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Nanoviruses are multipartite single-stranded DNA (ssDNA) plant viruses that cause important diseases of
leguminous crops and banana. Little has been known about the variability and molecular evolution of these
viruses. Here we report on the variability of faba bean necrotic stunt virus (FBNSV), a nanovirus from
Ethiopia. We found mutation frequencies of 7.52 � 10�4 substitutions per nucleotide in a field population of
the virus and 5.07 � 10�4 substitutions per nucleotide in a laboratory-maintained population derived thereof.
Based on virus propagation for a period of more than 2 years, we determined a nucleotide substitution rate of
1.78 � 10�3 substitutions per nucleotide per year. This high molecular evolution rate places FBNSV, as a
representative of the family Nanoviridae, among the fastest-evolving ssDNA viruses infecting plants or
vertebrates.

Viruses face continuous challenges by their hosts and in
their vectors, which require them to cope with numerous dif-
ferent antiviral reactions activated upon infection. As a result,
virus genomes vary in sequence to an extent that in some cases
makes it difficult to define a single unique prototype, e.g., for
bacteriophage Q� or human immunodeficiency virus (HIV)
(13, 74). Evidence has accumulated that rapid virus evolution
due to genome sequence variation is general (18) and not
restricted to RNA viruses and retroviruses, where this was
amply documented (15, 43, 62, 74). The main generators of
sequence variation in these viruses are their RNA-dependent
RNA polymerases or reverse transcriptases due to their ele-
vated error rates and lack of proofreading activity (4, 6, 14, 15).
Viruses with a double-stranded DNA (dsDNA) genome are
generally less variable in their sequences, since they encode
less-error-prone polymerases or rely on proofreading host-
encoded DNA polymerases and repair systems (18, 33, 48,
55). Viruses with a single-stranded DNA (ssDNA) genome
depend for replication exclusively on host DNA polymerases
yet exhibit a degree of sequence variability similar to that of
RNA viruses (26, 52, 65, 66). ssDNA plant virus variability
and rapid sequence evolution were documented for gemini-
viruses with monopartite and bipartite genomes (7, 16, 17,
34, 40, 42, 68, 71). The polymerases that replicate ssDNA
plant virus genomes are not known; hence, their respective
contributions to the sequence diversity of this virus group
remain elusive.

A group of ssDNA viruses in which the genomic sequence
information is distributed over multiple genome components is

the Nanoviridae, a family of aphid-transmitted plant viruses
that individually encapsidate six or eight ssDNAs of about 1 kb,
which do not replicate in the aphid vectors (73). This family
comprises two genera with three and four species, respectively.
The genomes of banana bunchy top virus (BBTV) (8) and
abacá bunchy top virus (ABTV) (67) in the genus Babuvirus
and of faba bean necrotic yellows virus (FBNYV) (45), faba
bean necrotic stunt virus (FBNSV) (37), milk vetch dwarf virus
(MDV) (63), and subterranean clover stunt virus (SCSV) (10)
in the genus Nanovirus have been sequenced. Only five of the
six to eight nanovirus-encoded proteins have been functionally
characterized (38, 73). Nanovirus molecular biology is still in
its infancy, owing mainly to the fact that the viruses are not
transmissible. Purified virions or virion-derived DNA becomes
infectious with a low level of efficiency upon particle bombard-
ment (27). Infectivity of cloned DNAs of FBNYV was dem-
onstrated in 2006, yet the virus produced upon infection was
not transmissible by the natural aphid vectors (70).

The recent establishment of cloned FBNSV DNAs that are
fully infectious and also lead to the production of virions that
can be readily and sustainably transmitted by the pea aphid
(Acyrthosiphon pisum) and the cowpea aphid (Aphis crac-
civora), two natural insect vectors, represents a considerable
accomplishment for nanovirus research (37). It was based on
the sequencing of more than 200 individual genomic DNA
molecules and the choice of suitable molecules from the eight
heterogeneous ssDNA swarms that constitute the FBNSV ge-
nome.

Here we present a detailed analysis of the sequence heter-
ogeneity in two FBNSV populations that were sampled about
2.4 years apart. The first sample is a field isolate from Holetta,
Ethiopia, collected in 1997. The second sample represents a
virus population derived from the 1997 field population after
more than 30 successive acquisition and inoculation cycles
using large numbers (�100) of pea aphids (37). In addition, we
determined the sequence variation in a virus population result-
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ing from the most severe possible bottleneck, a single-molecule
infection using cloned DNAs.

MATERIALS AND METHODS

Characterization of FBNSV by rolling-circle amplification (RCA) and PCR-
based cloning and sequencing. FBNSV-infected faba bean (Vicia faba) plants
were collected in October 1997 near Holetta, Ethiopia, and the virus was main-
tained by serial vector transmissions using elevated numbers (�100 per plant) of
the pea aphid (Acyrthosiphon pisum Harris) at the Julius Kühn-Institute (JKI),
Braunschweig, Germany, until 2004 (37). During 1998 to 1999, DNA of samples
collected over almost 1 year was amplified by several immunocapture-PCRs
(IC-PCRs) using primer pairs indicated in Table S1 in the supplemental material,
cloned, and sequenced as described previously (1). These sequences (GenBank
accession numbers AJ749894 to AJ749901) are referred to here as isolate
FBNSV-[ET:Hol;JKI-1998/99].

DNA of the original field isolate FBNSV-[ET:Hol;1997] from Holetta, Ethi-
opia, collected in October 1997, and from the isolate FBNSV-[ET:Hol;JKI-
2000], derived from the field population and maintained in faba bean for about
2.4 years by �30 sequential transmissions by pea aphid at JKI, was isolated,
amplified by RCA, cloned, and sequenced as described previously, taking care to
analyze plasmids from as many independent transformation events as possible
(37). In addition, the population of genomic DNAs of virus reconstituted by
agroinoculation of faba bean with a mixture of eight individually cloned single
genomic components, followed at about 3 weeks postinoculation (p.i.) by one
transmission (T1) using cowpea aphids, was analyzed the same way. This
sample was termed isolate FBNSV-[ET:Hol;ISV-T1]. Standard Sanger
dideoxy BigDye terminator cycle sequencing on an ABI 3730xl instrument
using M13 direct and reverse primers was carried out at GATC Biotech
GmbH, Konstanz, Germany. Read lengths usually covered both DNA strands
of an entire cloned FBNSV genome component; in some cases, component-
specific primers were used to close gaps, thus ensuring �2� base coverage of
all cloned viral DNAs used for analysis. In cases where cloning of the re-
stricted RCA product did not immediately yield a sufficient number of indi-
vidual clones (�20) for each of the eight genome components, we used
component-specific primers (see Table S1 in the supplemental material) for
PCR amplification by the thermostable and high-fidelity proofreading Pfu
DNA polymerase (Fermentas). Subsequently, we cloned the PCR products
representing the respective individual complete genomic DNAs and deter-
mined their sequences. The FBNSV DNAs thus cloned represent 8.6%, 9.5%,
and 32.5%, respectively, of the FBNSV-[ET:Hol;1997], FBNSV-[ET:Hol;
JKI-2000], and FBNSV-[ET:Hol;ISV-T1] populations.

In order to assess the contribution of potential errors introduced during RCA
by the �29 polymerase and in the process of passage through Escherichia coli and
cycle sequencing of the amplified products, we reamplified, recloned, and rese-
quenced the same recombinant plasmids of all eight FBNSV-[ET:Hol;JKI-2000]
DNAs that had been used to reconstitute the FBNSV genome (37). For that
purpose, we separately cultured E. coli harboring the recombinant Litmus 28 or
38 plasmid, each carrying one of the eight FBNSV DNAs, for �18 h in LB
medium. We injected �200 �l of each culture into noninfected faba bean leaves,
which were then immediately frozen in liquid nitrogen. Eight total DNA prep-
arations thereof were subjected to individual RCAs exactly as described for
FBNSV-infected tissue (37). We restricted the amplified DNA with ScaI endo-
nuclease, which cuts in the �-lactamase gene of Litmus 28 or 38 plasmid; elec-
trophoresed the product on 1% agarose gels; excised the resulting fragments
(Litmus plus the respective FBNSV DNA insert) from the gel; circularized them
by ligation; and introduced them into chemically competent E. coli strain Top10
(Invitrogen). The inserts of at least 10 independent recombinant plasmids (col-
onies) derived from each of the eight individual RCA, restriction, ligation and
transformation experiments, along with a control sample of the respective bac-
terial cultures used to inject the faba bean leaves, were sequenced as described
above.

Sequence analysis. Sequences were analyzed with the Genetics Computer
Group (GCG) (Madison, WI) software package, version 10.0 (11), and
DNASTAR of Lasergene, version 8.0.2 (DNASTAR, Inc. Madison, WI). DNA
sequences were aligned by ClustalW using the IUB DNA weight matrix. Phylo-
genetic analyses were conducted in PhyML (39) (maximum likelihood), and the
resulting trees were plotted using MEGA version 4 (69). All positions containing
gaps were eliminated from the data set. Mutation frequencies and Shannon
entropy values were calculated as described by Domingo et al. (12). Genetic
distances were estimated using the Tamura-Nei model implemented in MEGA,
version 4 (69), with standard deviations calculated by bootstrapping with 1,000
replicates. Synonymous substitutions per synonymous site (dS) and nonsynony-

mous substitutions per nonsynonymous site (dN) were calculated according to
single-likelihood ancestor counting (SLAC) analysis (47), as implemented in
Datamonkey (http://www.datamonkey.org/) (46). Two-by-two chi-square (�2)
statistics (71) were applied to validate whether the observed substitutions dif-
fered from the expected frequency for a given substitution type calculated under
the assumption that all substitution types were equally likely.

Nucleotide sequence accession numbers. The FBNSV sequences reported
here were deposited in GenBank under the accession numbers AJ749894 to
AJ749901 for FBNSV-[ET:Hol;JKI-1998/99] and GU983866 to GU983873 for
FBNSV-[ET:Hol;1997]. All sequences used for analysis are provided in the
supplemental material.

RESULTS

Intragenome relationship of FBNSV DNAs. Grigoras et al.
molecularly characterized the eight FBNSV genome compo-
nents (37). Like those of all nanoviruses, the FBNSV DNAs
have a 71- or 73-base common region (CR-I) flanking inverted
repeat sequences, which potentially form a stem-loop and con-
tain the viral (�) strand origin of replication (Fig. 1). CR-I is
100% identical between DNA-R, -S, -M, -N, -U2, and -U4 and
between DNA-C and -U1, but there is only 83.6% identity
between the two groups of CR-I sequences. A second region
conserved in all eight genomic DNAs of FBNSV, referred to as
the second common region (CR-II) (45), is 20 nucleotides (nt)
long and located 5	 of CR-I. The sequence identity between
components in this region varies from 75 to 100%. FBNSV
DNAs form two groups irrespective of whether CR-I or CR-II
is used for comparison: DNA-R, -S, -M, -N, -U2, and -U4
group together, whereas DNA-C and -U1 group separately.
Figure 1 illustrates the relationship of the eight genomic
FBNSV DNAs, arranged according their positions on a max-
imum-likelihood phylogenetic tree. If only the noncoding se-
quences are used, their relationship and the topology of the
tree are the same. There are at least two instances where
conserved sequences overlap with coding sequences: (i) CR-II
within the 3	 part of the m-rep gene and (ii) the region common
between DNA-C and DNA-U1 (CR-C-U1) with the 3	end of
open reading frame (ORF) U1. However, in the case of DNA-U1
and DNA-C of the Moroccan isolate FBNSV-[MA;Mor5] (1)
there is no overlap between CR-C-U1 and the respective pro-
tein-coding sequences. Also, the carboxy termini of the pre-
dicted U1 proteins of FBNSV-[MA;Mor5], FBNSV-[ET:Hol;
1997], FBNYV, and MDV, in which CR-C-U1 also does not
overlap the 3	 end of the ORF, vary considerably. Therefore,
we consider conservation of the CR-C-U1 sequence as being
dominant over its feature of also encoding part of a protein.
Similar arguments may be raised for CR-II and the protein
sequence of M-Rep. Stretches of sequence similarity occur in
the entire noncoding regions, with sequence identities ranging
from 44% to 95%. Several almost perfectly conserved regions
(�99% identity) are shared by all or by a subset of the eight
DNAs and are highlighted in Fig. 1.

Variability of FBNSV is illustrated by intraisolate sequence
heterogeneity. Sequencing of between 20 and 40 individual
clones of each of the eight genomic DNAs of FBNSV from
Holetta, Ethiopia (isolate FBNSV-[ET:Hol;JKI-2000]) had re-
vealed considerable intraisolate variability of the viral genome
(37). To ensure that the observed variability was not artificially
inflated by potential �29 polymerase errors during RCA and
the process of subsequent cloning in E. coli and cycle sequenc-
ing, a control experiment of reamplification, recloning, and
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resequencing 10 individual recombinant plasmids of each of
the eight DNAs of FBNSV-[ET:Hol;JKI-2000] was carried out
as described in Materials and Methods. For a total of 79,070
nucleotides sequenced, we found two independent mutations
in DNA-N, one nonsynonymous transversion and one synony-
mous transition, corresponding to a mutation frequency of
2.53 � 10
5. Compared to the reported in vitro error frequency
of the �29 polymerase, ranging from 4 � 10
6 to 2.2 � 10
5

(24), and that of combined �29 multiple displacement ampli-
fications with subsequent PCR-based sequencing without clon-
ing, determined as 9.5 � 10
6 per nucleotide sequenced (58),
the experimental error frequency of 2.53� 10
5 in our ampli-
fication system, including cloning in E. coli, was only slightly
higher. The mutation frequencies of the three FBNSV popu-
lations analyzed here were corrected for the experimental er-
ror frequency of 2.53 � 10
5, which marginally lowered the
uncorrected values (Table 1). Mutation frequencies of individ-
ual genomic DNAs were not corrected.

As the FBNSV-[ET:Hol;JKI-2000] isolate was sampled after
about 30 successive aphid transmissions of the virus in the

laboratory, we were interested in determining the extent of
heterogeneity in the original field isolate from Holetta, Ethi-
opia (FBNSV-[ET:Hol;1997]). We analyzed a total of 187 in-
dividually cloned genomic DNAs of the 1997 field sample
(184,000 nt sequenced), which exhibited an overall variability
of 7.52 � 10
4 alterations per site (base changes, deletions,
insertions, or recombination events combined) (Table 1 and
Fig. 2A). A total of 143 deviations from the respective consen-
sus sequences and 77 distinct types of molecules were identi-
fied (see Table S2 in the supplemental material). The overall
sequence heterogeneity of the 1997 FBNSV field sample was
about 1.5-fold higher than that of the laboratory-maintained
virus population, for which an overall (entire genome) muta-
tion frequency of 5.07 � 10
4 changes per nucleotide se-
quenced was determined, (Table 1). When considering each of
the eight different genomic DNAs of the original field sample
individually, up to a 4-fold variation in sequence diversity be-
tween them was apparent. DNA-N was the most polymorphic
genome component, with 16.33 � 10
4 changes per nucleo-
tide, and DNA-R the least variable one, with 3.99 � 10
4

FIG. 1. Genome organization of FBNSV. The eight viral DNAs are grouped according to their phylogenetic relationships. Branch lengths are
drawn to scale with base substitutions per nucleotide as units, and branch support is shown by bootstrap values (500 replicates). Inside each circle
the name of the genomic DNA is given, indicating the respective encoded proteins. M-Rep, master replication initiator protein; CP, capsid protein;
Clink, cell cycle link protein; MP, movement protein; NSP, nuclear shuttle protein; U1, U2, and U4, proteins of as-yet-unknown function; CR-I,
common region I (inverted repeat sequences flanking the replication origin are symbolized by a knob); CR-II, second common region. Other highly
similar sequences (common regions) in DNAs are denoted as CR- followed by the name of the respective genomic DNA.
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changes per nucleotide (Table 1). In contrast, in the FBNSV-
[ET:Hol;JKI-2000] sample of the laboratory-maintained pop-
ulation the most conserved genome component was DNA-C.
Only five single-base deviations from the consensus were ob-
served within 19,880 nt (20 clones of individual DNA-C mol-

ecules, each 994 bp in length), equivalent to a frequency of
2.52 � 10
4 mutations per nucleotide sequenced (Table 1),
whereas DNA-U1 had accumulated 24 mutations per 28,585 nt
(29 clones of individual DNA-U1 molecules, 20 of 986 bp and
9 of 985 bp in length) (Table 1), resulting in an about 3-fold-

TABLE 1. Variability of field-isolated and laboratory-propagated FBNSV strains

Genome component

FBNSV-�ET:Hol;1997� FBNSV-�ET:Hol;JKI-2000� FBNSV-�ET:Hol;ISV-T1�

Length
(nt)

No. of:
Mutation
frequency
(�10
4)

Length
(nt)

No. of:
Mutation
frequency
(�10
4)

Length
(nt)

No. of:
Mutation
frequency
(�10
4)

Number
sequenced

clones

Variable
sitesa

Number
sequenced

clones

Variable
sites

Number
sequenced

clones

Variable
sites

DNA-R 1,003 20 8 3.99 1,003 22 8 3.63 1,003 20 4 2.00
DNA-S 992 26 12 4.65 992 29 13 4.52 992 20 5 2.52
DNA-C 994 20 20 10.06 994 20 5 2.52 994 20 3 1.51
DNA-M 979 20 18 9.41 980 27 19 7.18 980 20 4 2.04
DNA-N 980 20 32 16.33 981 40 18 4.59 981 42 4 0.97
DNA-U1 985 39 16 4.18 986 29 24 8.40 986 21 1 0.48
DNA-U2 983 22 18 8.35 984 26 16 6.26 984 20 7 3.56
DNA-U4 987 20 19 9.63 987 39 19 4.94 987 43 11 2.59
Entire genome (correctedb) 7,903 187 143 7.77 (7.52) 7,907 232 122 5.33 (5.07) 7,907 206 39 1.92 (1.66)

Total no. of nt sequenced 184,000 229,049 203,392

a Variable sites include bases changes, indels, and recombination events.
b The experimental error frequency of our amplification-cloning system of 2.53 � 10
05 was subtracted from the observed mutation frequency to yield the corrected

mutation frequency.

FIG. 2. Variability and evolution rates of a field isolate and laboratory-propagated isolates of FBNSV. Mutation frequencies (A), genetic
diversities (B), genetic distances (C), and substitution rates (D) of the eight individual genomic DNAs within each of the three FBNSV populations
are shown as bar diagrams. Black, FBNSV-[ET:Hol;1997] (original field isolate); dark gray, FBNSV-[ET:Hol;JKI-2000] (laboratory-maintained
population); light gray, FBNSV-[ET:Hol;ISV-T1] (bottleneck-derived population). Horizontal lines in panel A indicate the mutation frequencies
of the entire FBNSV genome (average of those for the eight individual DNAs) in the respective three populations: 7.52 � 10
4 mutations/site for
FBNSV-[ET:Hol;1997], 5.07 � 10
4 mutations/site for FBNSV-[ET:Hol;JKI-2000], and 1.66 � 10
4 mutations/site for the single-transfer
FBNSV-[ET:Hol;ISV-T1] population. Error bars in panel C refer to standard deviations of the genetic distances. The horizontal line in panel D
indicates the overall nucleotide substitution rate of FBNSV (1.78 � 10
3 substitutions/site/year). The data and numerical values used for
calculations and graphic display are provided in Tables S2 and S3 in the supplemental material.
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higher mutation frequency of 8.40 � 10
4 changes per nucle-
otide. Considering the entire genome, about a 1.5-fold reduc-
tion of sequence heterogeneity, reflected by a drop in mutation
frequency in the FBNSV-[ET:Hol;JKI-2000] population, had
occurred upon the successive passaging by aphid transmission
over a period of about 2.4 years (Fig. 2A).

This reduction in variability is also clearly seen when follow-
ing the maintenance over time of distinct sequence subgroups.
By looking at sequence covariations, represented as clustered
deviations from the respective consensus sequences in individ-
ual cloned molecules from the 1997 field sample, distinct sub-
groups of sequence variants within the DNAs-C, -N, and -U2
populations are evident (see Fig. S1 in the supplemental ma-
terial). Despite using large numbers of aphids for vector trans-
mission of the virus in the laboratory, only some of these
subgroups were maintained through passaging in the labora-
tory, as well illustrated by the substantial drop in the genetic
distance among DNA-C, -N, and -U2 population members
(Fig. 2C; see Table S2 in the supplemental material).

Whereas the sequence heterogeneity of seven of the FBNSV
genomic DNAs diminished upon repeated passaging in faba
bean, that of DNA-U1 increased about 2-fold between 1997
and 2000 (Table 1 and Fig. 2, A). When the genetic complexity
of the virus population in the 1997 field sample was compared
with that of the laboratory-maintained population, reflected by
the Shannon entropy of the eight individual genomic DNAs,
again DNA-U1 showed an about 2-fold increase (Fig. 2B; see
Table S2 in the supplemental material). A similar increase in
Shannon entropy was calculated for DNA-U4, despite a reduc-
tion in its mutation frequency (Fig. 2A and B). For the mo-
ment, it appears to be difficult to explain such an increase in
entropy, in particular as the functions of both the U1 and U4
proteins are not known.

The FBNSV genome evolves rapidly. Figure 3 provides a
comprehensive graphic summary of all sequence variations
shown as color-coded deviations from the respective consensus
sequences of the eight genomic FBNSV DNAs. The consensus
of the 1997 field sample population serves as a reference.
Mutations that were found completely fixed in the laboratory-
maintained FBNSV-[ET:Hol;JKI-2000] population (constitut-
ing 100% of the consensus) are shown in bold italics; mutations
found in the majority of cases (�50% and 100%) are shown
in bold. This distinction is important, as the former changes do
not contribute to the mutation frequency of the FBNSV-[ET:
Hol;JKI-2000] sample whereas the latter do (Table 1).

Based on a total of 34 mutations that became fixed after 2.4
years as the consensus sequence of the FBNSV-[ET:Hol;JKI-
2000] population compared with the original Holetta field iso-
late FBNSV-[ET:Hol;1997], FBNSV evolved at an overall rate
of 1.78 � 10
3 substitutions per nucleotide per year. The
substitution rate for the combined noncoding regions was
about twice that for the combined coding regions: 2.25 � 10
3

versus 1.29 � 10
3 (see Table S3 in the supplemental mate-
rial). When considering the eight genomic DNAs individually,
about a 4.6-fold variation in substitution rates between them
became apparent, revealing DNA-M as the fastest-changing
genome component (Fig. 2D; see Table S3 in the supplemental
material).

Consensus sequences of FBNSV were also determined in
1998 to 1999. As these sequences originated from several sam-

ples taken over a period of more than 6 months and were based
on a lower coverage of the genome, we refrained from using
them for rate calculations. Their respective degrees of similar-
ity with DNAs of either the FBNSV-[ET:Hol;1997] field pop-
ulation or the FBNSV-[ET:Hol;JKI-2000] laboratory popula-
tion can be assessed from Fig. S1 in the supplemental material.
A 55-nt deletion in the noncoding region of DNA-M found in
8 out of 20 cloned molecules from the FBNSV-[ET:Hol;1997]
sample was also present in the two available 1998/1999 con-
sensus sequences but absent in the FBNSV-[ET:Hol;JKI-2000]
population. Whether this mutant type of DNA-M is biologi-
cally active in an infection along with the other genome com-
ponents is not known.

Distribution of mutations. Although the extent of heteroge-
neity varied between different genome components (e.g., DNA-C
and DNA-N), no particular hot or cold spots for mutations
were observed within a given genomic DNA. Mutations were
distributed almost equally between noncoding and coding se-
quences, i.e., 52% in the noncoding regions of FBNSV-[ET:
Hol;1997] field population and 61% in those of the FBNSV-
[ET:Hol;JKI-2000] laboratory population, revealing only a
slight mutation bias toward noncoding sequences. The muta-
tions in the coding sequences of the FBNSV-[ET:Hol;1997]
field population comprised a total of 36 synonymous and 28
nonsynonymous ones (Table 2). Synonymous mutations per syn-
onymous site (dS) and nonsynonymous mutations per synony-
mous site (dN) were calculated by SLAC analysis using Datamon-
key (46), with dN/dS ratios ranging from 0.055 (DNA-N) to 0.566
(DNA-C). All ratios are 1, indicating various degrees of
conservation bias for the respective proteins. No particular
individual sites subject to either positive or negative selection
(significance level of 0.1) were identified.

In the FBNSV-[ET:Hol;JKI-2000] population, there were
fewer synonymous than nonsynonymous mutations (21 versus
25). Where possible, the dN/dS ratios were calculated; they
ranged from 0.053 (DNA-R) to 0.423 (DNA-N). The increase
of the dN/dS ratios for DNA-N between the 1997 and the 2000
samples might indicate that the encoded protein is not (yet)
well adapted to faba bean as a continuous host. DNA-R, -S,
-M, and -U1 had the lowest dN/dS ratios throughout, consistent
with the fact that the encoded proteins are essential for infec-
tivity (70).

Variability generated after a severe bottleneck. Having com-
pared the variability of a field population of FBNSV with that
of one derived thereof and maintained for 2.4 years in the
laboratory, we were interested in the degree of sequence vari-
ation occurring after infection of faba bean by a single mole-
cule of each of the eight virus DNAs. For this purpose we
analyzed the virus population resulting from agroinoculation
of faba bean with eight cloned FBNSV DNAs representing the
FBNSV-[ET:Hol;JKI-2000] population consensus, followed by
a single aphid transfer of the virus (37). From this sample,
FBNSV-[ET:Hol;ISV-T1], we cloned and sequenced 206 indi-
vidual genomic DNA molecules representing a total of 203,392
nt. Mutation frequencies, genetic diversity, and genetic dis-
tance were determined as described above and are summarized
in Table 1, Fig. 2, Table S2C in the supplemental material, and
Fig. 4. Remarkably, we observed a frequency of 1.66 � 10
4

mutations per nucleotide sequenced, corresponding to about
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FIG. 3. Summary of sequence alterations in the field and laboratory-propagated FBNSV populations. Nanovirus DNAs are shown in a linear
fashion as scaled line drawings, with ORF sequences represented as gray bars. Positions of variable sites are indicated by bicolored vertical lines:
the upper parts of the vertical lines denote the nucleotide present in the FBNSV-[ET:Hol;1997] consensus sequence and the bottom part the allele.
Mutations that were found completely fixed in the FBNSV-[ET:Hol;JKI-2000] population are shown in bold italics, and mutations found in the
majority of cases are shown in bold. Nucleotides are color coded as in Applied Biosystems BigDye terminator sequencing: A, green; T, red; C, blue;
and G, black. Deletions (�) or recombinant sequences are represented by blank or magenta sections of the scaled lines, respectively. Insertions
are marked by a �.
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FIG. 3—Continued.
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22% of the values found in the 1997 field population. This
indicated that within the limited number of replication cycles
during about 6 weeks, already a considerable number of se-
quence variants were generated from single unique molecules.
As noted above for the virus population from the field and the
population maintained for 2.4 years in the laboratory, variation
was about the same for noncoding and coding sequences, i.e.,
56% in the noncoding parts of the genome (Table 2). Com-
pared to the synonymous mutations, the number of nonsyn-
onymous mutations was rather elevated (1 versus 14). How-

ever, none of the mutations had yet become fixed as consensus
(see Fig. S1 in the supplemental material), suggesting either
that the time for the mutations to become fixed was not long
enough or that the FBNSV-[ET:Hol;JKI-2000] clones used for
agroinoculation were sufficiently fit to be maintained for the
multiplication period of about 6 weeks.

Types of sequence alterations. In general, in FBNSV-[ET:
Hol;JKI-2000], transitions were more common than transver-
sions (50.8% versus 41.8%), but depending on the component,
the transition/transversion ratio (Ts/Tv) varied from 0/5 in

TABLE 2. Distribution of mutations and diversity for synonymous (S) and nonsynonymous (N) sites of
field-isolated and laboratory-propagated FBNSV strains

Genome
component

FBNSV-�ET:Hol;1997� FBNSV-�ET:Hol;JKI-2000� FBNSV-�ET:Hol;ISV-T1�

No. of mutations

dN/dS

No. of mutations

dN/dS

No. of mutations

dN/dS
Total Noncoding

region

Coding region

Total Noncoding
region

Coding region

Total Noncoding
region

Coding region

S N
ORF
length

changing
S N

ORF
length

changing
S N

ORF
length

changing

DNA-R 8 2 3 2 1 0.173 8 2 5 1 0 0.053 4 1 0 3 0 NDa

DNA-S 12 4 4 4 0 0.270 13 7 4 2 0 0.139 5 2 0 3 0 ND
DNA-C 20 8 3 8 1 0.566 5 3 0 2 0 ND 3 3 0 0 0 ND
DNA-M 18 11 4 2 1 0.133 19 14 3 2 0 0.181 4 2 1 1 0 0.272
DNA-N 32 16 13 3 0 0.055 18 9 4 5 0 0.423 4 0 0 3 1 ND
DNA-U1 16 8 3 3 2 0.151 24 13 5 5 1 0.191 1 1 0 0 0 ND
DNA-U2 18 12 3 3 0 0.228 16 11 0 5 0 ND 7 3 0 4 0 ND
DNA-U4 19 13 3 3 0 0.274 19 16 0 3 0 ND 11 10 0 0 1 ND
Entire genome 143 74 36 28 5 ND 122 75 21 25 1 ND 39 22 1 14 2 ND

a ND, not determined.

FIG. 4. Mutations after one transmission of single-molecule-derived virus. Mutations detected in the FBNSV-[ET:Hol;ISV-T1] virus sample
taken 6 weeks after agroinoculation using eight individually cloned single genomic DNAs followed by one aphid transmission are shown. Variable
sites are color coded as in Fig. 3.
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DNA-C to 8/0 in DNA-R (Table 3; see Table S4 in the sup-
plemental material). The most frequent base substitution was
T 3 C (23.8%), followed by G 3 A (11.5%), whereas the
transversions C 3 A (2.5%), C 3 G (1.6%), and G 3 C
(3.3%) were rare. Table 3 summarizes the type of mutations
and their respective probabilities, assuming no transition/trans-
version bias imposed by DNA structure, the biochemistry of
the way in which the mutations were generated, or whether
they occurred in coding or noncoding sequences. The Ts/Tv for
the noncoding sequences in the FBNSV-[ET:Hol;1997] field
isolate was 3.00, compared to 1.31 in the respective coding
sequences of the same isolate. The Ts/Tv was more uniform in
the FBNSV-[ET:Hol;JKI-2000] laboratory-maintained popula-
tion, with ratios of 1.47 for the noncoding sequences and 1.06
for the coding sequences.

Recombination between FBNSV genome components. Re-
combination has been shown to be frequent in a diverse range
of ssDNA viruses (49), yet with only few examples of the Nano-
viridae (30). Two of the 27 DNA-M sequences of the FBNSV-
[ET:Hol;JKI-2000] isolate were found to be recombinant. The
recombination occurred between DNA-M and DNA-U2 at a site
localized after the end of CR-M-U2 (positions 176 to 205 in
DNA-M) where stretches of identical sequences in the two
DNAs begin to alternate with stretches of very divergent se-
quences (Fig. 3; see Fig. S1 in the supplemental material).

A second clear recombination event affected the CR-II of
DNA-N in the FBNSV-[ET:Hol;JKI-2000] population, where
a stretch of at least 16 nt was replaced by the corresponding
sequence from DNA-M or DNA-U2 (Fig. 3; see Fig. S2 in the
supplemental material).

A third and quite interesting type of sequence alteration due
sequence conversion by recombination and recombinational
sequence inversion was found between DNA-M or DNA-U2
and DNA-U4. There was a group of three informative nucleotide
changes in the common region (CR-M-U2-U4) of FBNSV-[ET:
Hol;JKI-2000] DNA-M, represented as either the sequence
895AG-TCTT900 or 895TGCTCTC901, and DNA-U2, where
the identical alterations occurred (sequences 898 to 904/905,
respectively). In DNA-U4 both alterations also occurred, but
as the reverse complement sequence 766GAGAGCA772 or
766AAGA-CT771, respectively, because these changes are part
of a 60- or 61-nt inversion comprising nt 883 to 942 of DNA-M,
nt 886 to 946 of DNA-U2, and nt 724 to 784 of DNA-U4. In the
FBNSV-[ET:Hol;1997] field population, DNA-M sequences
were 100% of the 895AG-TCTT900 type. At equivalent positions
the DNA-U2 sequences of the FBNSV-[ET:Hol;1997] field iso-
late were also 100% homogeneous, but as the other nucleotide
combination of the alterations, 898TGCTCTC904. In contrast,
both sequence alternatives were represented in DNA-U4 of
the FBNSV-[ET:Hol;1997] field population as part of the 61-nt
inversion. For further details, see Fig. S2 and Table S5 in the
supplemental material.

Finally, there were several cases in which particular base
changes might have been created by replication and/or repair
errors or introduced by intracomponent recombination (e.g.,
see A916G in DNA-U1 in Fig. S1 and Table S5 in the supple-
mental material).

A detailed compilation of all mutations is provided in Table
S5 in the supplemental material.
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DISCUSSION

We analyzed the variability of the nanovirus FBNSV as a
natural field isolate and as an isolate derived thereof that had
been maintained in the laboratory over a period of about 2.4
years. Moreover, we also determined the mutation frequency
apparent after infection by eight distinct individually cloned
single genomic DNAs, representing a severe bottleneck, fol-
lowed by only one aphid transfer. The observed variability
ranged from 7.52 � 10
4 mutations per nucleotide sequenced
for the FBNSV-[ET:Hol;1997] field population to 5.07 � 10
4

substitutions per nucleotide for the laboratory-maintained
FBNSV-[ET:Hol;JKI-2000] population. These data allowed
determination of an evolution rate of 1.78 � 10
3 substitu-
tions/site/year for FBNSV, suggesting that the molecular evo-
lution rate of this virus is at the upper end of the rates deter-
mined for a variety of RNA and DNA viruses (18, 43).

Numerous studies of the variability and molecular evolution
of RNA plant viruses are available (for reviews, see references
25, 29, 32, and 60). In contrast, nucleotide substitution rates for
ssDNA plant viruses have only recently been determined, ei-
ther by evaluating geminivirus sequences available in databases
(16, 17) or by directly sequencing parts of or the entire ge-
nomes of individual members of virus populations (34, 40, 71).
These studies indicated an evolution rate of 2.9 � 10
4 nucle-
otide substitutions/site/year for the tomato yellow leaf curl
viruses (TYLCVs) over a period of almost 20 years (16), while
those for DNA-A and DNA-B of East African cassava mosaic
viruses (EACMVs) over about 5 years were 1.6 � 10
3 and
1.3 � 10
4 substitutions/site/year, respectively (17). Analysis of
a “short-term” evolution over a 60-day multiplication period of
tomato yellow leaf curl China virus in muntju (Nicotiana
benthamiana) revealed about 3.5 � 10
4 substitutions/site, re-
sulting in an extrapolated evolution rate of about 2.1 � 10
3

substitutions/site/year (34). Maize streak virus (MSV) evolu-
tion over an experimental period of 5 or 6 years was similar,
with a rate of 7.4 to 7.9 � 10
4 substitutions/site/year (71) or
2.0 � 10
4 substitutions/site/year (40), in line with earlier find-
ings that determined about 2.6 � 10
4 substitutions/site/year
for an MSV isolate maintained for about 4 years in the peren-
nial host Coix lacryma-jobi (42). A 32-year heterochronous
sampling experiment employing sugarcane streak Réunion vi-
rus (SSRV) revealed a comparable mutation rate of about
3.5 � 10
4 substitutions/site/year (40). Moreover, those au-
thors clearly demonstrated that there is no codivergence of
mastreviruses with their hosts, contrary to an earlier claim by
Wu and coworkers (76). Another striking example of a very
high rate of 1.2 � 10
3 substitutions/site/year and a noncodi-
vergence between a circovirus and a vertebrate host is provided
by the recent assessment of the evolutionary history of porcine
circovirus 2 (26).

Concerning Nanoviridae, only one phylogenetic study of the
local evolution of BBTV in Hawaii determined a mutation of
1.4 � 10
4 substitutions/site/year (2). From work under exper-
imental conditions over a period of 1 year, the authors inferred
an evolution rate of 3.9 � 10
4 substitutions/site/year. It
should be noted, however, that this rate was based on a single
base change.

The observed elevated mutation rate of FBNSV is further
supported by the frequency of 1.66 � 10
4 alterations per

nucleotide sequenced determined after a single passage by
cowpea aphids of the virus reconstituted following agroinocu-
lation with eight individually cloned genomic DNAs, notwith-
standing the fact that none of the sequence changes identified
had yet become fixed as consensus after about 6 weeks. Using
a single cloned molecule of each genomic DNA represents the
narrowest possible bottleneck, yet no obvious decrease in virus
fitness in faba bean as the host has been observed during a
further period of more than 18 months of successive aphid
transfers. Clear bottleneck effects were also apparent when
comparing the FBNSV-[ET:Hol;1997] field population with
that of the laboratory-maintained FBNSV-[ET:Hol;JKI-2000]:
three distinct subpopulations of DNA-N molecules were present
in the field population, yet only one of them had been passed
through the multiple successive aphid acquisitions and trans-
missions that led to the FBNSV-[ET:Hol;JKI-2000] population
(see Fig. S1 in the supplemental material). Similar distinct
subpopulations could be discerned for the FBNSV-[ET:Hol;
1997] DNA-C and DNA-U2 molecules (see Fig. S1 in the
supplemental material).

When considering the eight FBNSV genome DNAs individ-
ually, clear differences in variability were evident, with DNA-R
and DNA-S being the least variable and DNA-N the most
variable genome components (Fig. 2 and Tables 1 and 2; see
Table S3 in the supplemental material). Comparable profound
differences in variability were found between DNA-A and
DNA-B of the EACMVs (17) and between the two genomic
RNAs of the crinivirus tomato chlorosis virus (53).

In contrast to the variability in the geminiviruses, where an
elevated mutation frequency was observed in noncoding se-
quences (16, 34), we did not find such differences when com-
paring the overall mutation frequency as well as the types of
mutation between noncoding and coding regions of the
FBNSV DNAs (Table 2; see Table S3 in the supplemental
material). This might suggest that the eight DNA molecules
constituting the FBNSV genome are subject to variation and
selection as individual entities, with no particularly relaxed
sequence constraints for their noncoding regions. Possibly each
ssDNA circle requires adoption of a particular secondary
structure comprising coding and noncoding sequences alike.
For at least one genome component, DNA-R, extended sec-
ondary structures are likely to be of importance (36).

Regarding the types of mutations, the transitions G3A and
C 3 T were significantly more frequent in the FBNSV-[ET:
Hol;1997] field population than in the laboratory-maintained
FBNSV-[ET:Hol;JKI-2000] population (Table 3), probably re-
flecting the underlying influence on the mutation spectra of
guanine and cytosine deamination of the ssDNA (9, 28). Duffy
and Holmes (16, 17) detected a similar overrepresentation of
the same transitions in their analyses of TYLCV and EACMV
sequences from databases. The disappearance of the G 3 A
and C 3 T transition bias in the laboratory-maintained
FBNSV-[ET:Hol;JKI-2000] population may be due to the pro-
longed passage in a single host species. Faba bean is a cool
season crop in Ethiopia or countries of North Africa, where it
is grown for only a limited time period each year. FBNSV
probably survives the hot and dry season in perennial legumi-
nous (or nonleguminous) plants that act as reservoir hosts of
FBNSV but have not been identified yet. Therefore, the shift in
mutation spectra in FBNSV after the 2.4-year experimental
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passage in faba bean may reflect a host effect. A comparable
effect of a host different from the “natural” one occurred upon
prolonged multiplication of MSV in sugarcane as opposed to
maize, where an elevated G 3 T transversion frequency was
observed (71). Conceivably, the efficiency of protection against
DNA damage by nucleotide excision repair systems (44) and/or
translesion synthesis by specialized repair polymerases (55, 75)
may have differed between the natural and laboratory host
species employed. However, nothing is known about the nature
of host polymerases replicating ssDNA plant viruses and the
associated DNA damage repair processes. Another clear host
effect is the enhancement of the overall mutation frequency
that was observed, for instance, when using pepper (Capsicum
annuum) as opposed to tomato (Solanum lycopersicum) or
muntju (N. benthamiana) for propagation of the two alpha-like
plant viruses tobacco mosaic virus and cucumber mosaic virus
(64) or in turnip mosaic virus populations adapted from the
susceptible host turnip (Brassica rapa) to radish (Raphanus
sativus) as a new and almost insusceptible host (56).

In contrast to what has been described for MSV and the
begomoviruses, we observed a mutation bias toward T 3 C
transitions in both field and laboratory-maintained FBNSV pop-
ulations (Table 3). This overrepresentation of T3 C transitions
is due to significantly more T3C transitions in DNA-S, DNA-N,
and DNA-U1 (see Table S3 in the supplemental material), for
which we have no obvious explanation yet.

In addition to elevated rates of nucleotide changes, recom-
bination has been identified as another major driving force for
the evolution of ssDNA viruses (31, 49, 50, 57, 59, 72), includ-
ing the nanovirus BBTV (30). In the three FBNSV populations
analyzed here, we detected 12 clear intragenomic recombina-
tion events between different individual DNA components,
two of which became established as consensus (Fig. 3). One
affects the CR-II of DNA-N, where a stretch of at least 16 nt
was replaced by a corresponding sequence from DNA-M or
DNA-U2 (see Fig. S2 in the supplemental material). This re-
combination might have occurred between 1997 and 2000, as
the recombinant sequence was present in all DNA-N mole-
cules of the FBNSV-[ET:Hol;JKI-2000] population. Another
quite peculiar recombination event comprises a 60- or 61-nt
sequence of DNA-M (nt 883 to 942), DNA-U2 (nt 887 to 945),
and DNA-U4 (nt 726 to 784) harboring a triplet of informative
mutations (see Fig. S2 in the supplemental material). In addi-
tion, in DNA-U4 the exchanged 61-nt sequence is inverted. A
similar recombinant sequence of 34 nt can also be detected at
equivalent positions in DNA-M, DNA-U2, and DNA-U4 of a
recently described FBNSV isolate from Morocco (1). In this
FBNSV isolate also, the recombinant 34-nt sequence is in-
verted in DNA-U4, suggesting that this sequence synteny is
ancient in FBNSV evolution.

A potential genetic exchange between nanovirus genome
components was proposed for common noncoding sequences
of SCSV, implying a concerted evolution due to sequence
conversion (41). The same type of conversion leads to the
grouping of the FBNSV DNAs as shown in Fig. 1. With the
increasing number of nanovirus sequences expected to become
available in future, a search for interspecies recombinants will
be possible and may yield further insights into the evolution of
these viruses.

The fact that the FBNSV genetic information is distributed

over eight individual DNA molecules of �1 kb each, in con-
junction with the elevated mutation frequency, allows the virus
to take additional advantage of the combinatorial power of
reassortment. Nanovirus genomes can be considered swarms
of six to eight distinct molecular quasispecies that combine
several modes (mutation, recombination, and reassortment)
for very efficiently exploiting the sequence space for their evo-
lution (5). Models developed to describe the behavior and
evolution of heterogeneous populations of macromolecules
(19, 21) were found to be applicable to the variability and
evolution of viral genome sequences (3, 20), and their predic-
tions were experimentally tested and confirmed (see reference
12 and references therein).

Given the average mutation frequency of 0.75 sequence
changes per 1 kb of DNA, or per genome component, the
spread of genetic information over eight individual molecules
rather than a single one allows for easy complementation and
maintenance of suboptimal sequence variants within the het-
erogeneous genomic DNA swarms, facilitating avoidance of
extinction by an error catastrophe (22, 23, 54).

With further application of the RCA technique, including
environmental samples, more and more ssDNA viruses are
being discovered (51, 61), and “time—the emerging dimension
of (plant) virus studies” (35) will definitely provide us with
further insights into the biology and evolution of the little-
known nanoviruses also.
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