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Summary. – Sugarcane streak mosaic virus (SCSMV; the genus Poacevirus, the family Potyviridae) is an
economically important causal agent of sugarcane mosaic disease in Asia. In this study, for the first time, we
determined the complete genomic sequences of two Iranian SCSMV isolates, IR-Khuz6 and IR-Khuz57 from
sugarcane. The sequences of both isolates were 9,782 nucleotides (nt) long, excluding the 3' poly(A) tail. Both
of them contained a 5'-untranslated region (UTR) of 199 nt, an open reading frame of 9,393 nt encoding
a polyprotein of 3,130 amino acids (aa), and 3'-UTR of 190 nt. SCSMV-IR-Khuz6 and IR-Khuz57 genome
nucleotide sequences were in 97.7% identical and shared identities of 81-92.4% with 10 other SCSMV isolates
available in the GenBank. The highest identity was shared with the isolate PAK (NC_014037) from Pakistan.
When separate genes were compared, most of the genes shared the highest identities with Pakistani isolate.
Phylogenetic analysis of the complete genomic nucleotide and polyprotein amino acid sequences reveals that
all SCSMV isolates clustered into two main groups. Both IR-Khuz6 and IR-Khuz57 clustered with isolates from
Pakistan (PAK) and India (IND671) in group II but formed a separate subgroup. Population genetic analysis
revealed greater between-group than within-group evolutionary divergence values, further supporting the
results of the phylogenetic analysis. The results indicate that gene flow and selection pressure are important
evolutionary factors shaping the genetic structure of SCSMV populations with implications for global exchange
of sugarcane germplasm.
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Introduction
Sugarcane mosaic disease (SMD), one of the most widespread virus diseases of sugarcane, causes significant economic losses to the sugar industry (Grisham, 2000; Li et al.,
2011). Sugarcane mosaic virus (SCMV, Potyvirus), sorghum
mosaic virus (SrMV, Potyvirus) and sugarcane streak mosaic
virus (SCSMV, Poacevirus) are three major RNA viruses
which are widely prevalent in most of the Asian countries
and are the causative agents of mosaic disease in sugarcane
*
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(Hema et al., 2002; Chatenet et al., 2005; Parameswari et al.,
2013; Luo et al., 2016). The typical symptoms of SCSMV are
similar to those caused by SCMV and estimated yield losses
vary from 30 to 80% (Viswanathan et al., 2008; Bagyalakshmi et al., 2012, Parameswari et al., 2013). SCSMV can be
transmitted mechanically, and no insect vector has yet been
identified (Hema et al., 2002; Xu et al., 2010; King et al.,
2012). SCSMV has flexuous filamentous particles (890×15
nm) which encapsidate a single-stranded, positive-sense
RNA genome of about 10,000 nucleotides (Hema et al.,
1999). The genomic RNA of SCSMV contains single open
reading frame (ORF) which encodes a large polyprotein that
is autocatalytically cleaved into at least ten mature proteins
(Tatineni et al., 2009; Xu et al., 2010; Li et al., 2011). Similar to
other members of the family Potyviridae, an additional protein (pretty interesting Potyviridae ORF, PIPO) (Chung et al.,
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2008) was also predicted to be expressed as a fusion protein
with the N-terminal part of P3 (P3N-PIPO) via ribosomal
frameshifting or transcriptional slippage (Viswanathan et al.,
2015). SCSMV was first identified by Hall et al. (1998) from
quarantined sugarcane germplasm imported from Pakistan
into the USA and subsequently detected in Asia (Chatenet
et al., 2005; He et al., 2016). So far it has been reported
from sugarcane in India, Pakistan, China, Japan, Thailand,
Sri Lanka, Bangladesh, Myanmar, Vietnam, Indonesia and
most recently in Iran (Hall et al., 1998; Chatenet et al., 2005;
Damayanti and Putra, 2011; Li et al., 2011; Parameswari et
al., 2013; Moradi et al., 2015). Sugarcane is one of the most
economically important crops in north and southwest of
Iran. The crop is reported to be affected by several viral
diseases, of which mosaic is most widely spread (Moradi et
al., 2016, 2017b). Knowledge of the evolutionary history of
these viruses will be helpful to understand effects of variation
caused by mutation, recombination, selection pressure and
adaptation in viral populations which leads to understanding of such important features of their biology as changes
in virulence, population structure, and their ‘emergence’ as
new epidemics (Gibbs and Ohshima, 2010; He et al., 2014).
Complete sequence data are critical for understanding of different aspects of the virus biology, diversity and evolutionary
history, and designing new control strategies. In addition,
sequence analysis at the complete genome level, provides
new insights into the relationship among isolates from different areas, and possibly sheds light on the possible origins
of the virus. To date, complete genome sequences of several
SCSMV isolates from different sugarcane-producing Asian
countries have been reported (Xu et al., 2010; Li et al., 2011;
Parameswari et al., 2013; Liang et al., 2016). Sequence data
for SCSMV isolates from Iran are only available from the
partial of NIb and CP, and the complete genome sequences
of SCSMV Iranian isolates have not yet been determined.
Therefore, to gain more insight into the genetic properties
of Iranian isolates, the complete nucleotide sequences of
two SCSMV isolates from sugarcane were determined and
compared with those of the SCSMV isolates available up
to now. In addition, the genetic variation and phylogenetic
relationship of the two new isolates relative to 10 Asian
SCSMV isolates were described.

Materials and Methods
Virus isolates, RNA isolation and RT-PCR. Sugarcane leaves
(n = 93) showing mosaic and streaking symptoms were collected
from sugarcane growing areas in south-western (Khuzestan province, n = 65) and northern (Mazandaran province, n = 28) Iran
during August to October 2014–2015. The collected samples were
from common sugarcane cultivars: CP48-103, CP57-614, CP691062, CP63-588, CP78-1628. Total RNA was extracted from the
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symptomatic samples using RNeasy mini kit (Qiagen, Germany)
and used as template for reverse transcription test. Primary detection was performed by RT-PCR using specific primers described by
Moradi et al. (2015), amplifying 570 bp from the NIb and CP gene
sequences. Two positive samples namely IR-Khuz-6 and IR-Khuz57 were further processed for complete genome characterization.
These samples were stored at -20°C and maintained by mechanical
inoculation in a sorghum (Sorghum bicolor cv. Rio). In order to
determine complete genome sequences of both Iranian SCSMV
isolates, RT-PCR analysis was performed by use of specific primer
pairs designed by Xu et al. (2010) and Parameswari et al. (2013).
Synthesis of cDNA was performed using antisense primers from
each set of primers and the MMuLV reverse transcriptase (Thermo
Scientific, USA) according to the manufacturer's instructions. PCR
was carried out with method described previously (Xu et al., 2010;
Parameswari et al., 2013) with minor modifications. The 5' terminal
sequence was obtained by two 5' RACE reactions with two virusspecific primers, IR-R (5'-ACACTAATTCCTCACAGCAATCT-3')
and PAK5endY (5'-CATAAGCTTCCATATCTGCCATCCA-3') (Xu
et al., 2010), and the GeneRacer 5' primers using the GeneRacerTM
kit (Invitrogen, USA) following manufacturer's instructions. The
PCR amplification products were separated by electrophoresis in
1% agarose gel and then purified using Qiaquick gel extraction
kit (Qiagen).
Cloning, sequencing, and phylogenetic analysis. The purified PCR
products were ligated into pTZ57R/T vector (Thermo Scientific)
according to manufacturer's instructions. After the recombinant
vectors were transformed into competent cells of E. coli DH5α, the
positive clones were screened by colony-PCR with M13-forward
and reverse primers. Plasmid DNA from recombinant clones was
purified using a Plasmid miniprep kit (Qiagen) and two independent clones for each amplicon were sequenced in both directions
(Macrogen Inc., South Korea). The full-length genome sequences
of two SCSMV isolates were assembled from nine overlapping
fragments using the contigExpress program in vector NTI 11
(Invitrogen, USA), and a 1268 nt 5'-end was obtained from two
5'-RACE clones. The sequences were submitted under accession
numbers KX430771 for IR-Khuz6 and KX430772 for IR-Khuz57.
The complete genomic nucleotide sequence and predicted amino
acid sequence of the polyprotein of two SCSMV isolates from this
study and ten isolates from GenBank database were aligned using
DNAMAN7 software (Lynnon Biosoft, Canada). Phylogenetic
trees were constructed using neighbor-joining (NJ) and maximum
likelihood (ML) methods in the MEGA6 software (Tamura et al.,
2013).
Analysis of genetic distance and selection pressure. The genetic
distances of SCSMV isolates within and between groups were calculated by the maximum composite likelihood method in MEGA6
(Tamura et al., 2013). Selection pressure on each SCSMV coding
region was estimated by calculating the ratio between the number of
nonsynonymous substitutions (dN) and the number of synonymous
substitutions (dS) (dN/dS). dN and dS values were estimated separately
using DnaSP v.5.10.01 software (Librado and Rozas, 2009).
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Table 1. Genomic structure of SCSMV-IR-Khuz6 and -IR- Khuz57
and putative cleavage sites
Region

Start-end
position

Size
nt/aa

Cleavage sites
(C-terminus)

5'-UTR
P1
HC-Pro
P3
6K1
CI
6K2
NIa-VPg
NIa-Pro
NIb
CP
3´-UTR

1-199
200-1273
1274-2683
2684-3673
3674-3820
3821-5788
5789-5932
5933-6526
6527-7240
7241-8746
8747-9592
9593-9782

199/–
1074/358
1410/470
990/330
147/49
1968/656
144/48
594/198
714/238
1506/502
846/281
190/–

–
EELVFY/TD
MKYRIG/GV
LIHHAQ/GK
TTSSPE/SP
IYHGGQ/EA
TLIMHA/GK
QALASE/TI
HGAEIQ/HG
AAVGEQ/GT
–
–

Neutrality tests. Neutrality tests were performed using Fu &
Li's D* and F* test (Fu and Li, 1993), Tajima's D test (Tajima, 1989)
and McDonald and Kreitman test (McDonald and Kreitman, 1991)
implemented in the DnaSP v.5.10.01 software (Librado and Rozas,
2009). The three tests were used to test the hypothesis that all mutations were selectively neutral (Kimura, 1983).
Genetic differentiation and gene flow. Genetic differentiation between populations was examined using several statistics: Ks*, Z, Z*,
Kst, Kst* and Snn based on permutation statistical tests with 1000
replicates. Ks* and Z are the sequence-based statistics considered
by Hudson (2000). The Z* statistic is a logarithmic variant of the
Z statistic. The nearest-neighbour statistic (Snn) is a measure of
how often the “nearest neighbours” of sequences are from the same
locality in geographic space. Snn is expected to be near one when the
populations at the two localities are highly differentiated and near
one-half when the populations at the two localities are part of the
same pan-mictic population (Hudson, 2000). The null hypothesis
(no genetic differentiation) was rejected, if the test statistics (Ks*, Z,
Z*, Kst, Kst*, and Snn) were strongly supported by P-values <0.05.
The extent of genetic differentiation or the level of gene flow between
SCSMV populations was calculated by estimating the absolute value
of the standardized variance in allele frequencies across populations
(FST) (Wright, 1951). The absolute value of FST ranges from 0 to 1
for undifferentiated to fully differentiated populations, respectively.
Generally, an absolute value of FST >0.33 suggests infrequent gene
flow, while absolute value of FST <0.33 suggests frequent gene flow
(Rozas et al., 2003; Librado and Rozas, 2009). These analyses were
performed using DnaSP v.5.10.01 (Librado and Rozas, 2009).

Results
Seventeen samples (26.1%, from Khuzestan province)
were found to be infected with SCSMV by RT-PCR ampli-

fication, while 28 samples from Mazandaran province were
negative.
Genome structure
The complete genome sequences of IR-Khuz6 (KX430771)
and IR-Khuz57 (KX430772) were 9,782 nt long, excluding
the 3'-terminal poly(A) tail. The genome contained a large
single ORF (9,393 nt) which is translated into a large polyprotein with 3,130 aa. In addition, the small ORF PIPO (~141
aa), which is conserved throughout the members of the family Potyviridae (Chung et al., 2008) was detected in the P3
cistron of both isolates with a conserved G2A7 leading motif
(nt 3,085–3,093). Nine putative protease cleavage sites were
identified based on recognition motifs for the viral proteases
(Adams et al., 2005) (Table 1), and the polyprotein was also
predicted to code ten proteins (P1, HC-Pro, P3, 6K1, CI,
6K2, VPg, NIa-Pro, NIb and CP). All of nine cleavage sites
are completely conserved among the two isolates (Table 1).
Several potyviral conserved motifs were identified in the
polyprotein sequences of both isolates. For example, in the
N-terminal of P1 protein a conserved motif L67FKA70 and
a cysteine-rich zinc finger motif C86–X2-C89–X2–C92–X10H103–X2-C106 were present, implicating the role of SCSMV P1
in suppression of gene-silencing similar to that of members
of the genus Tritimovirus (family Potyviridae) and triticum
mosaic virus (Valli et al., 2008; Young et al., 2012; Tatineni
et al., 2012). We have also found, in the carboxylic end of
P1 protein, the serine-type protease domain H263-X8-D272X33-G306-X-S308-G309 and proteolytic domain F332VVLG336
(Dougherty and Semler, 1993). These domains represent
the active sites involved in the autoproteolytic activity at
the N-terminal region (Adams et al., 2005). The SCSMV
HC-Pro protein lacks the conserved motifs associated with
aphid transmission, genome amplification, systemic movement and suppression of RNA silencing at its N-terminal
and central regions (Urcuqui-Inchima et al., 2001; Xu et al.,
2010). However, in the N-terminal region of the HC-Pro
protein contained a conserved motif C410-X2-C413 in which
two cysteine residues were determined to be essential for
transmission of wheat streak mosaic virus by eriophyid
mites (Young et al., 2007). Also in the C-terminal of HCPro, the conserved residues of the putative proteinase active
site C715-X71-H787, in which C was located in the cysteine
proteinase motif G713YCY716 were found. In 6K1 protein,
a motif A1170-X22-K1193, found in all potyviruses might play
an important role in the function of this protein (Xu et al.,
2010). In RNA helicase CI, the nucleotide-binding motif
G1299GVGTGKSTX2P1310 and the characteristic RNA helicase
domains P1318-X5-PSR-X4-N1331, D1387ECH1390, T1416ATPP1420,
P1441-S1442, T1526-T-X2-Q-X-G1532 and N1566-X5-QR-X-G-RX-G-R1579 (Adams et al., 2005; Kadare and Haenni, 1997)
were also present. In NIa-VPg protein, a conserved tyrosine
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(Y1989) required for linking VPg to the 5'-end of the genomic
RNA (Murphy et al., 1996), was found in the context of
L1988YDLD1992. The cysteine proteinase catalytic motif H2152X34-D-X66-G-X-C-G2257 (Dougherty and Semler, 1993) was
found in NIa-Pro. In NIb protein, the RNA-dependent RNA
polymerase motifs S2511LKAEL2516, I2586DADGSRYDSS2596 and
S2651G-X3-T2656-X3-N2660T-X26-G2688-D-D2690 (Riechmann et
al., 1992; Urcuqui-Inchima et al., 2001) were present. The
conserved residues Y2915-X-P-X17-W2935, A3012-X-P-X2-R-X2M-X6-A3027 and D3062-F3063 found in monopartite potyviruses
(Xu et al., 2010), were also found in CP of both Iranian isolates. The DAG motif necessary for aphid transmission was
not found in any isolates, whereas the conserved residues
R3017 and D3062, which are presumably involved in virion
assembly and cell-to-cell movement, were present (Dolja et
al., 1994, 1995; Urcuqui-Inchima et al., 2001).
Identities with other SCSMV isolates
The identities between the complete genomes of isolates
IR-Khuz6 and IR-Khuz57 were 97.7% at nucleotide (nt) level
and 98.6% at amino acid (aa) level. The entire genomes of
IR-Khuz6 and IR-Khuz57 shared 81–92.4% nt identity with
10 other fully sequenced SCSMV isolates, with the highest
identity with the isolate PAK (NC_014037) from Pakistan,
and the lowest with isolate TPT (GQ246187) from India. The
complete ORF and putative polyprotein of IR-Khuz6 and IRKhuz57 had the highest identities of 92.1 and 91.1% at nt level
and 98.3 and 97.8% at aa level, with isolate PAK. IR-Khuz6
shared nt identities of 73.6–98% with other SCSMV isolates
for individual genes in the polyprotein, while IR-Khuz57
shared 75–96.5% nt identities. When separate genes were
compared, most genes of IR-Khuz6 and IR-Khuz57 shared
the highest identities with a Pakistani isolate followed by an
Indian isolate IND671 (JN941985). The 6K1 and NIa-Vpg
of IR-Khuz6 were more identical to the IND671 isolate
from India; the P3 and NIa-Vpg of IR-Khuz57 were more
identical to the IND671, while the remaining eight proteins
and 5'-, 3'-UTRs showed higher identities to the Pakistani
isolate (Table 2). IR-Khuz6 and IR-Khuz57 shared identities
of 85.2–98% (nt) and 94.7–98.9% (aa) with other SCSMV
isolates in the CP gene (Table 2).
Phylogenetic analysis of SCSMV isolates
The complete genomic sequences of 12 SCSMV isolates,
including those determined in this study, were subjected
to phylogenetic analyses, with one triticum mosaic virus
(TriMV) isolate (NC_012799) as an outgroup. Because both
ML and NJ trees showed almost identical topologies, only the
NJ tree is shown in Fig. 1. The results showed that SCSMV
isolates were clustered to two distinct groups and members
of each group were divided into two subgroups: A, B (Fig. 1).
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Group I consisted of eight SCSMV isolates from sugarcane
in China, Japan, India, Indonesia, Thailand and Myanmar.
The TPT isolate from India, formed a separate subgroup
(IB) in this group. The isolates in group I shared withingroup identities of 95.3–99.5 and 98.4–99.6% at nt and aa
level, respectively. Group II included four isolates from Iran,
Pakistan and India among which Iranian isolates formed
separate subgroup (IIA). These isolates shared with withingroup identities of 90.5–97.5 and 96.5–98.6% at nt and aa
level, respectively. The isolates in group II shared identities
of 80.6–82.3 and 94–95.3% at nt and aa levels, respectively,
with those in group I, which were obviously lower than
those within two groups. The genetic distance within group
II was high (0.08 ± 0.016), indicating that the isolates in this
group were the most genetically divergent. On the contrary,
the genetic distance within group I was low (0.026 ± 0.004).
The between-group genetic distances of the two groups (0.22
± 0.019) were significantly higher than those in the withingroup, suggesting that the phylogenetic clustering results
of these isolates were reasonable. A similar phylogenetic
tree was obtained from an alignment of the polyprotein aa
sequences of the same isolates. Such results were consistent
with similarity plot analysis (data not shown).
Selection pressure on SCSMV
In order to determine the direction of mutation and
degree of constraints on SCSMV isolates, the dN/dS ratio
in each coding region (Table 3) was calculated. The results
showed that the predominant selective pressure acting on the
SCSMV genome was negative because its dN/dS value was <1.
dN values were smaller than dS values and varied considerably
among the SCSMV genomic regions (Table 3), indicating
that the SCSMV cistrons are under different evolutionary
constraints. The dN/dS ratio of HC-Pro coding region was
the highest of all SCSMV coding regions, indicating that
HC-Pro is under tighter functional constraints; in turn,
NIa-Pro- and NIa-VPg-coding regions have the lowest dN/dS
ratios, indicating that these proteins are under the strongest
negative or purifying selection. In addition, PIPO region of
SCSMV isolates was also under negative or purifying selection pressure (dN/dS = 0.6514).
Nucleotide diversity and neutrality tests
The within- and between-group estimates of evolutionary divergence (d) were calculated for the complete polyprotein sequences of the 12 Asian SCSMV isolates (Table 4;
two from this study and ten from GenBank) based on the
identified SCSMV phylogroups, using MEGA6 software.
The overall mean value of nucleotide sequence diversity
was 0.127 ± 0.020. Analysis of group-specific sequences
revealed that members of group II are more diverged from
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(81.3/94.4) (87.1/96.1)

98.3/99.5
(–)

NIa-Pro

MYAFormosa/
KJ187049

98.6/100
(–)

NIa-VPg

–
(–)

97.9/98.8
(–)

6K2

TPT /
GQ246187

98.0/98.0
(–)

CI

96.3/100
93.4/97.9
95.0/98.2
96.3/95.7
96.5
87.5/90.8 89.0/97.2 96.0/92.2 90.1/97.3 86.4/100 86.4/98.5 93.1/100
(97.5) (88.0/89.9) (88.2/95.3) (96.0/92.2) (90.4/97.6) (85.7/98.0) (85.9/97.6) (93.1/100) (95.6/99.5) (92.8/97.5) (93.3/97.8) (94.8/97.2)

98.6/99.1
(–)

6k1

IND671/
JN941985

98.6/98.6
(–)

P3

98.5
89.4/97.8 90.5/98.9 96.0/92.2 90.4/97.0 85.7/98.0
(98.5) (88.6/96.6) (88.9/97.0) (96.0/92.2) (90.3/97.3) (86.4/100)

97.5/97.2
(–)

96.0/97.8
(–)

PIPO

PAK /
NC_014037

HC-Pro

P1

98.5
(–)a

5'UTR

IR-Khuz57

Isolate

Table 2. Percent nucleotide/amino acid sequence identity of the complete genome, polyprotein and individual coding and non-coding regions of SCSMV-IR-Khuz6 and -IR-Khuz57,
and other SCSMV isolates
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Fig. 1
Neighbor-joining tree calculated from the complete genomic sequences of IR-Khuz6 and IR-Khuz57 with 10 other SCSMV isolates
Isolates are indicated in the tree by accession number/isolate name/host/origin. Numbers at each node indicate bootstrap percentages based on 1000
replications. The nucleotide sequence of a triticum mosaic virus (TriMV) isolate was used as outgroup. The marked isolates were obtained in this research.
The scale bar shows a genetic distance of 0.05.

Table 3. Nonsynonymous/synonymous (dN/dS) mutation ratio for
different SCSMV genomic regions
Genomic region
P1
HC-Pro
P3
6K1
CI
6K2
NIa-VPg
NIa-Pro
NIb
CP

dN

ds

dN/ ds

0.0268
0.0348
0.0184
0.0261
0.0159
0.0145
0.0124
0.0211
0.0206
0.0138

0.8046
0.4657
0.5087
0.4300
0.4415
0.4941
0.4485
0.7859
0.4065
0.4909

0.0333
0.0747
0.0361
0.0606
0.0360
0.0293
0.0276
0.0268
0.0506
0.0281

each other relative to isolates belonging to group I (Table 4).
Nucleotide polymorphism of the SCSMV populations were
estimated using Tajima's D, Fu and Li's D* and F* statistical
tests (Table 4). Population demographical analyses showed
that the values of Tajima's D, Fu and Li's D*, and F* in
group I were negative whereas in group II and all other
populations were positive. Negative values of Tajima's D,
Fu and Li's D* and F* indicate an excess of low frequency
alleles and can result from population expansions or positive selection. Positive values of Tajima's D, Fu and Li's D*
and F* arise from an excess of intermediate frequency
alleles and can result from population bottlenecks, struc-

ture and/or balancing selection (Biswas and Akey, 2006).
However, the P-values for Tajima's D, Fu and Li's D and
F-test were not statistically significant (P>0.10) in all cases
(Table 4), indicating that the results were less convincing.
In addition it is plausible that purifying selection may have
impact on each of the SCSMV phylogroups. As expected,
analysis of between-group evolutionary divergence yielded
higher value (0.22 ± 0.019) than those obtained for the
within-group comparisons. These findings provide another
demonstration for the existence of the two phylogroups
identified in Fig. 1. Result of the McDonald and Kreitman
test showed significant difference (with high statistical
support based on the P-value of the G statistic), indicating that natural selection contributed to the evolution of
group-specific SCSMV isolates based on analysis of the
polyprotein sequences (Table 4).
Genetic differentiation and gene flow
Measurement of genetic differentiation based value of
FST (0.733) between the two SCSMV phylogroups provided
more support for a significant genetic differentiation between
group I (East and Southeast Asia) and group II (South and
Southwest Asia) isolates in the polyprotein sequence comparison. The FST value was greater than 0.33 (FST = 0.733),
indicating that the gene flow between two different geographical SCSMV populations was not frequent. Further support
for this result was found in significantly high values of Snn
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Table 4. The within and between group estimates of evolutionary divergence (d) from pairwise comparison of sugarcane streak mosaic virus
(SCSMV) polyprotein sequences based on phylogroups identified in Fig. 1 and summary of neutrality statistical tests
A: Genetic distance and tests of neutrality within groups
Overall (12)
Fu and Fu and
d
Tajima's D
Li's D*
Li's F*
0.4950 ns 0.4973 ns
0.127±0.020 0.2706ns

Group I (8)
Group II (4)
Fu and
Fu and
Fu and
d
Tajima's D
d
Tajima's D
Li's D*
Li's F*
Li's D*
0.026±0.004 -1.0829ns -1.0850 ns -1.2122ns 0.080±0.016 0.2183ns
0.3072 ns

Fu and
Li's F*
0.3145 ns

B: Genetic distance and test of natural selection between group I and II
d
0.22±0.019

dMKT: G (P-value)
11.31 (0.00077***)

Note: data based on pairwise analysis of polyprotein sequences of 12 SCSMV isolates. Standard error estimates were obtained by a bootstrap procedure
(1000 replicates). The evolutionary divergence analyses were conducted in MEGA6, and the codon positions included were first, second, third, and noncoding. All positions containing gaps and missing data were eliminated from the dataset. Values for neutrality tests were not significant (ns) in all cases
(P >0.10). ***, P <0.001. All statistic tests were conducted in DnaSP v.5.10.01 (Librado and Rozas, 2009).

(1.000, P-value = 0.001**), Ks* (5.615, P-value = 0.001**),
Z (17.526, P-value = 0.001**), Kst (0.615, P-value = 0.0010**),
Kst* (0.132, P-value = 0.001**, **: P <0.01) and Z* (2.669,
P-value = 0.000***, ***: P <0.001) statistics obtained for the
same comparison, indicating that infrequent genetic exchange
may have occurred between SCSMV populations from
South and Southwest Asia (group II) and those from East
and Southeast Asia (group I). These results are in agreement
with findings of Liang et al. (2016) who concluded that global
SCSMV populations segregated into two groups of sequence
variants that are genetically differentiated from one another
and show some geographical structuring.

Discussion
This is the first report of whole genomic sequence of two
SCSMV isolates obtained from the sugarcane in Iran. Pairwise
comparisons of the complete genome sequences of two isolates
revealed that there are no significant differences between the
two isolates. The ten putative mature proteins of SCSMV-IRKhuz6 and -IR-Khuz57 contained the conserved motifs with
known functions for other potyviruses. In the present study,
all of 12 complete genome sequences of SCSMV isolates were
divided into two groups in which group I was consistent
with the previous reports (Parameswari et al., 2013; Liang
et al., 2016), while in group II were newly proposed isolates
including Iranian SCSMV isolates alongside with isolates from
Pakistan and India. Iranian SCSMV isolates were clustered
together with isolates from Pakistan and India in the group II,
but interestingly formed a separate subgroup. The genome of
Iranian SCSMV shared the highest degree of sequence identity
with SCSMV-PAK (Pakistan) and -IND671 (India) respectively. Phylogenetic trees (NJ and ML) based on the polyprotein and ten individual proteins, grouped Iranian SCSMV
isolates in the same cluster separated from PAK and IND671

isolates (data not shown). Analysis of the genetic diversity of
SCSMV populations from different geographical regions will
be helpful to understand its emergence, epidemiology, movement, and gene flow, which can be important for designing
appropriate control strategies to limit virus spreading (Liang
et al., 2016). Recently, the genetic diversity and population
structure of SCSMV isolates based on analysis of partial virus
genome sequences (He et al., 2014, 2016) and whole genome
sequences were determined (Liang et al., 2016). In the present
study, genetic differentiation measurement between populations from pairwise comparison of 12 SCSMV polyprotein
sequences (two from this study and ten from GenBank) based
on phylogroups, demonstrated greater genetic differentiation between the populations. No significant departure from
neutrality was found for any geographical groups of SCSMV
populations when the whole polyprotein sequences were
tested for Tajima's D, Fu and Li's D* and F* values; however, the
values were negative for the group I and positive for group II
and all other populations. According to genetic differentiation
and phylogenetic analysis, with the exception of TPT isolate
from India, group I consisted of members that originated
from East Asia (YN-YZ211, HN-YZ49, JP1 and JP2) and
Southeast Asia (MAY-Formosa, ID and THA), while group
II consisted of members that originated from Southwest Asia
(IR-Khuz6, IR-Khuz57) and South Asia (IND671 and PAK).
This suggests that the majority of SCSMV isolates are divided
into two groups corresponding with their geographical origins,
which is consistent with previous findings (Liang et al., 2016).
SCSMV showed a spatial distribution pattern with a greater
genetic deviation in the Southwest (Iran) or South (India and
Pakistan) Asian lineage than in the subpopulation composed
of isolates from East (China and Japan) or Southeast (Thailand,
Indonesia and Myanmar) Asia (He et al., 2016; Liang et al.,
2016). The higher genetic diversity observed between groups
than within groups of SCSMV populations suggests that there
is more frequent gene flow within groups than between groups.
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Virus transmission characteristics and the presence of physical and quarantine barriers between countries may explain
the SCSMV population structuring (Liang et al., 2016). As
SCSMV can be transmitted through vegetative set, it seems
that Iranian isolates have been introduced into the country
from sugarcane-producing Asian countries such as India and
Pakistan via contaminated vegetative cuttings. In RNA viruses,
viral genome evolutions are directed by recombination and
mutation events, which are two important sources of genetic
variation (Roossinck, 1997; Posada et al., 2002; Gell et al.,
2015). Recombination occurs frequently among members of
the family Potyviridae (Revers et al., 1996; Chare and Holmes,
2006; Valli et al., 2007; Padhi and Ramu, 2011; Sztuba-Solin'
ska et al., 2011; Gell et al., 2015), however, no recombination
event was found in Iranian SCSMV isolates and also other
members of group II, suggesting that probably this evolutionary force has not shaped the emergence of SCSMV group II
variants (in contrast to group I (Liang et al., 2016)). In addition, no recombination events were found between SCSMV
group I and group II subpopulations, indicating significant
genetic differentiation and limited gene flow between virus
isolates belonging to these phylogroups, perhaps due to the
presence of physical and quarantine barriers between them
(Liang et al., 2016). According to previous studies, SCSMV
has recombination events at a low frequency, possibly due
to narrow host range of this virus which limits to sugarcane
and sorghum in natural conditions (Viswanathan et al., 2008;
Srinivas et al., 2010; Xu et al., 2010; He et al., 2016). Natural
selection and genetic drift are two main evolutionary mechanisms limiting genetic variation of the SCSMV population
(Liang et al., 2016). In this study, adaptive molecular evolution
in the polyprotein nucleotide sequences was detected by the G
statistic of MKT between two distinct variant groups, which
showed significant difference. Similarly, the number of dN
was generally smaller than dS and varied between the SCSMV
genomic regions, which is suggesting a negative selection
against most aa changes for shaping the stability of the genome
(Viswanathan et al., 2015; He et al., 2016; Liang et al., 2016).
Different selection pressure on the coding regions supports the
hypothesis that potyviral cistrons evolved separately though
assembled into a single ORF and are expressed as polyprotein
(Seo et al., 2009; Bejerman et al., 2013). Among all SCSMVencoded genes, PIPO and HC-Pro, showed much higher dN/
dS ratios than other regions, suggesting that these regions
may have experienced different evolutionary pressures. These
results are consistent with previous studies (Bagyalakshmi et
al., 2012; Viswanathan et al., 2015). Taken together with the
previous researches (He et al., 2016; Liang et al., 2016), this
study also demonstrates that gene flow and strong purifying
(negative) selection might have contributed to the evolution of
isolates belonging to the two identified SCSMV groups, with
infrequent and frequent genetic exchanges between and within
individual geographical subpopulations, respectively.
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According to previous researches, mixed infection of three
viruses, SCMV, SCSMV, and SrMV in the family Potyviridae
is common in sugarcane (Viswanathan et al., 2007, 2008; Xu et
al., 2008; Xie et al., 2009; Luo et al., 2016). On the other hand,
mixed infection constitutes a pre-requisite for the generation
of new viral strains/variants by genome exchanges (recombination) (Lai, 1992) which may result in more severe and complex
diseases than infection with either virus alone. The intra- and
interspecific recombinations are common in potyviruses (Revers et al., 1996; Bousalem et al., 2000; Ohshima et al., 2002;
Larsen et al., 2005; Seo et al., 2009; Gell et al., 2015), often
leading to emergence of new variants and resistance-breaking
virus strains. Hence, generation of resistance-breaking virus
strains by mixed infection and recombination is a threat for
the sugarcane plants. In Iran, mosaic disease in sugarcane is
caused either by SCMV, SCSMV, IJMV (Iranian johnsongrass
mosaic virus) alone (Moradi et al., 2016, 2017a) or all three in
combinations, but SCMV is the predominant causal agent (Moradi et al., 2017b). According to results of this study, SCSMV is
not widely spread in Khuzestan province and was not detected
in any of 28 samples collected from Mazandaran province,
probably due to lack of vector transmission and agricultural
conditions. Looking for the occurrence of these viruses infecting sugarcane crops, there is a need for immediate attention
towards studying economic losses caused by mixed infection of
either virus in sugarcane. This information provides an insight
into the SCSMV population structure and might be helpful in
breeding of resistant varieties and developing effective control
strategies. However, further genomic sequences of SCSMV
isolates from Iran are required to fully assess the molecular
diversity and evolutionary history of the virus in the country.
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