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Abstract

Satellite RNA (satRNA) associated with Bamboo mosaic virus (BaMV) is dependent on BaMV for replication and encapsidation.

Molecular analyses of total RNA extracted from bamboo species collected worldwide revealed that 26 out of 61 BaMV isolates harbored

satBaMV. Among them, two phylogenetically distinguishable groups, A and B, with a genetic diversity of 6.9 F 0.7% were identified.

Greatest sequence diversity occurred in the 5Vuntranslated region (UTR) that contained one hypervariable region with variations of up to

20.7%. Concurrent covariations in the 5Vhypervariable sequences support the existence of a conserved apical hairpin stem-loop structure,

which was earlier mapped by enzymatic probings and functional analyses [Annamalai, P., Hsu, Y.H., Liu, Y.P., Tsai, C.H., Lin, N.S., 2003.

Structural and mutational analyses of cis-acting sequences in the 5V-untranslated region of satellite RNA of bamboo mosaic potexvirus.

Virology 311 (1), 229–239]. Furthermore, chimeric satBaMVs generated by interchanging the hypervariable region between groups A and B

demonstrated the replication competence of satBaMV isolates in Nicotiana benthamiana protoplasts co-inoculated with BaMV RNA. The

results suggest that an evolutionarily conserved secondary structure exists in the hypervariable region of 5VUTR of satBaMV.

D 2004 Elsevier Inc. All rights reserved.
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Introduction

Populations of RNA viruses contain great genetic

heterogeneity as a result of error-prone replication of RNA

genomes (Domingo and Holland, 1994). The quasispecies

nature of RNA viruses provides an effective way to explore

new genomic sequences, which may adapt or evolve

through a selection process (Domingo and Holland, 1994;

Eigen et al., 1988). Thus, populations of RNA viruses with

diversified biological properties appear to be relatively

genetically stable (Garcia-Arenal et al., 2001). The apparent

phylogenetic diversities within these populations have been

analyzed according to nucleotide sequences for a number of

plant RNA viruses (Garcia-Arenal et al., 2001). Such

analyses have also been conducted for some subviral RNAs
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including the satellite RNAs of Cucumber mosaic virus

(CMV) (Garcia-Arenal and Palukaitis, 1999; Grieco et al.,

1997), Rice yellow mottle virus (RYMV) (Pinel et al., 2003)

and Turnip crinkle virus (TCV) (Simon, 1999), satellite

Tobacco mosaic virus (STMV) (Dodds, 1999), Potato

spindle tuber viroid (Gast et al., 1996), Grapevine yellow

speckle viroid (Polivka et al., 1996), and Peach latent

mosaic viroid (Ambros et al., 1998; Pelchat et al., 2000).

Among these subviral RNAs, several secondary structures

have been proposed based on chemical and enzymatic

probing studies. The secondary structures appear to be

maintained despite some divergences in the primary

sequence (Ambros et al., 1998; Fraile and Garcia-Arenal,

1991; Garcia-Arenal and Palukaitis, 1999; Gast et al., 1996;

Pelchat et al., 2000; Simon, 1999).

Bamboo mosaic virus (BaMV), a potexvirus member of

the alphavirus-like superfamily, infects at least 13 econom-

ically important bamboo species in Taiwan (Lin et al., 1993)
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and is mechanically transmissible through vegetative

propagation. More than 80% of the two major cultivars,

namely, Ma bamboo (Dendrocalammus latiflorus Munro)

and Green bamboo (Bambusa oldhamii Munro), are

infected (Lin et al., 1993).

BaMV contains a 6.4-kb single-stranded, positive-sense

RNA genome with five conserved open reading frames

(ORFs) (Lin et al., 1994; Yang et al., 1997). ORF1 encodes

a protein of 155 kDa with three functional domains: an N-

terminal methyltransferase, a central RNA helicase, and a C-

terminal RNA-dependent RNA polymerase (RdRp) (Li et

al., 1998, 2001). A triple gene block consisting ORFs 2–4

encode proteins of 28, 13, and 6 kDa, respectively. These

triple gene block proteins are required for virus cell-to-cell

movement (Chang et al., 1997; Lin et al., 2004; Wung et al.,

1999). The product of ORF 5 is the capsid protein (CP) of

25 kDa.

BaMV RNA is 5Vcapped and 3Vpolyadenylated. The 3V
untranslated region (UTR) contains four major stem loops

(domains A, B, C, and D) and a functional pseudoknot

domain comprising at least 13 adenylate residues of the 3V
poly (A) tail (Cheng and Tsai, 1999; Tsai et al., 1999a).

Domain D and pseudoknot are recognized by RdRp and are

important for the initiation of minus strand RNA synthesis

(Huang et al., 2001). The highly conserved potexviral

hexanucleotides (ACc/uUAA) are located in the loop D

(Cheng and Tsai, 1999).

Satellite RNA of BaMV (satBaMV) represents the lone

example of satellite RNA found among the potexvirus

group. This RNA molecule is fully dependent on BaMV for

replication and encapsidation (Lin and Hsu, 1994). It

contains an ORF for a 20-kDa protein (P20) flanked by a

5VUTR of 159 nucleotides (nts) and a 3VUTR of 125 nts.

Structural and functional analyses of the 5VUTR of BSF4

satBaMV revealed a long stem loop (LSL) and a small stem

loop. The former comprises one apical loop, five internal

loops, and a four-way junction short stem-loop, which are

required for the efficient replication of satBaMV in BaMV

co-infected cells (Annamalai et al., 2003). However, P20 is

not essential for satBaMV replication (Lin et al., 1996) and

shares 46% amino acid identity with CP of satellite virus

associated with Panicum mosaic virus (Liu and Lin, 1995).

Previously, we have shown that seven isolates of

satBaMV from different bamboo species and different

localities displayed a nucleotide divergence from 0.7% to

7.5% (Liu et al., 1997). However, transcripts from infectious

cDNA clones of satBaMV, pBSF4, and pBSL6 showed a

differentially adaptive effect during co-inoculation with

BaMV RNA (Hsu et al., 1998). Prototype BSF4 satBaMV

did not significantly interfere with the BaMV replication,

whereas transcripts from pBSL6 markedly reduced the

symptom expression and accumulation of BaMV RNA in

co-infected Nicotiana benthamiana plants (Hsu et al., 1998).

In the present study, we have characterized the genetic

diversity among the satBaMV isolates from bamboo

imported worldwide as well as from local varieties of
Taiwan. Based on the phylogenetic analysis, two separate

satBaMV lineages were identified. The greatest diversity is

found in the 5VUTR containing a hypervariable region. In

spite of the vast sequence diversity in this region, the

secondary structure of RNA displayed a conserved top-

ology. Furthermore, the hypervariable sequence was inter-

changeable between the two isolates belonging to two

lineages. The results indicate that the RNA secondary

structure in the hypervariable region of 5VUTR of satBaMV

is evolutionarily conserved.
Results

Detection and phylogeny of satBaMV isolates

Infection of BaMV and satBaMV in the collected

bamboo leaves showing mosaic symptoms was confirmed

by RNA dot blot hybridization (Table 1). Except in isolate

BB18, BaMV RNA was detected in 60 out of 61 bamboo

samples. However, BaMV genomic RNA could be demon-

strated by reverse transcription-polymerase chain reactions

(RT-PCR) in BB18 (data not shown). The inability of

detection of BaMV RNA in BB18 was probably due to low

accumulation. Out of 61 samples, 26 were positive for

satBaMV (Table 1). Among the 26 samples, 17 isolates

were from all the BaMV-infected Ma bamboo (D. lati-

florus), whereas only 2 from the 23 BaMV infected Green

bamboo (B. oldhamii) were positive for satBaMV. The

remaining seven positive satBaMV detections were in B.

vulgaris (BV17 and BB25), D. giganteus (BB18), Gigan-

tochloa levis (BB21), B. pachinensis (BB23 and BB26), and

B. edulis (BB28) (Table 1). Chi-square analysis significantly

showed host-based prevalence (v2 = 29.1, df = 1, P b 0.001)

between Ma and Green bamboo.

From each infected plant, virions were purified and viral

RNA was extracted. Subsequently, full-length cDNA of

satBaMV was amplified by RT-PCR and sequenced.

Phylogenetic analyses were performed using the Neighbor-

Joining clustering and Maximum Parsimony methods. As

shown in Fig. 1, separate and pronounced evolving processes

occur in two lineages as the branch lengthened between the

nodes, A (nA) and B (nB). Based on this result, the isolates

were categorized into two major groups, A and B. Isolates

belonging to group A were mostly derived from the

Bambusa species, including B. edulis, B. oldhamii, B.

pachinensis, B. vulgaris, etc., as well as from a few species

of Dendrocalamus. Isolates of group B were all from D.

latiflorus except BB21, which was from G. levis. It is also

evident that none of the isolates showed significant

correlation to the geographical distribution. For example,

isolates DL15 and DL16 though collected from the

neighborhood area did not fall in the same cluster (Fig. 1).

In contrast, isolates BSL3 and BSL6 collected from two

distinct areas could be grouped together (Fig. 1 and Liu et al.,

1997).



Table 1

Detection of BaMV and satBaMV RNAs from different bamboo species and localities by dot blot hybridization

satBaMV isolatesa Accession no. Host speciesb Longitude Latitude Date BaMVc SatBaMVd

DL6V1 AY205200 D. latiflorus 1213037E 250152N 07/06/1997 + +

DL6V6 AY205206 D. latiflorus 1213037E 250152N 07/06/1997 + +

DLI-1 AY205159 D. latiflorus 1213037E 250152N 08/15/1998 + +

DLII-1 AY205169 D. latiflorus 1213037E 250152N 08/15/1998 + +

DLIII-1 AY205178 D. latiflorus 1213037E 250152N 08/15/1998 + +

DLIV-1 AY205187 D. latiflorus 1213037E 250152N 08/15/1998 + +

DL11 AY205211 D. latiflorus 1203621E 222541N 02/16/1999 + +

DL12 AY205212 D. latiflorus 1204256E 242807N 02/18/1999 + +

DL15 AY205213 D. latiflorus 1204250E 240646N 05/16/1999 + +

DL16 AY205214 D. latiflorus 1204018E 235426N 06/12/1999 + +

DL17 AY205223 D. latiflorus 1203248E 233846N 06/12/1999 + +

DL18 D. latiflorus 1202247E 233400N 06/12/1999 + +

DL19 AY205224 D. latiflorus 1203430E 230403N 06/20/1999 + +

DL20 AY205225 D. latiflorus 1203736E 225413N 06/20/1999 + +

DL21 AY205226 D. latiflorus 1214347E 244450N 10/25/1999 + +

DL22 D. latiflorus 1213250E 235656N 10/26/1999 + +

DL23 AY205215 D. latiflorus 1212350E 233706N 10/26/1999 + +

BV11 B. vulgaris 1202107E 235832N 02/17/1999 + �
BV13 B. dolichoclada 1213037E 250152N 02/23/1999 + �
BV17 AY205222 B. vulgaris 1213037E 250152N 01/19/1999 + +

BO11 B. oldhamii 1202952E 225321N 02/15/1999 + �
BO12 B. oldhamii 1204256E 242807N 02/18/1999 + �
BO13 B. oldhamii 1204217E 235600N 02/21/1999 + �
BO14 B. oldhamii 1203619E 240452N 02/21/1999 + �
BO16 B. oldhamii 1201923E 225815N 03/29/1999 + �
BO17 B. oldhamii 1201851E 225901N 03/29/1999 + �
BO18 B. oldhamii 1201103E 230924N 03/29/1999 + �
BO19 B. oldhamii 1205705E 243733N 04/03/1999 + �
BO20 AY205220 B. oldhamii 1213626E 250143N 04/20/1999 + +

BO22 B. oldhamii 1204250E 240646N 05/16/1999 + �
BO23 AY205221 B. oldhamii 1211041E 244747N 05/16/1999 + +

BO24 B. oldhamii 1211607E 245320N 05/16/1999 + �
BO25 B. oldhamii 1204637E 235013N 06/12/1999 + �
BO26 B. oldhamii 1203736E 225413N 06/20/1999 + �
BO27 B. oldhamii 1203430E 230403N 06/20/1999 + �
BO28 B. oldhamii 1202704E 232917N 06/20/1999 + �
BO29 B. oldhamii 1212146E 245447N 07/26/1999 + �
BO30 B. oldhamii 1212750E 245757N 07/26/1999 + �
BO31 B. oldhamii 1213107E 245837N 07/26/1999 + �
BO32 B. oldhamii 1214812E 243724N 10/25/1999 + �
BO33 B. oldhamii 1213250E 235656N 10/26/1999 + �
BO34 B. oldhamii 1213711E 250231N 07/30/2000 + �
BB1 B. utilis 1204004E 225826N 01/17/1999 + �
BB2 B. pachinensis 1204004E 225826N 01/17/1999 + �
BB3 B. oldhamii 1204004E 225826N 01/17/1999 + �
BB4 D. strictus 1204004E 225826N 01/17/1999 + �
BB5 D. giganteus 1204004E 225826N 01/17/1999 + �
BB12 B. vulgaris 1213037E 250152N 02/23/1999 + �
BB13 B. ventricosa 1213037E 250152N 02/23/1999 + �
BB14 B. dolichoclada 1213037E 250152N 02/23/1999 + �
BB18 AY205216 D. giganteus 1213037E 250152N 08/19/1999 �e +

BB19 B. tulda 1213037E 250152N 05/18/1999 + �
BB20 B. dolichomerithalla 1213037E 250152N 05/18/1999 + �
BB21 AY205199 G. levis 1213037E 250152N 05/18/1999 + +

BB22 B. edulis 1202704E 232917N 06/20/1999 + �
BB23 AY205217 B. pachinensis 1213037E 250152N 08/19/1999 + +

BB24 B. dolichoclada 1213037E 250152N 08/19/1999 + �
BB25 AY205218 B. vulgaris 1141417E 222340N 08/19/1999 + +

BB26 B. pachinensis 1214246E 244633N 10/25/1999 + +

BB27 P. japonica 1214246E 244633N 10/25/1999 + �
BB28 AY205219 B. edulis 1210532E 225013N 10/26/1999 + +

(continued on next page)
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satBaMV isolatesa Accession no. Host speciesb Longitude Latitude Date BaMVc SatBaMVd

BSF4 L22762 B. vulgaris 1213037E 250152N Liu et al., 1997f + +

BSL1 L78260 D. latiflorus 1202704E 232917N Liu et al., 1997f + +

BSL2 L78261 B. beecheyana 1204004E 225826N Liu et al., 1997f + +

BSL3 L78262 B. dolichoclada cv. 1202704E 232917N Liu et al., 1997f + +

BSL4 L78263 P. usawai 1202704E 232917N Liu et al., 1997f �e +

BSL6 L78264 D. latiflorus 1213037E 250152N Liu et al., 1997f + +

USA1 L78265 B. beecheyna 1170904W 324412N Liu et al., 1997f + +

a Abbreviations of satBaMV isolates: capital letters are bamboo species and the numbers are the collecting order.
b D: Dendrocalamus; Ma Bamboo (D. latiflorus) B: Bambusa; Green Bamboo (B. oldhamii) G: Gigantochloa; P: Pseudosasa.
c +, BaMV RNA positively detected.
d +, satBaMV RNA positively detected; �, no satBaMV RNA detected.
e �: dot blot negative, but RT-PCR positive.
f References of the reported isolates.

Table 1 (continued)
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Sequence of the full-length cDNA clones of satBaMVwas

aligned using the Pileup program from the GCG package.

Genetic diversity calculations from proportion models

revealed two distinct groups among these isolates, a result

that is consistent with the phylogenetic analyses. Divergence

between the two groups ranged from 0.054 to 0.084 with an

average of 0.069 (Table 2), while the sequence divergence

within each group ranged from 0.002 to 0.048.

Sequence variation in the 5VUTR, P20 coding region, and 3V
UTR

Analysis of nucleotide sequence revealed that 30 sat-

BaMV isolates, including the previously collected isolates

(Liu et al., 1997), were similar in length (830–837 nts). Of the

total 836 nts of prototype BSF4 satBaMV, 159, 552, and 125
Fig. 1. Phylogram of full-length satBaMV isolates constructed using the

Neighbor-Joining clustering method. The branch length is proportional to

the divergence scale (0.01). Bootstrap values greater than 70 are shown

above the branch. Analysis from Maximum Parsimony method obtained a

similar tree topology and the bootstrap values were shown beneath the

branch. Isolates in group B from Ma bamboo (D. latiflorus) are shadowed.
nts constituted the 5VUTR, P20 coding region, and 3VUTR,
respectively (Lin and Hsu, 1994). The 5VUTR sequences

displayed the greatest genetic variation of 0.090 F 0.019

between groups A and B (Table 2). This includes a significant

variation of up to 0.207 between nt 54 and 92, which is

identified as the hypervariable region. The sequences of 5V
UTR of 30 isolates from 14 localities are shown in Fig. 2.

The ORF of P20 is present in every isolate sequenced to

date and both the termini of P20 are relatively conserved.

Nucleotide variations for P20 coding region within groups

A and B, and between the two groups are 0.024 F 0.003

and 0.070 F 0.010, respectively, with values similar to

those of full-length satBaMV (Table 2). Amino acid

variation of P20 was 0.053 F 0.013 between the two

groups. The divergence of P20 codon positions when

analyzed revealed that the variation for the third position

of P20 codons was about four times higher than that for the

first or second positions. The dNS/dS ratio (nonsynonymous

substitution/synonymous substitution) for P20 in both

groups A and B is 0.14.

Sequence of the 3V UTR showed the least diversity

(0.036 F 0.011) of the whole satBaMV molecule (Table 2).

This trend is also reflected in other subviral RNAs (Danthinne

et al., 1991; Dodds, 1999; Kurath et al., 1993). Conserved

hexanucleotides (ACCTAA), which are common in potexvi-

ruses and carlaviruses (White et al., 1992), and the

polyadenylation signal (AATAAA) are present in all the

satBaMV isolates.

Distinct evolutionary patterns occur in the 5VUTR and P20

coding region

To reveal the genetic diversity of satBaMVs, separate

calculations were performed for substitution transition (Ts;

purine–purine or pyrimidine–pyrimidine exchange) and

transversion (Tv; purine–pyrimidine or pyrimidine–purine

exchange). The relative coefficients in transversion (RTv)

or transition (RTs) vs. total substitutions in the P20 coding

region are shown in Fig. 3B. These substitutions revealed

extremely different evolving processes for the 5VUTR and

P20 coding regions. The evolved process of transversion is



Table 2

Substitution divergence among satBaMV isolates

Isolates 5VUTR P20 coding region 3VUTR Full length

nt aa

Within group A 0.044 F 0.009 0.024 F 0.003 0.014 F 0.004 0.022 F 0.008 0.027 F 0.003

Within group B 0.039 F 0.009 0.024 F 0.003 0.014 F 0.004 0.022 F 0.009 0.026 F 0.003

Between groups A and B 0.090 F 0.019 0.070 F 0.010 0.053 F 0.013 0.036 F 0.011 0.069 F 0.007

1st 2nd 3rd

Within group A 0.008 F 0.003 0.007 F 0.002 0.057 F 0.007

Within group B 0.008 F 0.003 0.009 F 0.003 0.055 F 0.009

Between groups A and B 0.032 F 0.012 0.032 F 0.012 0.147 F 0.019

UTR: untranslated region; nt: nucleotide; aa: amino acid; 1st, 2nd, and 3rd: the first, second, and third position of P20 codon, respectively.
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similar to that of the transition in the 5VUTR (Fig. 3A).

However, in the P20 coding region, transversion was less

significant than transition that was about fivefold higher

(Fig. 3B). Substitution pattern in the 3V UTR was not

calculated due to the insignificant sequence variation.

The hypervariable region folds into a conserved secondary

structure in the 5VUTR

Sequence analyses of satBaMV isolates revealed a

hypervariable region at nt 54–92 in the 5VUTR (Fig. 2).

The proposed folding for the 5Vhypervariable region of the

prototype BSF4 satBaMV comprises an apical loop

followed by two internal-loops interwoven by 3–4, 2, and

5 base-paired stems (Annamalai et al., 2003) (Fig. 4),

which is designated as the apical hairpin stem-loop

(AHSL). To depict the significance of AHSL, RNA

secondary structure of the hypervariable region of 30

satBaMV isolates was predicted by the MFOLD software.

Results from the prediction indicated that most of the

isolates (22 out of 30) retained a nearly identical AHSL

structure regardless of whether the isolates are from group

A or B (Fig. 4, boxed). Although the folding of other eight

isolates is not well conserved, they exhibit a similar hairpin
Fig. 2. Nucleotide sequences of the 5VUTR of satBaMV isolates. Nucleotides ide

indicated by a dash (�). Hypervariable sequences (nt 54–92) for the simulation o
stem-loop structure. The predicted AHSL structure of

hypervariable region showed compensatory changes pri-

marily in the base-paired stem regions while most variable

sites appeared in the loop.

To further determine whether these changes in the stem

regions occurred at random, we tallied all the observed

single and double compensatory stem substitutions. Sub-

stitutions in the stem region were analyzed if such changes

will disrupt or maintain the base pairing. For RNA

molecules, the probability of a double substitution convert-

ing one pair of complementary base to another pair is 0.256,

and the value for single substitution is 0.125 (Dixon and

Hillis, 1993). From the two prototypes, BSF4 (group A) and

BSL6 (group B), a total of 31 substitutions comprising 22

isolates (boxed in Fig. 4) were constructed in the stem

region. As shown in Fig. 4, most of the substitutions did not

disrupt the pairings in the stem regions. Twenty-nine

compensatory changes were observed, including 15 single

base pairing to base pairing and 7 double base pairing to

base pairing. Based on these data, 5.7 changes are expected

by random mutation, including 2.1 single base pairing to

base pairing and 1.8 double base pairing to base pairing

(Table 3). However, the observed compensatory mutations

are significantly higher than the expected ones (v2 = 90.4
ntical to those of the BSF4 isolate are indicated by a dot (.), and gaps are

f RNA secondary structure are boxed.



Fig. 3. Scatter plots of transition (Ts, triangle) or transversion (Tv, circle) of

the 5VUTR (A) and the P20 coding region (B) versus total substitution

(Tvs) for all pairwise comparisons. Relative coefficients are shown in the

panel.

Fig. 4. Secondary structure of the hypervariable region of natural satBaMV isolate

groups A and B by MFOLD Program version 3.1 (Zuker et al., 1999). Most of the i

variable sites corresponding to BSF4 (group A) or BSL6 (group B) are shown in
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and v2 = 32.2, df = 1, P b 0.001, for single and double

substitutions, respectively). Even for the remaining eight

isolates (out of the box in Fig. 4), similar significant results

were obtained (v2 = 62.5 and v2 = 11.6, df = 1, P b 0.001,

for single and double substitutions, respectively) (data not

shown). These results suggest that the secondary AHSL

structure exists within the hypervariable region of 5VUTR of

satBaMV isolates.

Chimeric satBaMVs with interchanged AHSL are

replication competent

Earlier enzymatic probings and mutational analyses

showed that the 5VUTR of BSF4 satBaMV folds into a

LSL and a small stem loop (Annamalai et al., 2003). By

MFOLD prediction, the 5VUTR of BSL6 folds into five stem-

loop structures (Fig. 5A). Subsequently, in order to determine

whether the conserved secondary structure in the hyper-

variable region is involved in satBaMV replication, the

hypervariable sequences of pBSF4 from group A and pBSL6

from group B were interchanged. The resulted full-length

satBaMV clones, pBSF20 and pBSF21, retained their

parental RNA secondary structure by MFOLD predictions

(Fig. 5A).
s. The structures were simulated from nt 54 to 92 of satBaMV isolates from

solates (22 out of 30) have a nearly identical prediction (within the box). The

red.



Table 3

Substitutions in the hypervariable stem regions of satBaMV isolates based

on the secondary structure shown in Fig. 4

Type of substitution No.

expecteda
No.

observed

P

Single b0.001

Base pairing to base pairing 2.1 15

Base pairing to non-base pairing 14.9 2

Double b0.001

Base pairing to base pairing 1.8 7

Base pairing to non-base pairing 5.2 0

a The no. expected in single base pairing to base pairing is (15 + 2) �
0.125 = 2.1, and the value for single base pairing to non-base pairing is

(15 + 2) � 2.1 = 14.9.
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The replication ability of the chimeric BSF20 and BSF21

was tested in protoplasts of N. benthamiana co-inoculated

with BaMV RNA. Twenty-four hours after inoculation,

protoplasts were harvested for Northern blot analysis by

satBaMV-specific probe. The accumulation levels of BSF20

and BSF21 were similar to those of BSF4 and BSL6

satBaMVs in co-inoculated protoplasts with BaMV RNA

(Fig. 5B). In control experiments, satBaMV was not detected

in protoplasts inoculated with any satBaMV alone (data not

shown), indicating that the signals in Fig. 5B are not due to

contamination of the input RNAs. The results suggest that

BSF20 and BSF21 are replication competent.
Discussion

Detection and phylogeny of satBaMV isolates

Although the origin of satellite RNA has been intrigued,

information on the natural prevalence of satellite RNA is
Fig. 5. Schematic RNA secondary structure of 5VUTRs and inoculation assay of chi
the MFOLD program version 3.1 (Zuker et al., 1999). Nucleotides in the 5VUTR ar

92. Sequences derived from BSF4 satBaMV represented as solid lines (hypervaria

(B) Accumulation of satBaMV RNAs in protoplasts of N. benthamiana co-ino

protoplasts, 24 h after inoculation, and analyzed by Northern blot with satBaMV

isolates or mutants were indicated above each lane. Lane �: no satBaMV RNA ad

loading as revealed by ribosomal RNA abundance in each lane.
quite limited (Roossinck et al., 1992; Simon et al., 2004;

Vogt and Jackson, 1999). The prevalence of satellite RNA

varies and for instance, high (75%) in RYMV satRNA

(Pinel et al., 2003) but low (30%) in CMV satRNA even

though CMV satRNA occurs all over the world (Garcia-

Arenal et al., 2000). In both cases, the prevalence of satellite

RNA is variable among regions. According to our inves-

tigation, the frequency of satBaMV in the field populations

of BaMV seems to be less than 50%. From the phylogenetic

analysis, the prevalence of two evolutionary lineages, A and

B, has no correlation with geographic locations. Interest-

ingly, satBaMVs showed host preference for the two most

common bamboo hosts, Ma bamboo and Green bamboo

(Fig. 1). All the collected BaMV isolates originated from

Ma bamboo (D. latiflorus) harbored group-B-like satBaMV

RNAs whereas only 9% Green bamboo BaMV isolates

associated group-A-like satBaMVs (Table 1) in spite of

more than 80% of BaMV incidence in Green bamboo

plantation in Taiwan (Lin et al., 1993). Isolates of BSF4 and

BSL6, originally from B. vulgaris (Lin and Hsu, 1994) and

D. latiflorus (Liu et al., 1997), respectively, replicated

efficiently in protoplasts of Green bamboo in the presence of

BaMV RNA (Lin, N.S., unpublished results), indicating that

factors other than replication such as cell-to-cell movement,

long-distance movement, etc., determine the specific inter-

action with host. Hence, in accordance with earlier report

(Simon et al., 2004), it is evident that the species of host

play an important role in the selection of satBaMV RNA

populations.

Hypervariation in the 5VUTR of satBaMV

SatBaMV belongs to the messenger-type satRNAs and

the information on genetic variations of messenger type
meric satBaMVs. (A) RNA secondary structures in the 5VUTRs predicted by
e from 1 to 159 and nucleotides in the hypervariable sequence are from 54 to

ble region in dark background) while sequences from BSL6 as dotted lines.

culated with BaMV RNA. RNA samples were extracted from 3 � 104

-specific probe (Lin et al., 1996). RNA transcripts of BaMV and satBaMV

ded. (C) Ethidium bromide staining of the gel prior to blotting shows equal
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satRNA is limited. SatBaMV isolates between group A

and B displayed sequence diversity of 6.9%, which is

consistent with variations reported for plant virus satR-

NAs (Garcia-Arenal et al., 2001). The 5VUTR containing

the hypervariable region showed the most divergence of

the whole molecule (Fig. 2 and Table 2). Hypervariable

regions have been reported in subviral RNA (Palukaitis

and Roossinck, 1995) as well as RNA virus genomes,

including noncoding and coding region (Kurosaki et al.,

1995; Shurtleff et al., 2001; Sumi et al., 1999). These

hypervariable regions are highly divergent as a result of

substitution, deletion, or insertion during replication cycle,

which might play a role in the evolution or the virulence

of RNA molecules (Leitmeyer et al., 1999; Shurtleff et

al., 2001). In the case of CMV satRNA, the hyper-

variability is suggested to be affected by the quasispecies

nature of the helper viruses and the sequence content of

satRNA (Palukaitis and Roossinck, 1995). However, the

sequence of the satBaMV helper virus has not been

determined yet.

Different selection pressure exists in the 5VUTR and P20

coding region

It is generally accepted that transversion is limited to

short-term evolution. For example, serial passages of CMV,

TMV, and Wheat streak mosaic virus in experimental

plants reveal only transition mutations (Hall et al., 2001;

Roossinck, 2002; Schneider and Roossinck, 2000). In the

present study, relative substitution of transversions vis-a-vis

transitions revealed that transition bias occurred in the P20

coding region among the natural satBaMV isolates (Fig.

3B). However, a trend of equal number of transition and

transversion showed a different evolution pattern in the 5V
UTR (Fig. 3A). Further examination of the P20 gene using

a neutral selection model indicated that the functional

constraint of the coding region with a value of dNS/dS
(0.140 and 0.141 of groups A and B, respectively) is

similar to that of the coat proteins of other plant viruses

(Garcia-Arenal et al., 2001). This functional constraint of

the P20 gene is further supported by the fact that P20 is

involved in the satBaMV RNA binding and movement (Lin

et al., 1996; Tsai et al., 1999a). Taken together, these

findings suggest that the selective pressure in P20 coding

region is at the protein level, while the selective pressure in

the 5VUTR is at RNA level.

RNA secondary structure of the hypervariable sequence as

an evolutionary constraint

Previously enzymatic, mutational, and covariation

analyses of the 5VUTR of BSF4 satBaMV demonstrated

a LSL structure that is required in cis for replication of

satBaMV (Annamalai et al., 2003). The major stem

structures in the LSL have a vital impact on satBaMV

accumulation. Deletions or substitutions that disrupt stem
formation substantially reduced the accumulation of

satBaMV. Subsequently, in this study, a hypervariable

region with a conserved AHSL secondary structure was

identified in the 5VUTR of natural isolates of satBaMV by

MFOLD program and covariation analysis (Fig. 4).

Although covariation analysis strengthens the AHSL

structure, the potential long-distance base pairing, pseu-

doknot formation, and possible RNA–protein interactions

cannot be predicted.

In the basal five base-paired stems of AHSL structure in

BSF4 satBaMV, mutations that disrupted C/G and G/C base

pairs resulted in the loss of replication ability (Annamalai et

al., 2003). However, compensatory changes [either C/G (57/

89) Y U/A or G/C (55/91) Y A/U, or alteration in five

nucleotides] restored the activity of satBaMV mutants

nearly to the wild-type level. It is evident that hypervariation

results from the selection for compensatory mutations that

maintain the secondary structure (Table 3). Maintenance of

conserved RNA secondary structure that is constrained in

the satBaMV evolution is further strengthened by the fact

that the hypervariable AHSL regions between groups A and

B are interchangeable in spite of their vast sequence

divergence. This is evidenced by the replication competence

of chimeric satBaMVs in infected protoplasts (Fig. 5).

Furthermore, this AHSL region contains P20 core binding

site with G- and U-rich sequences, 72GCUGAGGGU-

GUGGCAGG088, which is involved in the formation of

P20-RNA complexes (Tsai et al., 1999b). Thus, the

conserved AHSL structure may be a bifunctional motif in

the 5VUTR, which modulates the replication and translation

of satBaMV RNA.

Conserved secondary structures are of functional sig-

nificance in viral replication, transcription, recombination,

and pathogenesis by their highly conserved sequence or

through the interaction of secondary structure with viral or

cellular proteins (Garcia-Arenal et al., 2001; Hofacker et

al., 2004; Roossinck et al., 1992). Thus, they are very

sensitive to mutations in which few critical substitutions or

about 10% mutation could result in the disruption of

secondary structures, and consequently, loss of activity

(Schuster et al., 1994). In this study, we present an

evolutionarily conserved AHSL secondary structure in the

satBaMV genome, most importantly within the hyper-

variable region. Hypervariation in naturally occurring

sequence could lead to a wide range of satellite RNA

population. Under selection pressure, there might be a

strong constraint on the hypervariation to conserve

potential RNA folding and function. Such hypervariability

and potential RNA folding might be important features

that mediate the interactions among satBaMV, helper

virus, and host plants (Palukaitis and Roossinck, 1995).

Although the importance of this motif in the interaction

with helper virus and host plants needs further inves-

tigation, it should be noted that the AHSL structure has

significant consequences in the evolution and biology of

satBaMV RNA.



W.-B. Yeh et al. / Virology 330 (2004) 105–115 113
Materials and methods

Sample collection, detection of BaMV and satBaMV, and

virus purification

Bamboo leaves with mosaic symptoms were collected

from cultivated bamboos and bamboo nurseries in Taiwan,

where different imported bamboo species from worldwide

are grown. Table 1 lists the sampling numbers, longitude,

latitude, and host species of satBaMV isolates. Seven

previously reported isolates of BSF4, BSL1, BSL2, BSL3,

BSL4, BSL6, and USA1 (Liu et al., 1997) were also

included.

Total RNA was extracted from bamboo leaves and

probed for BaMV and satBaMV RNA by dot blot hybrid-

ization (Lin et al., 1993, 1996). The in vitro 32P-labeled

RNA transcripts synthesized from pBaHB and pBSHE were

the specific probes for the detection of BaMVand satBaMV

RNA, respectively (Lin et al., 1993). For mini-purification

of BaMV virions, 5 g of bamboo leaves was collected from

each individual bamboo bush. BaMV virions were purified

and the viral RNA was extracted as described previously

(Lin and Chen, 1991). Chi-square analysis was used to test

the parasitized association between satBaMV and its

bamboo hosts (SAS Institute, 2001).

Construction and sequence determination of full-length

cDNA of satBaMV RNA

Purified viral RNAwas used as the template for RT-PCR

to amplify the full-length cDNA of satBaMV RNA. Full-

length cDNA of the satBaMV was synthesized by PCR with

the following primers: BS19, 5V-TGCCTGCAGTAATAC-
GACTCACTATAGAAAACTCACCGCAACGA-3 (PstI site

is underlined; T7 promoter sequence in italics; and the 5V
terminal 18 nts of satBaMV (Lin and Hsu, 1994) and

polyadenylation primer BS43, 5V-GTCGACTCTAGAT20-3V
(the XbaI site is underlined). Amplified cDNA fragment

was then separated and isolated from 1% agarose, ligated

into pGEM-T easy vector (Promega, Madison, WI) and

transformed to E. coli DH5a. The resulting plasmids were

selected and sequenced. Sequence was analyzed by ABI

377A Sequencer using the Taq dye Terminator Cycle

Sequencing Kit (Applied Biosystems, Foster City, CA).

Sequence analysis

Multiple sequence alignment was done using the

Pileup program of the GCG software package, which

was then manually refined. The neutral selection model

of Pamilo and Bianchi (1993) and Li (1993) was

employed to fit the nonsynonymous (dNS) and synon-

ymous (dS) substitution of isolates. Phylogenetic analyses

were performed using Neighbor-Joining (NJ) and Max-

imum Parsimony (MP) methods provided by softwares

MEGA version 2.1 and PHYLIP (Felsenstein, 1993;
Kumar et al., 2001). Distance estimates of Kimura two-

parameter model and the heuristic searching algorithm

were used for NJ and MP analyses, respectively. Hairpin

simulations for the hypervariable region in the 5V UTR

were analyzed using the MFOLD provided by the

SeqWeb computer center (bioinfo.nhri.org.tw/), and hair-

pins with the least energy value were selected.

Construction of chimeric satBaMVs

Plasmids pBSF4 and pBSL6 are full-length cDNA clones

of satBaMV with a T7 RNA promoter at the 5Vend (Hsu et

al., 1998; Lin et al., 1996). To construct the chimeric

satBaMVs, the hypervariable sequences of pBSF4 and

pBSL6 were interchanged, and the mutants are designated

as pBSF20 and pBSF21, respectively (Fig. 5A). The

mutants were constructed by site-directed mutagenesis using

a double-PCR method (Annamalai et al., 2003). For the

construction of pBSF20, the first PCR product was

synthesized from the pBSF4 template using primers BS19,

and BSF20R (5V-CGGGGGCTGCCGCACCGCCAAAG-
CAGACTATAGGGGGCCCCTCGTGGTCT-3V), followed

by the second PCR using pBSF4 as template with primer

BS43 and the first PCR product. The PstI- and XbaI-

digested secondary PCR fragments were ligated with the

PstI- and XbaI-cut pBSF4 to generate pBSF20. To generate

pBSF21, the first PCR product was synthesized from

pBSL6 template by primers BS19 and BSF21R (5V-
GCACGGGGCCTGCCACACCCTCAGCGGGACTA-

TAGGGGGGCCCTCGTG-3V), followed by the second

PCR using pBSL6 as template with primer BS24 (5V-
CCTTCTCGAGT15-3V, XhoI site underlined) and the first

PCR fragments. The PstI- and XhoI-digested secondary

PCR fragments were ligated to the PstI- and XhoI-cut

pBSL6.

In vitro transcription

Transcription utilized plasmids pCB, pBSF4, and pBSL6.

pCB is an infectious clone of BaMV-S (Lin et al., 2004) while

pBSF4 and pBSL6 are infectious clones of satBaMV (Hsu et

al., 1998; Lin et al., 1996). Conditions for in vitro tran-

scription were as previously described (Lin et al., 1996).

Protoplast inoculation, RNA extraction, and Northern blot

analyses

Preparation and RNA inoculation of protoplasts from N.

benthamiana were carried out as previously described (Lin

et al., 1996). For each inoculation, protoplasts of 2 � 105

cells were inoculated with either 1.0 Ag of BaMV-S RNA

only or co-inoculated with 1.0 Ag of various satBaMV

transcripts by electroporation. Total RNA extraction, glyox-

ylation, and Northern blot analyses with 32P-labeled

satBaMV-specific probe were carried out as previously

described (Lin et al., 1996).
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