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Abstract Sugarcane streak mosaic virus (SCSMV), an

economically important causal agent of mosaic disease of

sugarcane, is a member of the newly created genus

Poacevirus in the family Potyviridae. In this study, we

report the molecular characterization of three new SCSMV

isolates from China (YN-YZ211 and HN-YZ49) and

Myanmar (MYA-Formosa) and their genetic variation and

phylogenetic relationship to SCSMV isolates from Asia

and the type members of the family Potyviridae. The

complete genome of each of the three isolates was deter-

mined to be 9781 nucleotides (nt) in size, excluding the 30

poly(A) tail. Phylogenetic analysis of the complete

polyprotein amino acid (aa) sequences (3130 aa) revealed

that all SCSMV isolates clustered into a phylogroup

specific to the genus Poacevirus and formed two distinct

clades designated as group I and group II. Isolates YN-

YZ211, HN-YZ49 and MYA-Formosa clustered into group

I, sharing 96.8–99.5 % and 98.9–99.6 % nt (at the com-

plete genomic level) and aa (at the polyprotein level)

identity, respectively, among themselves and 81.2–98.8 %

and 94.0–99.6 % nt (at the complete genomic level) and aa

(at the polyprotein level) identity, respectively, with the

corresponding sequences of seven Asian SCSMV isolates.

Population genetic analysis revealed greater between-group

(0.190 ± 0.004) than within-group (group I = 0.025 ±

0.001 and group II = 0.071 ± 0.003) evolutionary diver-

gence values, further supporting the results of the phylo-

genetic analysis. Further analysis indicated that natural

selection might have contributed to the evolution of iso-

lates belonging to the two identified SCSMV clades, with

infrequent genetic exchanges occurring between them over

time. These findings provide a comprehensive analysis of

the population genetic structure and driving forces for the

evolution of SCSMV with implications for global exchange

of sugarcane germplasm.

Introduction

Sugarcane streak mosaic virus (SCSMV) is an economi-

cally important pathogen of sugarcane (Saccharum spp.),

causing the common mosaic disease of sugarcane [22]. The

virus was first isolated from quarantined sugarcane germ-

plasm imported from Pakistan into the USA [11, 12] and

was recently assigned to a new genus, Poacevirus (family

Potyviridae) with Triticum mosaic virus (TriMV) as its

type species [2]. SCSMV induces pinwheel and laminated

aggregate types of inclusions that are characteristic of

members of the family Potyviridae [16, 33]. However, it is

distinct from potyviruses in its host range, tryptic digestion

profile, and lack of reactivity with a monoclonal antibody

against potyviruses [46] or polyclonal antisera against

potyviruses and rymoviruses [19, 20]. In addition to sug-

arcane, other members of the plant family Poaceae have
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been documented to be natural hosts of SCSMV, including

sorghum (Sorghum bicolor), maize (Zea mays), millet

(Pennisetum glaucum), sudan grass (Sorghum bicolor

drummondii), johnsongrass (Sorghum halepense) and

crabgrass (Digitaria sp.) [16, 20, 36, 37, 46]. SCSMV is

transmitted naturally or experimentally by mechanical sap

inoculation [15, 17], and no insect vector have been iden-

tified yet for the virus [17], although it is known that

TriMV is vectored by the wheat curl mite Aceria tosichella

[35].

SCSMV has flexuous filamentous particles (890 9 15

nm) with a positive-sense single-stranded RNA (ssRNA) of

approximately 10 kb in size, excluding a poly-A tail at the

30 terminus [15, 46]. It contains a large open reading frame

(ORF) encoding a polyprotein of approximately 3130

amino acid (aa) residues and two (50 and 30) untranslated
regions (UTRs), each &200 nt in length. The large

polyprotein of SCSMV is self-cleaved into ten mature

proteins, P1, HC-Pro, P3, 6K1, CI, 6K2, VPg, NIa-Pro, NIb

and CP [23, 46]. Similar to other members of the family

Potyviridae, a small ORF (Pretty Interesting Potyviridae

ORF [PIPO]) [8] is embedded within the N-terminal part of

P3 and translated in the ?1 reading frame [42].

To date, several isolates of SCSMV have been identi-

fied and characterized from different sugarcane-producing

Asian countries, including Pakistan, Bangladesh, Sri

Lanka, Thailand, India, Vietnam, China, Japan and

Indonesia [7, 9, 12, 15, 23], and shown to display a high

genetic variation based on analysis of complete genome

or gene-specific sequences [13, 14, 23, 43]. In China,

SCSMV is widespread in Yunnan province, and at least

three SCSMV genotypes are prevalent [10, 13, 14], with

isolates JP1, JP2 and ID having been introduced into the

Chinese sugarcane germplasm from Japan and Indonesia

[23]. Recently, the genetic diversity and population

structure of SCSMV isolates from China were determined

and compared to those of virus isolates from India [13,

14]. These studies were based on analysis of partial virus

genome sequences, and hence, very little information is

available on the complete genome characteristics of

SCSMV isolates from China, and neither study included

virus isolates from Myanmar, a country where sugarcane

is the second most important commodity after rice

(FAO’s FAOSTAT database, 2014) and that is located in

close proximity to major sugarcane-producing regions of

China. In this study, we report the complete genome

sequence of two new SCSMV isolates from China and

one from Myanmar naturally infecting sugarcane. We

describe the genetic variation and phylogenetic relation-

ship of the three new isolates relative to seven Asian

SCSMV isolates and 25 isolates of representative mem-

bers of the family Potyviridae.

Material and methods

Sample collection

Visible dewlap leaf samples with mosaic symptoms were

collected from cultivated sugarcane (Saccharum spp.)

hybrid varieties YZ05-211 (Kaiyuan, Yunnan province)

and YZ05-49 (Linggao, Hainan province) in China, and

variety Formosa in Myanmar (Mongkong). Fresh symp-

tomatic leaf tissue samples were collected from one plant

per variety, kept in cool storage in transit and stored at

-80 �C until RNA isolation.

Cloning and sequencing

Total RNA for RT-PCR was isolated from SCSMV-in-

fected sugarcane leaves, using TRIzol� Reagent (Invitro-

gen/Life Technologies, USA) according to the

manufacturer’s instructions, and dissolved in a final vol-

ume of 50 lL of nuclease-free water. First-strand cDNA

was synthesized from total RNA (1 lg) using a PrimeScript

RT Reagent Kit (TaKaRa Biotechnology Co., Ltd., Dalian,

China). To clone the three complete SCSMV genome

sequences of YN-YZ211, HN-YZ49 and MYA-Formosa,

seven overlapping fragments (designated as fragments

A-G) were amplified using pairs of virus-specific primers

(Table 1). PCR was performed using 1 lL of cDNA,

2.5 lL of 109 Ex Taq buffer, 2.5 lL of 2.5 mM

deoxynucleoside triphosphates, 10 pmol of each upstream

and downstream primer and 1.25 units of Ex Taq poly-

merase (TaKaRa Biotechnology Co., Ltd.) in a final vol-

ume of 25 lL. PCR conditions were as follows: an initial

denaturation at 94 �C for 2 min, followed by 35 cycles of

94 �C for 30 s, 53 �C for 30 s and 72 �C for 2 min for

fragments A, C and D; 56 �C for 30 s and 72 �C for 2 min

for fragment F; 52 �C for 30 s and 72 �C for 3 min for

fragments B and E; or 57 �C for 30 s and 72 �C for 1 min

for fragment G; and a final extension at 72 �C for 10 min.

Amplified genomic fragments were purified using an

E.Z.N.A. Gel Extraction Kit (OMEGA Bio-Tek, Inc.,

Norcross, GA, USA) and cloned into the pMD19-T vector

(TaKaRa Biotechnology Co., Ltd.) as per manufacturer’s

instructions. Three positive clones per amplified fragment

were sequenced in both orientations (Sangon Biotech Co.,

Ltd., Shanghai, China), and sequence contigs were gener-

ated for each cloned DNA fragment. A consensus ‘unique’

sequence was obtained when sequences derived from the

three clones per isolates showed C99 % identity to exclude

in vitro PCR errors. The seven overlapping fragments were

assembled using CodonCode Aligner 6.02 software (Cen-

terville, MA, USA) to yield the complete genome

sequences of the three SCSMV isolates.
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Phylogenetic analysis

The complete genomic nucleotide (nt) sequence and pre-

dicted amino acid (aa) sequence of the polyprotein of three

SCSMV isolates from this study and seven isolates from

GenBank database were aligned using MUSCLE, imple-

mented in MEGA6 [39], and the percent nucleotide

sequence identity and corresponding values were calcu-

lated as pairwise distances among isolates. The complete

polyprotein aa sequences of the ten SCSMV isolates and 25

isolates of representative members of the family Potyviri-

dae (Table S1), SCSMV polyprotein nt sequences, and

gene-specific nt sequences of SCSMV isolates were also

aligned with MUSCLE, and phylogenetic trees were con-

structed with MEGA6 using the maximum-likelihood

method. The model that best fitted each of the aa and nt

sequence datasets was determined using the ‘Find the best

DNA/protein models (ML)’ option of the MEGA6 soft-

ware. The robustness of each node of the phylogenetic trees

was assessed from 1000 bootstrap replicates, and branches

not supported by C 60 % of the replicates were collapsed.

Estimation of evolutionary divergence

The within- and between-group estimates of evolutionary

divergence (d) were calculated for the complete polypro-

tein sequences of the ten Asian SCSMV isolates (three

from this study and seven from GenBank) based on the

identified SCSMV phylogroups, using MEGA6 software.

The same analysis was also performed for the P1 and CP

cistron datasets representing nonstructural (N-terminal) and

structural (C-terminal) virus-encoded genes, respectively.

Tajima’s D statistic was calculated to measure the depar-

ture from neutrality for all mutations among group-specific

SCSMV polyprotein and gene-specific sequences [38], and

the McDonald and Kreitman test (MKT) [27] was used to

determine whether synonymous and nonsynonymous

variations support the hypothesis of adaptive protein evo-

lution between the SCSMV phylogroups and to provide

evidence that divergence in SCSMV phylogroups is driven

by natural selection. Both the Tajima’s D statistic and

MKT were performed using DnaSP software version

5.10.01 [24].

Population genetic analysis

The degree of genetic differentiation between and within

SCSMV populations was determined using three permu-

tation-based statistical tests, Ks*, Z and Snn, based on the

polyprotein, P1 and CP gene sequences. Ks*, Z and Snn

represent the most powerful sequence-based statistical tests

for genetic differentiation and are recommended for use in

cases of high mutation rate and small sample size [18]. The

degree of genetic differentiation or the level of gene flow

between and within SCSMV populations was calculated

from Wright’s Fst [45], for which values range from 0 to 1

Table 1 Name, sequence, genomic position, expected product size and target of synthetic oligonucleotides used for complete-genome

amplification of sugarcane streak mosaic virus (SCSMV) isolates from China and Myanmar

Primer name Primer sequence (50-30)a Position in virus

genomeb
Product size

(bp)

Target

SCSMV-

5UTR-F1

AAATGTAATTTCAAATTCACTACAATC 1-26 1529 A (50 UTR and partial P1)

SCSMV-

5UTR-R1

GCGAGTGYTTTGAYGTTCC 1510-1529

SCSMV-F1 AAAAAGGATGGAGYGGTGT 1110-1128 2374 B (partial P1 and HC-Pro and partial P3)

SCSMV-R1 AATGATAAWGCCACGGCG 3466-3483

SCSMV-F2 CACTCACGCCAAAGTAAGTC 3205-3224 1252 C (partial P3 and 6K1)

SCSMV-R2 TGGTGTWGCTGTYGTCTT 4439-4456

SCSMV-F3 TTACCATAATCGAATTGAAATGC 4312-4334 1815 D (partial CI)

SCSMV-R3 GAATCCCACTGCTGTTTTCC 6107-6126

SCSMV-F4 GAAAAAGCGYCGACCWCA 5935-5952 2460 E (partial CI, 6K2, NIa-VPg, NIa-Pro and

partial NIb)SCSMV-R4 TACTCGACTTGCCCAATG 8377-8394

SCSMV-F5 CATCAGGACAACCATCAACAGT 8148-8169 1584 F (partial NIb and CP)

SCSMV-R5 TGAAACAGGGTGAGCAATCTC 9712-9731

SCSMV-F6 CGGGAAACCCATAATACCA 9310-9328 472 G (partial CP and 30 UTR)

SCSMV-R6 CCTCCYCACTGGGCAGGT 9764-9781

a Y, C ? T; W, A ? T
b Position in the SCSMV full-length genome (GenBank accession no. NC_014037)
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for undifferentiated to fully differentiated populations,

respectively. Fst values can be interpreted as the proportion

of genetic diversity that is due to diversity within groups to

total diversity, values of Fst[ 0.05 suggest a degree of

differentiation among populations, and values of Fst[ 0.33

suggest an infrequent gene flow [28, 34]. These analyses

were performed using DnaSP software v. 5.10.01 [24].

Recombination analysis

The aligned nt dataset of the complete genome sequences

(excluding the 50- and 30-UTRs) of the ten SCSMV isolates

(three from this study and seven from GenBank) was

examined for the presence of recombination events using

the suite of seven recombination detection algorithms

implemented in Recombination Detection Program (RDP)

version 4.16 [26]. Sequences were automatically masked to

ensure optimal recombination detection before algorithm

processing. A Bonferroni-corrected P-value cutoff of 0.05

and the option of ‘‘Sequences are linear’’ were selected. An

event was considered to represent a true recombination

event when detected by at least four of the seven RDP-

implemented algorithms with significant (\0.05) P-values.

Results

Genomic features of YN-YZ211, HN-YZ49

and MYA-Formosa

The complete genomes of isolates YN-YZ211 (GenBank

accession no. KJ187047), HN-YZ49 (KJ187048) and

MYA-Formosa (KJ187049) were each determined to be

9781 nt in size, including the full-length 50 and 30 UTRs
and excluding the 30 poly(A) tail. The genome of each of

the three isolates was found to contain a single large open

reading frame (ORF) encoding a large polyprotein of 3130

aa residues. Similar to SCSMV-PAK (NC_014037), the

polyproteins of isolates YN-YZ211, HN-YZ49 and MYA-

Formosa were each predicted to be processed into ten

mature proteins, P1 (358 aa), HC-Pro (470 aa), P3 (329 aa),

6K1 (56 aa), CI (647 aa), 6K2 (53 aa), VPg (196 aa), NIa-

Pro (234 aa), NIb (492 aa) and CP (295 aa). The

GGAAAAAAA (G1-2A6-7) motif at position 3085-3093 of

the SCSMV genome, which is involved in expression of

ORF PIPO in members of the family Potyviridae [8], was

found to be embedded within the P3 gene. Further analysis

revealed that similar to most SCSMV isolates, all three

isolates characterized in this study lack three additional

amino acids (K, G, and R) encoded in the P1 of SCSMV

isolate IND671 and encode six aa residues, NLDPRN, in

the C-terminus of NIa-Pro in place of four aa residues,

ESGS, in isolate IND671.

Phylogenetic analysis and sequence comparisons

Phylogenetic analysis was performed based on the com-

plete aa polyprotein sequences of ten SCSMV isolates

(three from this study and seven from GenBank) and the

corresponding sequences of 25 isolates of representative

members of the family Potyviridae. The analysis revealed a

clear segregation of all 35 virus isolates into genus-specific

clades as shown in Fig. 1a. To further investigate phylo-

genetic relationships among SCSMV isolates, sequence

subsets consisting of complete polyprotein sequences and

P1 and CP gene sequences of the ten SCSMV isolates

(three from this study and seven from GenBank) were

analyzed separately. The analysis revealed the segregation

of the ten SCSMV isolates into two distinct phylogroups

designated as group I and group II regardless of the

genomic segment under consideration (Fig. 1b–d). Eight of

the ten SCSMV isolates clustered into group I and included

isolates from China, Maymmar, Japan, India, Indonesia and

Thailand, while group II comprised virus isolates from

India and Pakistan. Based on these results, it can be con-

cluded that SCSMV isolates from South Asia (group II)

appear to be distinct from group I virus isolates from other

Asian countries.

In pairwise comparisons, aligned complete genomic (nt)

and polyprotein (aa) sequences of isolates YN-YZ211, HN-

YZ49 and MYA-Formosa shared 96.8–99.5 % and

98.9–99.6 % nt and aa sequence identity, respectively,

among themselves and 81.2–98.8 % and 94.0–99.6 % nt

and aa sequence identity, respectively, with the corre-

sponding sequences of seven other Asian SCSMV isolates

obtained from GenBank (Table 2). Further analysis showed

that the group I SCSMV isolates shared greater nt

(95.2–99.5 %) genomic and aa (98.4–99.7 %) polyprotein

sequence identity among themselves relative to group II

isolates, which share 93.0 % and 97.5 % nt and aa

sequence identity, respectively with each other (Table 2).

The ranges of between group identities were 80.6–81.8 %

and 94.0–95.3 %, respectively, at the complete genomic nt

and polyprotein aa levels (Table 2). In contrast, lower

levels of polyprotein (51.8–52.6 %) and CP (53.5–54.6 %)

nt sequence identity were observed for comparisons

between SCSMV isolates and TriMV, the type member of

the family Poacevirus, and much lower sequence identity

was found between SCSMV isolates and members of other

genera in the family Potyviridae (Table S2).

Nucleotide sequence diversity and population

genetic analysis

The overall mean value of nucleotide sequence diversity

was 0.085 ± 0.002 for the polyprotein, 0.085 ± 0.001 for

P1, and 0.072 ± 0.005 for CP (Table 3; 10 sequences: 3
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from this study and 7 from GenBank). Thus, similar overall

nucleotide sequence diversity values were obtained for the

polyprotein and P1, while a slightly lower divergence value

was obtained for the CP cistron, indicating greater

sequence conservation in the capsid protein of SCSMV.

Analysis of group-specific sequences revealed that

Fig. 1 Maximum-likelihood phylogenetic trees showing evolution-

ary relationships among members of the family Potyviridae (a) and

sugarcane streak mosaic virus (SCSMV) isolates (b–d). The trees

were constructed based on aligned polyprotein amino acid (aa) or

nucleotide (nt) sequences (b), P1 gene nt sequences (c), and coat

protein gene nt sequences of three isolates of SCSMV from this study

(bold font), other SCSMV isolates (regular font) and representative

isolates of selected members of the different genera in the family

Potyviridae (regular font). Bootstrap values (1000 replicates) are

shown at the branch internodes. The analysis involved 35 amino acid

sequences (three from this study and 32 from the GenBank database)

and 10 SCSMV gene-specific sequences (three from this study and

seven from GenBank). All analyses were conducted in MEGA6 [39]

Table 2 Identity (%) of complete genomic nucleotide (upper diagonal) and polyprotein amino acid (lower diagonal) sequences of Asian

sugarcane streak mosaic virus isolatesa

YN-YZ211 HN-YZ49 MYA-Formosa JP1 JP2 ID THA-NP3 TPT IND671 PAK

YN-YZ211 100 99.5 96.8 98.3 98.4 98.8 97.5 95.4 81.2 81.6

HN-YZ49 99.6 100 96.8 98.3 98.3 98.8 97.5 95.4 81.3 81.6

MYA-Formosa 98.9 98.9 100 97.1 97.1 96.9 96.6 95.3 81.4 81.5

JP1 99.2 99.2 98.9 100 99.5 98.6 97.8 95.7 81.3 81.6

JP2 99.2 99.2 98.8 99.7 100 98.6 97.8 95.8 81.3 81.7

ID 99.5 99.6 98.9 99.3 99.3 100 97.7 95.5 81.3 81.7

THA-NP3 98.9 98.9 99.0 99.0 99.0 99.0 100 95.2 81.4 81.8

TPT 98.4 98.4 98.6 98.4 98.4 98.4 98.4 100 80.6 80.9

IND671 94.0 94.1 94.4 94.2 94.2 94.1 94.5 94.1 100 93.0

PAK 94.9 95.0 95.3 95.1 95.0 95.0 95.3 95.0 97.5 100

a The genome sequences of isolates YN-YZ211 (KJ187047), HN-YZ49 (KJ187048), and MYA-Formosa (KJ187049) were determined in this

study, while isolates TPT (GQ246187), JP1 (JF488064), JP2 (JF488065), ID (JF488066), THA-NP3 (JN163911), IND671 (JN941985), and PAK

(NC_014037) were obtained from the GenBank database

Asian isolates of sugarcane streak mosaic virus 1497
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members of group II are more diverged from each other

relative to isolates belonging to group I, regardless of the

genomic region under consideration (Table 3). The results

also suggest greater sequence divergence in the P1 cistron

relative to the CP and polyprotein of SCSMV (Table 3).

Negative values of the Tajima’s D statistic were obtained

for the polyprotein, P1 and CP gene-specific sequences,

indicating an excess of low-frequency polymorphism

caused by background selection, genetic hitchhiking, or

population expansions [41]. However, it is also plausible

that purifying selection may be acting on each of the

SCSMV phylogroups, since the Tajima’s D statistic values

are not statistically significant (P[ 0.10) in all cases

(Table 3). Notably, it was impossible to perform Taji-

ma’s D statistic test for SCSMV group II isolates, since

this analysis in the DnaSP software requires at least four

sequences [24].

As expected, analysis of between-group evolutionary

divergence yielded higher values for the polyprotein

(0.190 ± 0.004), P1 (0.177 ± 0.010) and CP

(0.152 ± 0.011) gene sequences (Table 4) than those

obtained for the within-group comparisons (Table 3).

These results provide additional support for the existence

of the two phylogroups identified in Fig. 1b–d. Results of

the McDonald and Kreitman test showed significant dif-

ferences (with very good statistical support based on the P-

value of the G statistic) only for the CP gene, indicating

that natural selection contributed to the evolution of group-

specific SCSMV isolates based on analysis of the capsid

gene sequences (Table 4). In contrast, G-test statistics were

not significant (P[ 0.10) for the polyprotein and P1 gene

sequences (Table 4), suggesting that the divergence of

sequences belonging to group I from those of group II in

the polyprotein and P1 cistron may be a consequence of

random processes. Such contrasting gene-specific evolu-

tionary patterns have been reported previously for other

RNA viruses [4, 5].

Measurements of genetic differentiation between and

within the two SCSMV phylogroups provide further sup-

port for a significant genetic differentiation between group

I (East and Southeast Asia) and group II (South Asia)

isolates based higher values of Wright’s Fst [45] obtained

for the polyprotein, P1 or CP gene sequence comparisons

(Table 5). Further support for these results could be seen in

significantly high values of Snn, Ks* and Z statistics

obtained for the same comparisons (Table 5), indicating

that infrequent genetic exchange may have occurred

between SCSMV populations from South Asia (group II)

and those from East and Southeast Asia (group I). Taken

together with results of the phylogenetic and nucleotide

diversity analyses, it is reasonable to conclude that global

SCSMV populations segregated into two groups of

sequence variants that are genetically differentiated from

one another and show some geographical structuring.

Recombination analysis

The RDP4-implemented recombination analysis of the

polyprotein-encoding gene sequences of the ten Asian

SCSMV isolates led to the identification of two significant

putative recombination sites located in the regions encod-

ing the C-terminal portions of VPg and CP in the genomes

of six SCSMV isolates from China, India, Japan and

Thailand (Fig. 2a). Two sites were supported by significant

P-values obtained with the RDP (4.32 9 10-4), BOOT-

SCAN (6.31 9 10-7), MAXCHI (3.00 9 10-9), CHI-

MAERA (7.48 9 10-7) and SISCAN (5.45 9 10-10)

programs of the RDP4.16 software (Fig. 2b). Six recom-

binant isolates originated from the same major parent TPT

(Indian isolate) and minor parent MYA-Formosa (Myan-

mar isolate). Analysis of the recombination region from nt

6587 to 9391 showed that the six recombinants and two

parent isolates were clustered in group I, while two non-

recombinant isolates were in group II, using UPGMA,

Table 3 Multilocus within-group estimates of evolutionary divergence (d) from pairwise comparison of sugarcane streak mosaic virus

(SCSMV) sequences based on phylogroups identified in Figure 1b–d and summary of test statistics examined for demographic trendsa

Genomic segment Genetic distance and test of neutrality within groups

All Group I Group II

d (n) Tajima’s D d (n) Tajima’s D d (n) Tajima’s D

Polyprotein 0.085 ± 0.002 (10) -0.6666ns 0.025 ± 0.001 (8) -1.0829ns 0.071 ± 0.003 (2) NA

P1 0.085 ± 0.005 (10) -0.9479ns 0.030 ± 0.003 (8) -0.8730ns 0.127 ± 0.010 (2) NA

CP 0.072 ± 0.005 (10) -0.5103ns 0.027 ± 0.003 (8) -1.2700ns 0.041 ± 0.007 (2) NA

a Data based on pairwise analysis of gene-specific sequences of 10 SCSMV isolates (three from this study and seven from GenBank). Standard

error estimates were obtained by a bootstrap procedure (1000 replicates). 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 (complete deletion

option). NA, not available due to limited sequences for analysis of the gene-specific sequence dataset. Tajima’s D statistic measures the departure

from neutrality for all mutations in a genomic region [38]. Values for neutrality tests were not significant (ns) in all cases (P[ 0.10). Tajima’s D

statistic was performed using DnaSP software version 5.10.01 [24]
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implemented in the RDP program (Fig. 2c). However,

recombination signals for the Pakistani PAK and Indian

IND671 isolates were not detected by the seven algorithms.

Two other phylogenetic trees, constructed using non-re-

combinant regions or ignoring recombination, were similar

to those constructed using the recombination region (data

not shown).

Discussion

SCSMV is a major virus associated with the common

sugarcane mosaic disease, with estimated yield losses of

30–80 % [6]. Typical symptoms and host range of SCSMV

are similar to those of the closely related potyviruses

sugarcane mosaic virus and sorghum mosaic virus [6, 10].

To date, several SCSMV strains (genotypes) have been

identified in Asian sugarcane-growing countries, including

Pakistan, Bangladesh, Sri Lanka, Thailand, India, Vietnam,

China, Japan and Indonesia [7, 9, 12, 15, 23], and 16 dif-

ferent phylogenetic groups have been proposed for the

virus based on analysis of partial CP gene sequences of 60

global SCSMV isolates [43]. In the present study, the

complete genome sequences of two sugarcane-derived

isolates of SCSMV from China (YN-YZ211 and HN-

YZ49) and one isolate from Myanmar (MYA-Formosa)

were determined, and their genetic relationships were

analyzed relative to genome sequences of seven Asian

isolates of the virus and 25 isolates of representative

members of the family Potyviridae. The levels of

polyprotein ([46 %) and CP ([76–77 %) nucleotide

sequence identity calculated for all 35 virus isolates ana-

lyzed in the study support the assignment of all SCSMV

isolates and TriMV into the same genus, Poacevirus, and

Table 4 Multilocus between-group estimates of evolutionary divergence (d) from pairwise comparison of sugarcane streak mosaic virus

(SCSMV) sequences based on phylogroups identified in Figure 1b–d and summary of test statistics examined for demographic trendsa

Comparisons Genetic distance and test of natural selection

Polyprotein P1 CP

d dMKT: G (P-value) d dMKT: G (P-value) d dMKT: G (P-value)

Group I vs. II 0.190 ± 0.004 3.053 (0.081ns) 0.177 ± 0.010 0. 166 (0.683ns) 0.152 ± 0.011 11.878 (0.000***)

a Data based on pairwise analysis of gene-specific sequences of 10 SCSMV isolates (three from this study and seven from GenBank). Standard

error estimates were obtained by a bootstrap procedure (1000 replicates). All positions containing gaps and missing data were eliminated from

the dataset (complete deletion option). The G-test (G) statistic of the McDonald-Kreitman test (MKT) was used to determine whether syn-

onymous and nonsynonymous variations support the hypothesis of adaptive protein evolution between two distinct variant groups [24] and

whether the divergence in the SCSMV phylogroups was caused by natural selection. ***, P\ 0.001; ns, not significant. MKT was performed

using DnaSP software version 5.10.01 [24]

Table 5 Genetic differentiation

measurement between and

within subpopulations from

pairwise comparison of

sugarcane streak mosaic virus

(SCSMV) sequences based on

phylogroups identified in

Figure 1b–d and summary of

test statistics examined for

permutation probabilitya

Genomic segment Test Subpopulation

Between G-1 and G-2 Within G-1

Polyprotein Ks* (P-value) 5.331 (0.029*) 5.197 (0.116ns)

Z (P-value) 13.500 (0.031*) 13.000 (0.233ns)

Snn (P-value) 2.425 (0.029*) 2.294 (0.203ns)

Fst 0.740 0.096

P1 Ks* (P-value) 3.416 (0.018*) 3.232 (0.032*)

Z (P-value) 13.500 (0.019*) 12.792 (0.146 ns)

Snn (P-value) 1.000 (0.045*) 0.500 (0.333 ns)

Fst 0.522 0.135

CP Ks* (P-value) 2.964 (0.022*) 2.954 (0.314 ns)

Z (P-value) 13.750 (0.027*) 13.125 (0.282 ns)

Snn (P-value) 1.000 (0.027*) 0.563 (0.220 ns)

Fst 0.777 0.013

a Data based on pairwise analysis of gene-specific sequences of 10 SCSMV isolates (three from this study

and seven from GenBank). Probability (P-value) obtained by the permutation test (PM test) with 1000

replicates. *, P\ 0.05; ns, not significant. The PM test was performed using DnaSP software version

5.10.01 [24]. Fst[ 0.33 suggests infrequent gene flow; Fst\ 0.33 suggests frequent gene flow

Asian isolates of sugarcane streak mosaic virus 1499
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demonstrate their distinctness from members of other

genera in the family Potyviridae [1–3].

Analysis of the genetic diversity of SCSMV populations

from different geographical regions can provide relevant

information for understanding its emergence, epidemiol-

ogy, short- and long-term movement, and gene flow, which

can be important for implementing proper control strate-

gies to limit virus dispersal. In the present study, genetic

differentiation and phylogenetic analysis of ten Asian

SCSMV isolates, including the three isolates from this

study, revealed that the population structure of the two

SCSMV phylogroups, group I and group II, correlated with

their geographical origin. With the exception of isolate,

TPT from India, group I consisted of members that origi-

nated from East Asia (YN-YZ211, HN-YZ49, JP1 and JP2)

and Southeast Asia (MAY-Formosa, ID and THA), while

group II isolates (IND671 and PAK) were exclusively from

South Asia. Such geographical structuring of virus isolates

may suggest bottlenecks imposed by the host plant or

potential arthropod vectors, as demonstrated for other

viruses [21]. SCSMV showed a spatial distribution pattern

with a greater genetic deviation in the South Asian (India

and Pakistan) lineage than in the subpopulation composed

of virus isolates from East (China and Japan) or Southeast

(Thailand, Indonesia and Myanmar) Asia. These results are

in agreement with those of a recent study showing that

SCSMV populations from India were more diverse than

virus populations from China [14]. Additionally, the higher

genetic diversity observed in this study between groups

than within groups of SCSMV populations suggests that

there is more frequent gene flow within groups than

between groups. The SCSMV population structure might

be related to virus transmission characteristics and the

presence of physical and quarantine barriers between

countries. However, the close genetic affinities observed

between some geographically distant SCSMV isolates

suggest long-distance migration, probably due to interna-

tional traffic of propagative sugarcane materials. Historical

accounts support the hypothesis that the SCSMV isolates

were most likely introduced into China via importation of

sugarcane germplasm materials [14]. For instance, the JP1,

JP2 and IND SCSMV isolates were introduced into China

from Japan and Indonesia by propagating germplasm

material [23]. Subsequently, further spread of SCSMV

within China could have occurred via movement of vege-

tative cuttings across provinces. In the same manner,

(a)

(i)

(ii)

(iii)

P1 HC-Pro P3

PIPO 6K1

CI

6K2

NIa NIb CP

1074 2485 3639 5739 7029 8505 9393

(iv)

(v)

(vi)

(vii)

(viii)

(ix)

(x)

(xi)

YN-YZ211

HN-YZ49

JP1

JP2

ID

THA-NP3

TPT

MYA-Formosa

PAK

IND671

6578

6578

6578

6590

6578

6590

9378

9370

9382

9378

9382

9378

Recombinant (i)-(vi)
Beginning breakpoint 6587-6599
Ending breakpoint 9379-9391
Major parent TPT
Minor Parent MYA-Formosa
RDP 4.32×

×
×
×
×

10-4

GENECONV -
BootScan 6.31 10-7

MaxChi 3.00 10-9

Chimaera 7.48 10-7

SiScan 5.45 10-10

3Seq -

(b)

(c)
 YN-YZ211
 ID
 HN-YZ49
 JP1
 JP2
 THA-NP3
 MYA-Formosas
 TPT
 PAK
 IND671

Group I

Group II

0.02

Fig. 2 Analysis of possible recombination in the full-length polypro-

tein nucleotide sequences of ten Asian sugarcane streak mosaic virus

(SCSMV) isolates. Recombination events were detected simultane-

ously by seven methods using the RDP 4.16 program. Recombination

maps, schematic illustrations of genomes and breakpoints are shown

(a). The estimated nucleotide positions of recombination sites are

presented relative to the genome, excluding the 50 and 30 untranslated

regions, following the numbering of the SCSMV PAK isolate

[NC_014037] sequence. Recombinant isolates, parental isolates,

recombination breakpoints and statistical values were detected

simultaneously by seven methods in the RDP 4.16 program (b).

The phylogenetic tree of the recombination region from nucleotides

6587 to 9391 was constructed with UPGMA, implemented in the

RDP program (c)
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isolate MYA-Formosa might have been inadvertently

introduced into Myanmar from other sugarcane-producing

Asian region (Taiwan, P. R. China) via contaminated

vegetative cuttings. These results underscore the impor-

tance of rigorous inspection and implementation of quar-

antine measures to limit virus dispersal between different

regions in the same country and across national boundaries.

Recombination, an important evolutionary force for

plant viruses, can promote genome diversity and adapt-

ability or offset fitness decrease by accumulation of dele-

terious mutations in bottleneck events [29]. In this study,

recombination analysis led to the detection of six putative

recombinants, all of which belong to group I. Previously,

nine recombination events were reported among 12 Indian

SCSMV isolates based on analysis of the HC-Pro gene

sequences [6]. In addition, SCSMV-PAK was proposed to

be a recombinant with isolates SCSMV-ID and SCSMV-

IND as its parental sequences and the recombination events

occurring at the 50 UTR and P1 region [31]. Furthermore,

three isolates from India, CB740, CB9217-1 and S-8, were

identified as recombinants in the CP coding region [13],

while other recombination events have been reported based

on analysis of P1 and P3 gene sequences of several Indian

SCSMV isolates [30, 42] and the P1, HC-Pro, CP and 30

UTR of several virus isolates from China [14]. These

results point to the importance of genetic recombination in

the evolution of global SCSMV populations. However, no

signature of recombination was detected for group II iso-

lates identified in this study, suggesting that this potent

evolutionary force has not shaped the emergence of

SCSMV group II variants. It is also noteworthy that 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, possibly due to the pres-

ence of physical and quarantine barriers between them.

Natural selection is an important evolutionary mech-

anism limiting variation of virus populations [32]. In the

present study, adaptive molecular evolution in the

polyprotein, P1, and CP protein-coding DNA sequences

was detected by the G statistic of MKT between two

distinct variant groups. Similarly, a strong purifying

selection was detected in other genes across the SCMV

genome, enhancing the speed of elimination of deleteri-

ous mutations in genes and shaping the stable genetic

structure of the population [14, 42]. However, a few

codons of P1, an RNA silencing suppressor protein

known to play a role in enhancing the pathogenicity of a

heterologous virus [40], were reported to be under pos-

itive selection [30]. Our finding also revealed one posi-

tive selection site located in a codon of P1 (data not

shown). Positive selection on a few codons in the P1

protein indicated an ongoing molecular adaptation with

the potential to fix selectively advantaged genotypes and

enhance population diversification. The P1 gene also

showed the most genetic divergence compared to the CP

gene, especially in the group II subpopulation, for the

PAK and IND671 isolates. Molecular adaptation due to

positive selection has been described in some isolates of

tomato spotted wilt virus, where an aa substitution of C

to Y at position 118 in the CP protein correlated with the

isolate’s ability to break resistance conferred by the Sw-5

gene in tomato [25].

The present study provides a comprehensive analysis of

the population genetic structure of SCSMV and the driving

forces involved in its evolution. In particular, it demon-

strates that frequent gene flow, homologous recombination

and strong purifying (negative) selection are driving forces

acting synergistically to limit genetic variation within

individual geographical subpopulations of SCSMV. Foun-

der effects have also been suggested to play a role in

shaping the genetic structure of SCSMV. Natural selection

and genetic drift are two main evolutionary mechanisms

limiting genetic variation of the SCSMV population. Pos-

itive selection at a few codons in the P1 protein, an RNA

silencing suppressor, reflects molecular adaptation. The

SCSMV population would be expanded by fixing advan-

taged mutations, essentially by enhancing the pathogenicity

of the virus via a novel mechanism to suppress the RNA-

silencing-based antiviral defense. The P1 site under

selection, as identified in this study, can be used in func-

tional genomic studies based on directed mutagenesis and

reverse genetics [44]. Additional genomic sequences of

SCSMV isolates from other countries are needed to fully

assess the genetic variability and phylogenetic history of

SCSMV.
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