pressure. In one hand P1 and
CP gene undergo deleterious mutation, on the other
hand CI and HC-pro safeguards the survival of the viral
fitness. In our study, N-terminal K54ITC57 motif is
found to be conserved in all SCMV HC-Pro except in
Indian isolate INDSi776, it is replaced as IIAC where
lysine is substituted with isoleucine and threonine is
replaced by alanine and P312TK313 motif is conserved
in all the isolates which are probably involved in the
binding of HC-Pro to the aphid stylet (Blanc et al. 1998).

CI gene has gained more attention among the virol-
ogists as they have multifunctional role like HC-Pro and
CP gene. Indian isolates showed more recombination
hotspots in CI region in both cases when subjected to
full genome analysis and individual analysis of 10 sep-
arate protein coding genomic regions accompanied by

strong negative selection. Statistically significant clus-
ters of recombination sites were found in the P1 gene
and in the CI/6 K2/VPg gene regions for Turnip mosaic
virus (Ohshima et al. 2007). The recombination hotspots
are different for different viruses though they belong to
same family and genus. Our study unveiled that CI
followed by HC-Pro gene has the most recombination
hotspots in India for individually aligned protein coding
DNA sequences and also in full genome sequences.
Achon et al. (2007), identified two significant recombi-
nation signals in the NIa and NIb regions of the SCMV-
Sp genome. Whereas a high level of identity was ob-
served between the isolates from distant geographic
areas (SCMV isolates from Spain and China) and could
be explained by movement of maize germplasm since
SCMV can be seed transmitted (Li et al. 2007; Oertel

Fig. 4 (continued)
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et al. 1999). Recombination events were absent in 6 K1
gene of SCMV IND isolates as reported in Papaya ring
spot virus (PRSV) (Mangrauthia et al. 2008).

New Guinea is the centre of origin for S. officinarum
(Daniels and Roach 1987). It was just grown as a garden
crop since 8000 B.C (Fauconnier 1993). From there the
cultivation spread along the human colonization routes to
Southeast Asia, India and the Pacific, hybridizing with
wild canes and from there it was extended to the Mediter-
ranean around 500 B.C. Hence the historical evidence
strongly suggests that from India the cane cultivation
started flourishing to other parts of the world. Our recom-
bination analysis depicts a relationship between the virus
evolution and the movement of sugarcane for commercial
cultivation based on two important aspects. First, the pa-
rental sequences for Indian recombinant SCMV isolates
are identified to be from India only. Secondly, Indian
sequences have contributed to the occurrence of many
recombination isolates by participating either as major or

minor parents for all the sugarcane infecting isolates and
maize infecting isolates like SCMV SX and SCMV ZRA
(Fig. 4a–c). Hence, with the combination of host specific-
ity, geographic origin and recombination configuration
together drive the shape of Indian SCMVevolution.

In conclusion, our study with generation of five
SCMV full genome sequences provided an insight
on the knowledge of genetic diversity, selection
pressure and recombination hotspots prevailing in
India for the first time. With the determined SCMV
primary sequences, the type of selection pressure
acting throughout the whole genome helped in un-
derstanding the major part of molecular evolution
and particularly concluded that recombination event
is a major governing feature of SCMV evolution.
Further, this full genome deposition with a good
piece of evolutionary information will be helpful
for investigating the future epidemics and outbreaks
of virus population which will bring an effective

Fig. 4 (continued)
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management strategy in India probably through
RNAi approach. Evidence of interspecies recombi-
nation may be detected based on the host and geo-
graphical origin. Moreover, no report on complete
genome sequence of MDMV and SrMV is available
in India, which may further bring new insights on
the evolutionary studies and their relationships
across the species as a part of future perspective.
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