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Abstract Members of the genus Curtovirus (family
Geminiviridae) are important pathogens of many wild and
cultivated plant species. Until recently, relatively few full
curtovirus genomes have been characterised. However,
with the 19 full genome sequences now available in public
databases, we revisit the proposed curtovirus species and
strain classification criteria. Using pairwise identities cou-
pled with phylogenetic evidence, revised species and strain
demarcation guidelines have been instituted. Specifically,
we have established 77 % genome-wide pairwise identity
as a species demarcation threshold and 94 % genome-wide
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pairwise identity as a strain demarcation threshold. Hence,
whereas curtovirus sequences with >77 % genome-wide
pairwise identity would be classified as belonging to the
same species, those sharing >94 % identity would be
classified as belonging to the same strain. We provide step-
by-step guidelines to facilitate the classification of newly
discovered curtovirus full genome sequences and a set of
defined criteria for naming new species and strains. The
revision yields three curtovirus species: Beet curly top
virus (BCTV), Spinach severe surly top virus (SpSCTV)
and Horseradish curly top virus (HrCTV).
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Introduction

The family Geminiviridae comprises seven genera of
plant-infecting viruses with circular single-stranded DNA
(ssDNA) genomes that are encapsidated within geminate
virions. Viral isolates belonging to the genus Curtovirus
of the Geminiviridae are transmitted by the leafthopper
Circulifer tenellus Baker. Curtoviruses have monopartite
genomes of ~2.8-3 kb in length that encode up to seven
genes. Three of these are arranged in the virion sense and
include the coat protein gene (cp, V1), a regulatory gene
(reg, V2) and a movement protein gene (mp, V3). Four
are arranged in the complementary sense orientation and
include a replication-associated protein gene (rep, C1), a
gene expressing a protein that has silencing suppressor
functions (ss, C2) [3], a replication enhancer gene (ren,
C3) and a symptom determinant gene (sd, C4) [34, 35].

Symptoms in sugar beet plants that have been attributed
to curtoviruses were first described in the late 1800s [5, 29],
and the documented hosts of viruses in this genus now
include more than 300 species of dicotyledonous plants [6,
29, 30]. The known geographical range of the curtoviruses
includes the Mediterranean region, the Middle East, the
Indian subcontinent and North and Central America.

Over the past 20 years, various guidelines have been
proposed by the Geminiviridae Study Group of the Inter-
national Committee on Taxonomy of Viruses (ICTV) for
the nomenclature and classification of geminiviruses [9, 13,
14, 25]. For the genera Begomovirus and Mastrevirus—for
which over 1000 full-length genomes have been sampled
and sequenced—the most up-to-date variant, strain and
species classification guidelines have been based on pat-
terns of pairwise sequence identity displayed by large
numbers of analysed genomes coupled with phylogenetic
analyses. For example, with respect to pairwise identities
calculated between all known mastrevirus genomes, very
few pairs of sequences share between 70 and 78 %
sequence identity, whereas large numbers of known
sequence pairs share either <70 % identity or >80 %
identity. This observation has led to the recommendation
that all mastrevirus full genome sequences sharing >78 %
identity should be classified as belonging to the same
species [25].

Up until recently there have been far too few available
curtovirus full genome sequences to rationally formulate
similar pairwise identity-based guidelines for the classifi-
cation of virus species in this genus. As a result, the
guidelines laid out in 2012 in the 9th Report of the Inter-
national Committee on Taxonomy of Viruses for curtovirus
classification [9] were based largely on the classification
scheme proposed for viruses in the genus Begomovirus [14]
and proposed that:
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1) Viral isolates that share >89 % genome-wide pairwise
identity should be classified as belonging to the same
species.

2) Viral isolates that have replication-associated proteins
(Rep) that are unable to transreplicate one another
should be classified as members of different species.

3) Viruses that are serologically distinct may be classified
as members of different species or strains.

4) Viruses that have different natural host ranges and
symptom phenotypes could be classified as belonging
to different strains.

In practice, however, the proposal of new curtovirus
species has relied exclusively on the 89 % species
demarcation threshold, and as members of new species
have been discovered (i.e., new full genome sequences
sharing less than 89 % pairwise genome sequence identity
with any previously classified full-length curtovirus gen-
ome), these have been named based on the hosts from
which they were first isolated, the severity of infection
symptoms, and symptom phenotypes observed in the field.

However, as has been highlighted in a recent proposal
for the classification of mastreviruses [25], pairwise-iden-
tity-based classification schemes can in practice yield a
large number of conflicting species determinations. This is
primarily because there are various ways in which pairwise
identities can be calculated, and identity values calculated
by different methods can vary widely. The major factors
contributing to these discrepancies are:

1) Variations in the nucleotide sequence alignment
methods that are used

2) Variations in the gap open and gap extension penalty
settings that are applied during alignment

3) Uncertainty over whether pairwise similarities should
be calculated within the context of multiple sequence
alignments or pairwise alignments

4) Uncertainty over whether “gap” characters introduced
during alignment (either in the context of multiple or
pairwise sequence alignment) should be ignored or
counted as a fifth character state

Nonetheless, pairwise-identity-based viral classification
schemes have proven to be highly useful and popular
amongst viral taxonomists—especially those working with
small viral genomes. Amongst geminivirologists, genome-
wide pairwise-identity-based classification approaches have
been almost universally adopted and are now well estab-
lished. Being aware of both the benefits and the potential
pitfalls of such approaches, we recently devised a pairwise-
identity-based approach for the classification of mastrevi-
ruses that effectively eliminates many of the identity
calculation discrepancies that are likely to arise during
the application of pairwise-identity-based classification
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guidelines [25]. Our approach, which is implemented in
the computer program SDT (available from http://web.
cbio.uct.ac.za/SDT), is similar in many respects to the
pairwise sequence comparison (PASC) method devised by
Bao et al. [4], as it relies on robust and highly reproducible
pairwise sequence alignments with complete exclusion of
sites with gap characters from the pairwise identity
calculations.

Here, we apply the same pairwise-alignment-based
identity calculation approach that is currently recom-
mended for mastrevirus classification to the curtoviruses.
For this, we first use the distribution of pairwise identity
scores between all of the curtovirus genomes that were
available in public databases on October 8, 2013, to
rationally select new curtovirus species and strain demar-
cation thresholds, and then apply these thresholds to the re-
classification of viruses belonging to this genus.

Species

Rational curtovirus species and strain demarcation
criteria

We performed pairwise alignments of the 19 available
curtovirus complete genomes and calculated 351 pairwise
identity scores for these using the MUSCLE [11, 12],
MAFFT [20] and ClustalW [37, 38] alignment approaches
implemented in SDT. As was observed in previous analy-
ses carried out on mastreviruses [25], the MUSCLE
alignment method yielded the most conservative pairwise
identity estimates (Fig. 1), and we therefore focused on the
analysis of pairwise alignments yielded by this method for
the remainder of our analyses.

The distribution of pairwise similarity scores calculated
from pairwise alignments produced by MUSCLE has nota-
ble peaks in the pairwise identity ranges ~ 66-70 %,
78-89 %, 91-93 % and 96-100 % and “valleys” in the
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Therefore, BCTV-PeCT and BCTV-
CA/Logan are strains

Fig. 1 New curtovirus species and strain demarcation criteria.
a Distribution of pairwise identities of curtovirus full genomes
calculated by SDT based on pairwise sequence alignments produced

| BCTV-CA/Logan
1l BCTV-SvrPep
1] SPSCTV-A
1] HrICTV-A
using the MUSCLE, MAFFT and ClustalW alignment programs.

b An example of the only conflict encountered using the new species
demarcation criterion: BCTV-PeCT and BCTV-CA/Logan
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pairwise identity ranges ~71-77 %, and 94-95 % and at
90 % pairwise identity (red line in Fig. 1a). This suggests
that a curtovirus species demarcation cutoff could rationally
be placed either between 74 and 77 % or at 90 % similarity.
Whereas placing the species demarcation threshold within
one of the “valleys” would yield a classification scheme with
minimal conflict (i.e., the fewest possible instances where the
same sequence could justifiably be assigned to two or more
different species), placing it at one of the peaks would yield a
classification scheme with maximal conflict. Similarly,
90 % or 94 % could be chosen as low-conflict curtovirus
strain demarcation thresholds.

Herein, we establish a revision of the existing guidelines
that uses the improved similarity calculation approach
described above and amends the curtovirus species and
strain demarcation thresholds. We establish:

(1) 77 % genome-wide pairwise identity as a species
demarcation threshold. Therefore, pairs of genomes
with >77 % pairwise identity calculated using pair-
wise MUSCLE alignments with similarities calcu-
lated ignoring sites with gaps (such as is implemented
in SDT v1.0) should be considered members of the
same species.

(2) 94 % pairwise identity as a strain demarcation
threshold. This, rather than the potential 90 %
threshold would allow for the maintenance of the

historical strain/variant nomenclature. We therefore
propose that pairs of genomes with >94 % pairwise
identity as calculated using the same MUSCLE-based
pairwise-alignment-based approach as that outlined
here should be considered members/variants of the
same strain.

Application of the new classification criteria

These classification criteria were applied to the 19 curto-
virus genomes, and following the construction of a neigh-
bour-joining phylogenetic tree (with the Jukes-Cantor
model of nucleotide substitution) with these sequences
(Fig. 2), we confirmed that there is strong phylogenetic
support for all the curtovirus species and strain groupings
that are suggested by these criteria.

In accordance with these criteria, we have proposed new
names for the 19 known full curtovirus genomes (Table 1).
We suggest that the names of these isolates and the names
of any curtovirus isolates discovered in the future should
have the following form:

<virus species name > - < strain name > [< country/
territory code > -<lab codes/old names/host species of
origin/sample number/location of origin > -<year of
sampling >]

——————————————————————— BCTV-MId [MX-Mid-SLP2-07] Eusss261 [l = 100
o~
———————————————————— BCTV-Mid [MX-Mid-Mx-P24-07] Ha214016 BRI < .
ffffffffffffffffffffffffffff BCTV-MId (mx-mid-06] EU193175 [l BRI z o7
£
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0.05 substitutions Branch csupport —— BCTV
per site O 75-89% SPSCTV
© >90% HICTV

Neighbor joining phylogenetic tree (Jukes-Cantor model)

Fig. 2 Neighbor-joining phylogenetic tree depicting the relationships
of known curtovirus full genome sequences (rooted with begomovirus
sequences) inferred using the Jukes-Cantor nucleotide substitution
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model with 1000 bootstrap replicates (branches with less that 75 %
support have been collapsed) and a two-dimensional pairwise identity
colour matrix with pairwise identities calculated using SDT v1.0 [25]
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Table 1 Details of curtovirus species and strains
Old species name New species name GenBank Acronym Host References
accession #
Beet mild curly top virus  Beet curly top virus EU586261 BCTV-MId [MX-MId-SLP2-07]  Capsicum annum Unpublished
Beet mild curly top virus  Beet curly top virus HQ214016 BCTV-MId [MX-MId-MX- Capsicum annum [10]
P24-07]
Beet mild curly top virus  Beet curly top virus EU193175 BCTV-Mld [MX-Mld-06] Capsicum annum Unpublished
Beet mild curly top virus  Beet curly top virus HQ634913 BCTV-MId [MX-MId-8-10-10] Phaseolus vulgaris  [40]
cv.
Aluvori

Beet mild curly top virus  Beet curly top virus EU586260 BCTV-MId [MX-MId-SLP1-07] Capsicum annum Unpublished
Beet mild curly top virus  Beet curly top virus AY134867 BCTV-Wor [US-MId-Wor4] Beta vulgaris t [32]
Beet mild curly top virus  Beet curly top virus U56975 BCTV-Wor [US-MId-Wor] Beta vulgaris [32]
Beet curly top virus Beet curly top virus JN817383  BCTV-CO [US-pCO-95] Beta vulgaris Unpublished
Pepper yellow dwarf Beet curly top virus EU921828 BCTV-PeYD [US-NM-Pep-07] Capsicum annum [22]

virus
Beet severe curly top Beet curly top virus FJ545686 BCTV-SvrPep [US-SVR-NM- Capsicum annum [22]

virus Pep-01]
Spinach curly top virus Beet curly top virus AY548948 BCTV-SpCT [US-Sp3-96] Spinacia oleracea [2]
Pepper curly top virus Beet curly top virus JX487184  BCTV-PeCT [US-Ca-BV3-Pep-  Solanum Unpublished

09] lycopersicum

Pepper curly top virus Beet curly top virus EF501977  BCTV-PeCT [US-NM-Pep-05] Capsicum annum Unpublished
Beet severe curly top Beet curly top virus X97203 BCTV-Svr [IR-SVR-86] Beta vulgaris [8]

virus
Beet severe curly top Beet curly top virus U02311 BCTV-Svr [US-SVR-Cth] Beta vulgaris [35]

virus
Beet curly top virus Beet curly top virus M24597 BCTV-CA/Logan [US-Cal-85] Beta vulgaris [33]
Beet curly top virus Beet curly top virus AF379637 BCTV-CA/Logan [US-Log-76]  Beta vulgaris [19, 36]
Spinach severe curly top  Spinach severe curly top ~ GU734126 SpSCTV [US-AZ-Sp09-10-09] Spinacia oleracea [17, 18]

virus virus
Horse radish curly top Horseradish curly top U49907 HCTYV [US-Sal-88] Armoracia [21, 34]

virus virus

rusticanaea

Mld = mild; Wor = Worland; Co = Colorado; PeYD = pepper yellow dwarf; SvrPep = severe pepper; SpCT = spinach curly top;
PeCT = pepper curly top; Svr = severe; CA/Logan = Californian/Logan

Virus species name

This is the ICTV-accepted name (or acronym thereof) of a
group of viruses sharing >77 % genome-wide pairwise
sequence identity. If the sequence has <77 % genome-wide
pairwise identity to all curtovirus sequences previously
classified as belonging to any recognised species, the virus
should be considered a member of a new species, and a
unique name should be assigned (a name that is not currently
in use for any ICTV-recognised species). This name should
be based on both the name of the host from which the virus
was originally isolated and the type of symptoms produced in
this host. Further, we recommend that country, city, town,
village or province names not be used in naming new viral
species (e.g., Spinach curly top Arizona virus), as this adds to
downstream complications when similar sequences are
found in other territories/countries/regions.

Strain name

In order to maintain some historical nomenclature, the
following as strain identifiers are retained: Worland (Wor),
Mild (Mld), Severe (Svr), California/Logan (CA/Logan),
pepper curly top (PeCT), pepper yellow dwarf (PeYD),
spinach curly top (SpCT) and Colorado (CO). Further, we
propose that new strains that are identified in the future
follow a nomenclature that is consistent with observable
biological differences between the members of the same
strain. When sufficient knowledge is available, it is
strongly recommended that the strain descriptor genuinely
reflect the characteristics of all members of a strain. For
example, if it is established that multiple different isolates
of a BCTV strain are especially well adapted relative to
other BCTV strains to infecting a particular host such as
spinach, then it would be entirely justifiable to name the
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strain BCTV-spinach. In the future, symptom severity
descriptors (such as mild or severe) should only be used as
strain names when such phenotypes are observed in mul-
tiple genetically distinct members of a strain.

Isolate descriptor

Within the square brackets (“[ ]”) the isolate descriptor may
contain any number of sub-fields separated by hyphens (“-
). Whereas the first sub-field should always be the two-letter
international code of the country/territory in which the iso-
late was last present in the field (Supplementary table 1), the
last sub-field should always be the year in which the isolate
was last present within living tissue. If the year in which the
isolate was removed from the field differs from the date on
which it was last present within living tissue (as is sometimes
the case when isolates are propagated in the laboratory), then
the date when the virus was removed from the field should be
included in one of the internal sub-fields. Between the first
and last sub-fields any additional short useful descriptors can
be placed (for example, the laboratory or field identification
codes of the samples from which the isolate was obtained, the
city where the sample was found and the host species from
which the virus was isolated). Please note that although the
Ninth ICTV Report’s recommendations for geminivirus
nomenclature [9] suggested the use of “:” to separate the
sub-fields in the isolate descriptor, this symbol can cause
problems in various phylogenetic tree drawing programs,
which, when reading phylogenetic trees in Newick format,
will misinterpret numbers after the “:” symbol as repre-
senting branch length information.

Resolving conflicts that may arise within the new
curtovirus classification system

We have specifically recommended curtovirus species and
strain demarcation thresholds that minimise ambiguous
species and strain classifications amongst the currently
available curtovirus sequences. However, as new curtovirus
genomes are sequenced and classified under this system it is
probable that in some cases conflict will arise as a result of:

1. An isolate having >77 % genome-wide pairwise iden-
tity to isolates that have been assigned to two different
species.

2. An isolate having >77 % genome-wide pairwise iden-
tity to one or a few isolates assigned to a particular
species, even though it shares <77 % identity with the
majority of characterised isolates in that species.

3. Anisolate having >94 % genome-wide pairwise iden-
tity to isolates that have been assigned to two different
strains.

@ Springer

Fig. 3 a Maximum-likelihood phylogenetic tree (1000 bootstrap p»

replicates) of curtoviruses (with recombinant regions removed) inferred
with PHYML [16] using the TN934-G nucleotide substitution model
(determined as fitting the data best by jModelTest [28]). Branches
with <75 % bootstrap support have been collapsed. b Cartoon illus-
trating the regions of curtovirus genomes that have been acquired
through recombination. ¢. Details of recombination events detected in
the curtovirus genomes. Methods used to detect recombination are RDP
(R) GENCONYV (G), BOOTSCAN (B), MAXCHI (M), CHIMERA (C),
SISCAN (S) and 3SEQ (T). The method with the most significant
associated p-value is indicated in bold for each event

4. An isolate having >94 % genome-wide pairwise iden-
tity to one or a few isolates assigned to a particular
strain, even though it shares <94 % identity with the
majority of characterised isolates in that strain.

We recommend that the following steps be taken to
resolve such conflicts:

1. The new isolate should be considered to belong to the
species containing the isolate with which it shares the
highest percentage genome-wide pairwise identity.

2. The new isolate should be classified as belonging to
any species in which it shares >77 % genome-wide
pairwise identity with any one isolate previously
classified as belonging to that species, even if it
has <77 % genome-wide pairwise identity to all other
isolates classified as belonging to that species.

3. The new isolate should be considered to belong to the
strain containing the isolate with which it shares the
highest degree of identity.

4. The new isolate should be classified as belonging to
any strain in which it shares >94 % identity with any
one isolate previously classified as belonging to that
strain, even if it is <94 % identical to all other isolates
classified as belonging to that strain.

That the proposed >77 % species demarcation threshold
yields a single type 2 conflict (Figs. 1b and 2) emphasises the
importance of having clear guidelines for resolving such
conflicts. Specifically, although the BCTV-PeCT and BCTV-
CA/Logan isolates share between 75 and 76 % genome-wide
pairwise identity, they both share >78 % genome-wide
pairwise identity to all other BCTV isolates (Fig. 2), and
therefore, based on the recommended approach for conflict
resolution, both would be classified as strains of BCTV.
Furthermore, our recommendation can be complemented with
biological properties exhibited during viral infection.

A step-by-step guide to classifying a new curtovirus full
genome sequences

(1) A ‘nucleotide BLAST’ analysis (accessible via
http://blast.ncbi.nlm.nih.gov/Blast.cgi) of the NCBI
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V2 < C3
a b
V3 — Vi < C? c1
0.1 substitutions
per site BCTV-Mid [MX-MId-SLP2-07] EU586261 [ 18 I
Branch support BCTV-Mid [MX-MId-MX-P24-07] HQ214016 [ |18 |
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BCTV-Wor [US-MId-Wor] U56975 [
13 14
BCTV-CO [US-CO-95] JN817383 [ T2 [ BEE]
BCTV-PeYD [US-NM-Pep-07] EU921828 8 ] 10 18 .|
13 5
BCTV-SvrPep [US-SVR-NM-Pep-01] FJ545686 71 I 1N ]
[BCTV-CA/Logan [US-Cal-85] M24597 izl |
BCTV-CA/Logan [US-Log-76] AF379637 I [ 1
BCTV-SpCT [US-Sp3-96] AY548948 [ ]
13
BCTV-PeCT [US-NM-Pep-05] EF501977 [ [ 6 | O S
13
BCTV-PeCT [US-Ca-BV3-Pep-09] JXx487184 I I T | o
13
BCTV-Svr [US-SVR-Cfh] U02311 [ 1 ] 1 I 6 [ ]
BCTV-Svr [IR-SVR-86] X97203 B 3 | ]
SpSCTV [US-AZ-Sp09-10-09] GU734126 [ 11 [ 16Tl |
—o—___ HICTV [US-Sal-88] U49907 | & §15 KA
Recombination
break point
Cc Recombination Recombinant Begin End Potential minor Potential major Detection p-value
event sequence(s) parental sequence(s) _ parental sequence(s) methods
1 BCTV-Svr 243 1501 BCTV-CA/Logan BCTV-PeCT RGBMCT 9.10x107'®
2 BCTV-CO 1489 2165 BCTV-PeCT BCTV-Wor RGBMCT 8.38 x10%7
BCTV-Mid
mm 3 BCTV-CA/Logan 338 1391 BCTV-Mid unknown RGBMCT 5.34 x105¢
BCTV-Svr BCTV-CO
BCTV-Wor
4 BCTV-PeCT 23* 927* unknown BCTV-Svr RGBMCT 1.23 x102¢
BCTV-SvrPep
5 BCTV-SvrPep 2592 2690 BCTV-MId BCTV-SpCT RGMCT 1.97 x10*
BCTV-CO BCTV-PeCT
BCTV-Wor BCTV-Svr
BCTV-PeYD
6 BCTV-PeCT 1031* 2442  BCTV-PeYD BCTV-SpCT RGBMCT 3.83x10
BCTV-Svr
7 BCTV-SvrPep 2516 186 BCTV-SpCT BCTV-Mid RGBMC 1.63x10"
BCTV-Svr BCTV-CO
BCTV-Wor
BCTV-PeYD
8 BCTV-PeYD 26* 197 unknown BCTV-Wor RGBMC 1.79 x10™
BCTV-CO
BCTV-Mid
9 BCTV-PeCT 1505 2425  BCTV-SvrPep unknown RGMCS 1.95 x10%°
mm 10 BCTV-PeYD 198* 815 BCTV-Wor BCTV-Mid RGBMCS 4.19 x10°™
BCTV-CO
[ RA HrCTV 1460 2371 unknown BCTV-Wor RBMCS 5.39 x102*
SpSCTV BCTV-Mid
BCTV-PeYD
BCTV-SpCT
12 SpSCTV 1950 2294* HrCTV BCTV RBMCT 7.00 x10-%
13 BCTV-SvrPep 1625 1654 unknown BCTV-Wor RGB 3.19 x10%®
BCTV-CO BCTV-PeYD
BCTV-PeCT
BCTV-Svr
14 BCTV-CO 2166* 2251 unknown BCTV-Wor GBM 8.13 x10"
mm 15 HrCTV 2449 2940 SpSCTV BCTV-SpCT RGBMCS 1.44 x10%
BCTV-Mid
BCTV-Wor
BCTV-PeYD
16 HrCTV 2696 2928* BCTV-PeYD unknown RMCS 8.68 x10%
SpSCTV BCTV-CO
17 BCTV-CA/Logan 2612 2913* BCTV-SpCT BCTV-PeYD RBMCS 1.23x10°°7
BCTV-Mid
BCTV-CO
mm 18 BCTV-Wor 2526* 2680  unknown BCTV-SpCT GBMCS 7.90 x10%®
BCTV-MId
BCTV-CO
BCTV-PeYD

*=The actual breakpoint position is undetermined
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‘Nucleotide collection’ database should be performed
to identify the species whose members have sequen-
ces most similar to the new sequence. The nucleotide
database at the NCBI website (http://www.ncbi.nlm.
nih.gov/nuccore/) can also be searched using the
search term  “txid10813[Organism:exp] AND
2500:4000[SLEN]”, which will return all curtovirus
nucleotide sequences that are between 2500 and 4000
nucleotides long.

(2) The new sequence should be added to the set of
sequences obtained from the NCBI BLAST or NCBI
nucleotide database websites and should be saved in
FASTA format (see supplementary material).

(3) Regardless of how datasets are compiled, sub-
genome-length sequences should ultimately be
removed from FASTA files that are intended for use
in pairwise sequence identity analyses.

(4) Priortoany analysis check, and if need be, ensure that all
the sequences being analysed start at the same genomic
coordinate (ideally at the nicking site within the
conserved nonanucleotide at the origin of replication).

(5) Use the MUSCLE option in SDT v1.0 (available at
http://web.cbio.uct.ac.za/SDT) or any other program
that uses the MUSCLE alignment algorithm (with
pairwise deletion of gaps) to calculate identities
between every pair of sequences in the dataset. If
using SDT, these pairwise identities should be saved
either as a column or matrix csv format that can then
be opened in a spreadsheet program such as Microsoft
Excel. Most other software will have similar options
to SDT to generate csv files of pairwise identities.

(6) If the sequence shares <77 % genome-wide pairwise
identity to any other known curtovirus sequence, then
an appropriate species name should be proposed (see
above for guidelines on doing so).

(7) If the sequence shares <94 % genome-wide pairwise
identity to all isolates described for that species, then
a strain name should be proposed.

Recombination in curtoviruses

As recombination has played a major role in the evolution of
geminiviruses, we analysed the 19 curtovirus genomes using
the RDP, GENECONYV [26], Bootscan [23], Maxchi [31],
Chimera [27], Siscan [15] and 3Seq [7] methods imple-
mented in RDP4 [24]. Only potential recombination events
that were detected with three or more of these seven methods
(with associated p-values of <0.05) coupled with phyloge-
netic support for recombination having occurred were
accepted as evidence of genuine recombination events.

The 18 recombination events thus detected are summa-
rised in Fig. 3. It is interesting to note that the genomes of
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BCTV-Svrand BCTV-PeCT display evidence of at least four
independent recombination events. Also, besides a large
number of intra-species recombination events (n = 14) there
is also clear evidence of inter-species recombination (events
11,12, 15, 16). Similar to observations in begomoviruses and
mastreviruses, there is potentially a recombination break-
point hotspot in the region between the 3’ ends of the cp (V1)
and rep (C1) genes.

So as to determine the potential impact of recombination
on the proposed curtovirus classification system, a maxi-
mum-likelihood phylogenetic tree (with PHYML3 [16],
TN93+G determined to be the best nucleotide substitution
model by jModelTest [28], 1000 bootstrap replicates and
the collapsing of branches with <75 % bootstrap support)
was constructed using the “non-recombinant” fractions of
the curtovirus genomes (represented by uncoloured gen-
ome regions in Fig. 3). This tree indicated that, even when
accounting for recombination, there is phylogenetic sup-
port (75 % bootstrap value on the branch separating the
BCTYV isolates from HrCTV and SpSCTV) for the exis-
tence of the three curtovirus species indicated in the revised
classification system.

Conclusions

In the 9th Report of the International Committee on Tax-
onomy of Viruses [9], the curtovirus classification was based
primarily on the 89 % species demarcation criterion previ-
ously determined for the genus Begomovirus [14] with sec-
ondary considerations being given to the biological
properties of viruses, such as host range, symptom phenotype
and serology. Based on this classification system, the ICTV
recognised seven species within the genus Curtovirus.

In this communication, we have established revised
genome-wide pairwise-identity-based species and strain
demarcation criteria for the classification of curtoviruses,
i.e., curtovirus genome sequences with <77 % genome-
wide pairwise identity to all previously classified curtovi-
ruses as calculated using either the SDT-based approach
described here or an exactly equivalent method. Similarly,
a genome sequence found to share >77 % but <94 %
identity to isolates from a previously established curtovirus
species using this same approach should be considered to
belong to a new strain of that species.

Based on these revised classification criteria, the genus
Curtovirus now has only three species: Beet curly top virus,
Horseradish curly top virus and Spinach severe curly top
virus. The species demarcation criteria we have applied here
for curtoviruses and that which we have applied previously to
mastreviruses [25] are both predominantly based on pairwise
full-genome nucleotide sequence identities coupled with
phylogenetic support. This approach has been critiqued by
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Van Regenmortel et al. [39], who favour the concept of a
virus species being a polythetic class of viral isolates con-
stituting a replicating lineage in a particular ecological niche
and argue against a proposal by A. King, M. Adams, E.
Lefkowitz and E. Carstens (proposal 2011.002sG), which
states ‘A species is a monophyletic group of viruses whose
properties can be distinguished from other species by mul-
tiple criteria’ (the criteria include natural and experimental
host ranges, pathogenicity, vector specificity, cell and tissue
tropism and degrees of relatedness of their genes and gen-
omes). In the case of viruses with small genomes (where full
genome sequences can be easily determined), genome-wide
sequence comparisons provide substantially more objective
information than can visual observations of biological traits
such as symptom phenotype. For example, the 2930-nucle-
otide genome of BCTV-Wor (U56975) contains 2930 dis-
crete bits of information that can, with total objectivity,
indicate whether it is more closely related to other curtovi-
ruses found in beets than it is to those found in horseradish or
spinach. In the case of the curtoviruses, the species demar-
cation criteria that we have proposed suggest the existence
among the currently known curtoviruses of only three
monophyletic species (Beet curly top virus, Horseradish
curly top virus and Spinach severe curly top virus) that are
also distinguishable by the host species from which they have
been obtained. Therefore, although our genome-sequence-
based approach to virus classification is not universally
supported [39], it does, in this case at least, yield a com-
pletely objective classification system that is consistent with
the observed biological properties of curtoviruses.

Finally, it should be noted that while the Executive Com-
mittee of the ICTV has approved these genome-wide pair-
wise-identity based curtovirus species and strain demarcation
criteria [1], it has also stressed that new species proposals must
be supported by additional phylogenetic evidence.
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