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Abstract: Subterranean clover stunt virus (SCSV) is a type species of the genus Nanovirus in the
family Nanoviridae. It was the first single-stranded DNA plant virus with a multipartite genome,
of which genomic DNA sequences had been determined. All nanoviruses have eight genome
components except SCSV, for which homologs of two genome components present in all other
nanovirus genomes, DNA-U2 and DNA-U4, were lacking. We analysed archived and more recent
samples from SCSV-infected legume plants to verify its genome composition and found the missing
genome components. These results indicated that SCSV also has eight genome components and is a
typical member of the genus Nanovirus.
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1. Introduction

Nanovirids, members of the genera Babuvirus and Nanovirus of the Nanoviridae family, are plant
viruses with a genome consisting of multiple circular single-stranded (ss) DNA molecules that are
individually encapsidated in small isometric particles of about 20 nm in diameter [1]. These viruses
are transmitted in a circulative persistent (non-propagative) manner by various aphid species [2].
Currently, there are eight species approved by the International Committee on Taxonomy of Viruses in
the Genus Nanovirus: Black medic leaf roll virus [3], Faba bean necrotic stunt virus [4], Faba bean necrotic
yellows virus [5,6], Faba bean yellow leaf virus [7], Milk vetch dwarf virus [8], Pea necrotic yellow dwarf
virus [9], Pea yellow stunt virus [3], and Subterranean clover stunt virus [10]. Subterranean clover stunt
virus (SCSV) is the type species of the genus Nanovirus [1,11] as it is the first nanovirus of which
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genome components have been sequenced [12]. Recently, two new nanovirus species have been
discovered, one from the wild perennial legume Sophora alopecuroides L. in Iran [13] and another one
from Vicia cracca L. in France [14], providing further evidence for Fabaceae being the principal hosts
of nanoviruses.

With the exception of SCSV, the genomes of all nanoviruses, including those of the two recently
described nanoviruses Sophora yellow stunt associated virus (SYSaV) [13] and cow vetch latent
virus (CvLV) [14] comprise eight characteristic ssDNA circles of about 1 kb in size. The genome
components are named according to the functions of the respective encoded proteins: DNA-R (master
replication initiator protein, M-Rep, required for replication initiation of all genomic DNAs) [15],
DNA-S (structural = capsid protein, CP) [5], DNA-C (cell cycle link protein, Clink, modulates the
host’s cell cycle in favour of nanovirus replication) [16], DNA-M (movement protein, MP) and DNA-N
(nuclear shuttle protein, NSP). The functional identities of MP and NSP were inferred from similarities
with the corresponding geminivirus proteins [17-19]. In addition, three other DNA molecules,
DNA-U1, DNA-U2 and DNA-U4, are typical constituents of a nanovirus genome, however, the
function of the proteins they encode are hitherto not known. Only interaction data of the U1 and U4
proteins with other nanovirus proteins and subcellular localization data are available [20]. The U1 and
U2 proteins of faba bean necrotic stunt virus (FBNSV) are essential symptom determinants whereas
the U4 protein is dispensable for symptom formation and aphid transmission [21]. The NSP is also
not required for FBNSV symptom development but is obligatory for the spread of the virus as it acts
as mandatory helper factor for nanovirid aphid transmission [21]. Moreover, the NSP of pea necrotic
yellow dwarf virus has been shown to interact with a plant G3BP-like protein, a constituent of stress
granules [17].

Despite the wealth of biological data available for the subterranean clover stunt disease and its
causative virus [22-28], SCSV remained the sole nanovirus with only six integral genome components,
lacking DNA-U2 and DNA-U4 [1,10,15]. This prompted us to elucidate whether SCSV, thus far only
found in Australia, might have a genome composition different from those of all other nanoviruses,
implying that the two absent components might be dispensable in SCSV infections.

In this study, we have detected in various SCSV samples from three different hosts the missing
genome components DNA-U2 and DNA-U4, providing evidence that SCSV has eight genome
components, the same as all currently known members of the genus Nanovirus.

2. Materials and Methods

2.1. Virus Isolates and Field Materials

SCSV isolate F [29] and SCSV isolate SCS1 (unpublished) isolated from field-infected subterranean
clover (Trifolium subterraneum) were maintained in the same host for several years by successive
transmissions at CSIRO, Canberra, using the cowpea aphid (Aphis craccivora) [12] and were provided
in 2001 to H.-J.V. In this study, the SCSV F provided in 2001 is designated SCSV-[AU;F*] to differentiate
it from the SCSV F isolate (designated as SCSV-[AU;F]) that was sampled in 1992 and whose genome
sequence had been published in 1995 [10]. SCS1 is designated as SCSV-[AU;SCS1].

Two additional SCSV-infected field samples collected and deposited by the late M. Schwinghamer
in the New South Wales Plant Pathology Herbarium (DAR), Orange, NSW, were SCSV-[AU;2534B]
from faba bean (Vicia faba) (DAR collection number 76607), collected at Myall Vale in 1997, and
SCSV-[AU;3771A] from pea (Pisum sativum) (DAR collection number 76849), collected at Quandialla in
2003. They were sent in 2012 to B.G. as dried leaf tissue.

To complement analyses of these archived samples, we collected in December 2018 at Harrison,
ACT, seventy-two field samples of subterranean clover and checked fourteen of them for the presence
of SCSV. SCSV from these samples is designated SCSV-[AU;Har].
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2.2. DNA Extraction, RCA, PCR, Cloning, and Sequencing

Total DNA was extracted from SCSV-infected dried tissue according to a modified Edwards
protocol as described previously [4] with an additional step of phenol-chloroform extraction. Total
DNA preparations were subjected to rolling circle amplification (RCA) to increase the amount
of circular DNA using an Illustra TempliPhi Amplification Kit (GE Healthcare, Little Chalfont,
Buckinghamshire, UK) following the manufacturer’s instructions. The isothermal incubation for
RCA was at 30 °C for 18-20 h followed by a final incubation at 65 °C for 10 min.

RCA products were used as templates for PCR amplification of SCSV genome components using
different combinations of primers (Supplementary Table S1) and Phusion DNA polymerase (Thermo
Fisher, Waltham, MA, USA) or Taq Il DNA polymerase (Eurobio Ingen, Les Ulis, France). For this,
1 uL of tenfold diluted RCA product was added to 20 or 50 pL of reaction mixture containing 10 pmol
each of corresponding primers, 50 uM of each deoxynucleoside triphosphate, and 0.5 units of DNA
polymerase in provided reaction buffer. In addition, PCR amplifications using degenerate primers were
performed using Taq II DNA polymerase. Amplification conditions are specified in Supplementary
Table S1.

PCR products were either sequenced directly using a commercial sequencing provider
(Eurofins Genomics, Ebersberg, Germany) or inserted into plasmid pBluescript KSII(+) (pBKSII)
(Stratagene/Agilent, Santa Clara, CA, USA) linearized by EcoRV or Hincll restriction endonucleases.
Insert DNAs of recombinant plasmids were sequenced, and sequences were analysed with DNASTAR
Lasergene version 8.0.2 (DNASTAR, Inc. Madison, Wisconsin, USA) and Geneious version 8.1.8
(Biomatters, Auckland, New Zealand).

Libraries for deep sequencing were prepared from diluted (1:10 v/v) RCA products using the
Nextera XT Library Kit (Illumina, San Diego, CA, USA). Quality checked libraries were sequenced
using Illumina MiSeq (paired end reads 2 x 301 bp) (DSMZ, Braunschweig, Germany).

2.3. Sequence Assembly and Analysis

Ilumina reads were trimmed, and de novo assembled using the Geneious assembler v. 10.2.3
(assembler settings: Low Sensitivity /Fast and circularized contigs). Local BlastN and BlastP against
the plant virus reference databank from the National Center for Biotechnology Information (accessed
on 11 June 2018) identified contigs matching nanovirus sequences. To generate the final consensus
sequence for the genome molecules from a given isolate, all [llumina reads of the respective isolate
were mapped in a single step to all its genome components (Low Sensitivity /Fastest [10%]).

Multi-alignments were done using MUSCLE [30] as implemented in Geneious or MEGA?7 [31].
Phylogenetic analyses were conducted in MEGA7 and SDT v. 1.2 [32]. Maximum likelihood trees
(100 bootstrap repetitions) were constructed using MEGA?7 or PhyML [33], with nucleotide substitution
models chosen by model test in MEGA?7.

3. Results

3.1. Identification of SCSV DNA-U2 and DNA-U4

Alignment of the DNA-U2 and DNA-U4 sequences of all nanoviruses known in 2014 [3] indicated
small regions of similarity in their respective coding parts (Supplementary Figures S1 and S2).
This allowed the design of the degenerate primers nanoU2dir and nanoU4dir (Supplementary Table S1).
Stem-loop regions of nanovirus DNA-U2 and DNA-U4 share longer stretches of sequence identity,
which allowed the design of the primers nanoSTLdir and nanoSTLrev. We used these primers to
potentially amplify SCSV DNA-U2 and DNA-U4 by gradient PCR with RC-amplified template DNA
derived from isolates SCSV-[AU;3771A] Quandialla 2003 from pea and SCSV-[AU;2534B] Myall Vale
1997 from the faba bean.

Two major amplification products were obtained from the DNA samples of these isolates when
targeting DNA-U2 (Figure 1A). By contrast, amplifications aimed at identifying DNA-U4 yielded three
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products for isolate 2534B and two products for isolate 3771A, the proportion of the latter differed
slightly depending on the annealing temperature during PCR. Only amplifications at three different
annealing temperatures are shown in Figure 1A. Products obtained at different annealing temperatures
from the respective isolates were pooled, size-separated by agarose gel electrophoresis (Figure 1B,C),
gel-eluted, and directly sequenced using the same primers as for PCR.

The sequences of the amplification products marked “2” (Figure 1B) for DNA from both isolates
were similar to published DNA-U2 sequences of other nanoviruses. By contrast, the sequences of the
PCR-products of both isolates, marked “1” in Figure 1B, corresponded to the SCSV DNA-R sequence.
The sequences of the PCR products from both isolates, marked “1” in Figure 1C, had similarity with
published DNA-U4 sequences of nanoviruses. In contrast, the sequences of the products marked “2”
(both isolates) and “3” (isolate 2534B only) all corresponded to SCSV DNA-C sequences. Based on
the PCR-amplified DNA-U2 and DNA-U4 sequences we designed component- specific back-to-back
primers (Supplementary Table S1) and used them to amplify full-length DNA-U2 and DNA-U4 of SCSV.
This way we identified, cloned and sequenced DNA-U2 and DNA-U4 from isolates SCSV-[AU;3771A]
and SCSV-[AU;2534B].

In addition, we designed specific primers for the thus far known SCSV components
DNA-R, DNA-S, DNA-C, DNA-M, DNA-N, DNA-U1, based on sequences of SCSV-[AU;F] [10,34]
(Supplementary Table S1). We used these primers to amplify the respective genome components of
isolates SCSV-[AU;3771A] and SCSV-[AU;2534B], which we subsequently cloned and sequenced.

A sample
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¢ £
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Figure 1. Amplification of subterranean clover stunt virus (SCSV) DNA-U2 and DNA-U4 fragments by
PCR. (A) Gel electrophoresis of PCR products obtained from different nanovirus samples (indicated at
the top) using primer nanoSTLrev and the degenerate primers specific for DNA-U2 (nanoU2dir) or
DNA-U4 (nanoU4dir), as indicated at the bottom. Letters a, b, and c indicate annealing temperatures of
the PCR reactions: 45.0, 53.7 and 65.0 °C respectively; (B) preparative gel-electrophoresis of the same
PCR products as in (A) for DNA-U2 amplification; (C) preparative gel-electrophoresis of the same PCR
products as in (A) for DNA-U4 amplification.

By the same way as described for SCSV-[AU;3771A] and SCSV-[AU;2534B] we also obtained a
complete copy of DNA-U2 from isolate SCSV-[AU;F*]. However, we never obtained any PCR products
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from SCSV-[AU;F*] DNA when using the various DNA-U4 primers listed in Supplementary Table S1.
Remarkably, using RC-amplified DNA derived from another archived SCSV isolate, SCSV-[AU;SCS1],
which had also been maintained in subterranean clover for a prolonged period, we did not detect any
DNA-U4 either when using the U4-specific primers of Table S1 whereas other DNAs (e.g., DNA-U2,
DNA-R, DNA-S) were detected by PCR.

3.2. DNA Sequence Analysis and Comparison of Three Different SCSV Isolates

For an unbiased analysis of the SCSV genome and to assure that we did not miss any
SCSV and SCSV-associated DNAs in our PCR and cloning experiments, RCA DNA from all three
isolates were subjected to MiSeq sequencing, complementing any previous information obtained by
Sanger-sequencing of the cloned eight integral nanovirus genome components of SCSV-[AU;3771A].
Thus, eight nanovirus genomic DNA components were identified for SCSV isolates Quandialla 2003
(SCSV-[AU;3771A]) and Myall Vale 1997, SCSV-[AU;2354B] while RCA preparations of SCSV-[AU;F*]
did not contain any DNA-U4. The number of reads and the average coverage per genome component
by deep sequencing of DNA from the three SCSV isolates are shown in Supplementary Table S2.

The comparison of SCSV genome sequences with those of selected isolates of nanovirus species
using concatenated genomic DNAs (in order of DNA-R, -5, -C, -M, -N, -U1, -U2, and -U4) showed
sequence differences of 22-37% between them while the genomes of the three SCSV isolates were
97-98% identical (see Supplementary Table S4) and formed a separate clade from other nanovirus
sequences upon phylogenetic analysis (Figure 2).
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Figure 2. Maximum likelihood tree of nanovirus genome sequences. Individual genomic DNAs of
faba bean necrotic yellows virus (FBNYV), milk vetch dwarf virus (MDV), faba bean necrotic stunt
virus (FBNSV), faba bean yellow leaf virus (FBYLV), black medic leaf roll virus (BLMRV), cow vetch
latent virus (CvLV), pea yellow stunt virus (PYSV), pea necrotic yellow dwarf virus (PNYDV), Sophora
yellows associated virus (SYSaV), and subterranean clover stunt virus (SCSV) were concatenated in
the order DNA-R, -S, -C, -M, -N, -U1, -U2, -U4 and aligned by MUSCLE. The tree was constructed in
MEGA?7 using the GTR+G+I nucleotide substitution model and is midpoint rooted. Branch support is
shown as per cent bootstrap values. The scale bar represents 0.1 substitutions per site. On the right,
a color-coded Sequence Demarcation Tool (SDT) matrix shows per cent pairwise sequence identities.

The SCSV DNA-U2 components identified here had highly similar sequences (98-99% sequence
identity) and were clearly distinct (61-70% sequence identity) from the DNA-U2 sequences of all other
nanoviruses (Figure 3). Similarly, DNA U4 sequences of SCSV were also distinct from those of other
nanoviruses (Figure 4).



Viruses 2019, 11, 138

9-MDV-{BD;M1] LC094163
100 MDV-[BD;P1] LC094151
MDV-[JP;1] AB000926
93 MDV-[BD; ] LC010100
MDV-[CN;Zh] KX710109
100 MDV-[CN;GSZN] MG012223
MDV-[CN;VU] KY070243

MDV-[CN;VF] KY070233

FBYLV-[ET;231) HE654129

100~ FBNSV-[AZ;1] KC978972
FBNSV-[AZ;15] KC978998
10| 100'FBNSV-[AZ;10] KC978980
100 — FBNSV-[MA5) GQ274037
FBNSV-[AZ;12b] KC978988
% FBNSV-[ET;Hok-97] GU983872
84 -[SY;:

FENYV-[SY:4] KX431423
73 FBNYV-[TU;F9] KX431427
FBNYV-TU;S01] KX431428
L FBNYV-[TU;F12] KX431425
FENYV-[ES;R4] KC979033
LFBNYV-[ES;R7] KC979041
FBNYV-TU;F10] KX431424
FBNYV-[ES;Mu29D] KC979025
FBNYV-[AZ;13.5] KC979015
FBNYV-(AZ;12] KC979006
FBNYV-(ET:218[ HE663171
FBNYV-[MA;23] GQ274029
)0,

FBNYV-[TU;F4] KX431426
FBNYV-[SY;292-88] Y11409
FBNYV-[EG;1-93] AJ132184
o BMLRV-[SE;153] C978964
100 BMLRV-[AT;3] KC978946
BMLRV-[AZ;47) KC978955

SYSaV-[IR;Ta1] KX534395

= 100( SCSV-[AU;F] MF458186

SCSV-[AU;3771A] MF458184
52-SCSV-[AU;2534B] MK035734

CVLV-[FR;VcLV-Sam] MF535453
100 100 PYSV-[AT;15] KC979059
68 PYSV-[AT; 5] KC979060
100 PNYDV-{AT;1]KC979049

6 0of 12

Pairwise identity (%)
100
9%

—
==

i

2 &8 3

PNYDV-[DE;15] JN133284

2 S 23 el
<] ) ® Qo IO oToN 0 oo
] V832 Y NINBTARSONANC g 0 oo
PR L R SRR R R
craoroSNNBoNs 0] XA >Fr~m!~§‘—u. THHO®
N S e T Rl
8v§2§g£xxx ._.a_)xé.—,_.x:{._.gjax._, §°?5¥x¥§u.<m".’88¥"
L P AR g e e SR bl P et e s bt )
::<-'Egsmur.‘:t‘f?-‘:.f.xmt.u.i%%‘:‘:ex%%L.L.cxg.;jgmcggdmnn
SA o ay >S555ERSONNE L 55> LA STTEW
s icbn b AR A R T PR )
T o R e P P PRy 6 1y
#f%%%%ffﬁwwwwwwgggggggggggg;;;;Ei F33IIII33
B8000000naanssanssanssanssaanaas=s2BBR10022
Ssssssss 0D D R R R R rEanrnondasss

Figure 3. Maximum likelihood tree of nanovirus DNA-U2 sequences. Nanovirus DNA-U2 sequences
were aligned by MUSCLE and the tree was constructed in MEGA?7 using the TN93+G+I nucleotide
substitution model and is midpoint rooted. Branch support is shown as per cent bootstrap values while
low support (<50% bootstrap) branches were collapsed. The scale bar represents 0.1 substitutions per
site. The right panel shows per cent pairwise sequence identities in a color-coded SDT matrix.

Interestingly, a second DNA-U4 molecule (DNA-U4.2; GenBank accession MK035736) was
identified by deep sequencing in SCSV-[AU;2534B] (Table 1). It is eight nucleotides shorter and
represents a recombination event, with nucleotides 934 to 948 of DNA-U4.2 being derived from DNA-C
(or DNA-M or DNA-U1) of the same isolate (Supplementary Figure S3). In addition, deep sequencing
of DNA of SCSV isolate [AU;3771A] uncovered an additional recombinant DNA-M, showing a
recombination event with DNA-R at nucleotide 927 to 958 (Supplementary Figure S4). In both cases,
the genome components DNA-M.1 and DNA-M.2 (recombinant, GenBank accession MK291271) and
DNA-U4.1 and DNA-U4.2 (recombinant) were about equally abundant (see Supplementary Table S2).
Remarkably, the DNA-N molecule identified by deep sequencing of isolate SCSV-[AU;F*] differed
from the original DNA-N of SCSV-[AU;F] [12], available at GenBank (accession U16733), as well as
from DNA-N of SCSV-[AU;3771A] and SCSV-[AU;2534B] by a 22 nucleotide deletion (nt 294-316)
and a 87 nt recombinant sequence derived from DNA-S (position 896-982) (Supplementary Figure
S5). We had found the same deletion in a recombinant DNA-N by an earlier pyro-sequencing of
SCSV-[AU;F*] DNA and had verified its physical existence by sequencing a cloned molecule of DNA-N

from SCSV-[AU;F*].
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Figure 4. Maximum likelihood tree of nanovirus DNA-U4 sequences. Nanovirus DNA-U4 sequences
were aligned by MUSCLE and a midpoint rooted PhyML tree was constructed using the TN93+G+I
nucleotide substitution model. Branch support is shown as per cent bootstrap values and low support
(<50% bootstrap) branches were collapsed. The scale bar represents 0.1 substitutions per site. The right
panel shows per cent pairwise sequence identities in a color-coded SDT matrix.

An overall comparison of the SCSV-[AU;F] and SCSV-[AU;F*] genome sequences (including the
two alpha-satellites) showed a total of 102 changes, counting deletions >20 nt and the recombination as
single events (Table S3). This corresponds to a rate of substitutions per site and year of 1.1 x 10exp—3,
which fits well with the substitution rate of 1.8 x 10exp—3 per site and year determined for faba bean
necrotic stunt virus (FBNSV) [35].

In addition to the eight SCSV genome components, we found in all three SCSV infected
plant samples analysed here the two alpha-satellites described earlier [10], formerly named SCSV
C2 (GenBank accession U16731) and SCSV C6 (GenBank accession U16735) and reclassified
as subterranean clover stunt alpha-satellite 1 and subterranean clover stunt alpha-satellite 2,
respectively [36]. A third alpha-satellite (GenBank accession MK291270), clearly distinct from the
two aforementioned alpha-satellites but most closely related (77% sequence identity) to Sophora
yellow stunt alpha-satellite 3 (GenBank accession KX534406) [13,36], was found associated with
SCSV-[AU;3771A].

The absence of DNA-U4 in the historical isolate SCSV-[AU;F*] when analysed by deep sequencing
prompted us to analyse more recent samples of subterranean clover to assess any potential influence
of this host on DNA-U4 maintenance upon infection. Of the seventy-two samples of subterranean
clover displaying SCSV-like symptoms, collected in December 2018, fourteen were randomly selected
for PCR analyses. When tested by PCR using SCSV component-specific primers ten out of fourteen
samples analysed contained SCSV DNAs, in seven of them all eight integral genome components of
nanoviruses, including DNA-U2 and DNA-U4, were detected (see Supplementary Table S5). When
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RC-amplification preceded the PCR analyses, all eight SCSV components were detected in the ten
previously SCSV-positive samples as well as in additional ones with an apparently lower virus content
(Supplementary Table S6). We determined the DNA sequences of DNA-U4 components of three
different virus isolates from subterranean clover. They were about 96% identical to the DNA-U4
molecules of the SCSV isolates from pea (SCSV-[AU;3771A]) and the faba bean (SCSV-[AU;2534B])
(see Supplementary Table 54).

Table 1. Accession numbers of genome DNAs of subterranean clover stunt virus isolates and their
associated alpha-satellites.

Virus Isolate

DNA
SCSV-[AU;3771A]  SCSV-[AU;2534B] SCSV-[AU;F] SCSV-[AU;F*] !

DNA-R MF458178 MKO035728 AJ290434

2 DNA-S MF458179 MKO035729 U16734

¢ DNA-C MF458180 MKO035730 U16732

S DNA-M MF458181 2 MKO035731 U16730

: DNA-M.2 MK291271

; DNA-N MF458182 MKO035732 U16733 MK291272

g DNA-U1 MF458183 MKO035733 U16736

g DNA-U2 MF458184 MKO035734 - MF458186

O DNA-U4 MF458185 MK035735 3 - -
DNA-U4.2 MKO035736

? SCSA 1 MK?291268 MKO035737 U16731

Tg SCSA 2 MK291269 MKO035738 U16735

v

5]

<. SYSA3 MK291270 - -

<

1 SCSV-[AU;F*] represents sequences of DNAs after about nine years propagation of the original SCSV-[AU;F]
isolate in the laboratory. Only SCSV-[AU;F*] DNAs with >30 differences from SCSV-[AU;F] were deposited in
GenBank. All sequences determined in this study are provided as Supplementary data. 2 This molecule is named
DNA-M.1 for isolate SCSV-[AU;3771A] ® This molecule is named DNA-U4.1 for isolate SCSV-[AU;2534B].

4. Discussion

Using degenerate primers designed on the basis of nanovirus DNA-U2 and DNA-U4 sequences,
we were able to amplify and clone the corresponding genome components representing DNA-U2 and
DNA-U4 from two SCSV genomes from virus-infected grain legume field samples, SCSV-[AU;2534B]
from the faba bean and SCSV-[AU;3771A] from the pea.

A comparison of the SCSV genome with those of other members of the genus Nanovirus revealed
that the SCSV genome is not so different after all, since it has the same eight integral genome
components as other nanoviruses described to date. Like the other members of the genus, SCSV
isolates are associated with alpha-satellites. A closer look by deep sequencing uncovered not only the
two known alpha-satellites but also a third one, related to Sophora yellow stunt alpha-satellite 3.

We also found several examples of recombinant SCSV genome components, in two cases coexisting
with non-recombinant counterparts, e.g.,, DNA-M.1 and DNA-M.2 in isolate [AU;3771A] as well as
DNA-U4.1 and DNA-U4.2 in isolate [AU;2534B]. Another interesting and quite peculiar variant is
the single DNA-N molecule found in SCSV-[AU;F*], which combines a 22 nucleotide deletion 5’ of
the sequence coding for the transmission factor NSP with a 87 nucleotide recombinant stretch 5 of
the common region stem-loop derived from DNA-S. Deletion and recombination occurred in the
noncoding region, leaving the amino acid sequence of the NSP unaffected. At which moment during
the passaging of SCSV-F such a quite drastic DNA-N mutant had arisen and became established
remains open. Intra- and inter-genome recombination appears common among ssDNA viruses [37]
and has been found in all nanovirid genomes analysed for recombination, including SCSV [3,38-41].
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It remains a matter of speculation why no DNA-U2 and DNA-U4 molecules had been found in
earlier molecular analysis of SCSV-[AU;F] [10] from subterranean clover. The most trivial explanation
would be that in the cloning experiments described [10,29], the authors simply missed these two DNAs,
as had also been the case for the essential DNA-R of SCSV [34].

Another possibility would be that upon prolonged SCSV passaging in subterranean clover by
aphid transmission [12], DNA-U2 and DNA-U4 were lost. However, that is not true for DNA-U2 since
we detected it in SCSV-[AU;F*] by both PCR and deep sequencing. By contrast, an explanation for
the absence of DNA-U4 in sample SCSV-[AU;F*] is not as straightforward. Contrary to its presence in
the two SCSV genomes from pea (SCSV-[AU;3771A]) and the faba bean (SCSV-[AU;2534B]), we were
unable to detect any DNA-U4 in SCSV-[AU;F*], both by DNA-U4-specific PCR analysis as well as by
deep sequencing. Hence, DNA-U4 was most probably lost from the initial subterranean clover isolate
of SCSV during initial separation from other viruses or during prolonged maintenance of the isolate
by repeated aphid transmissions in the laboratory. Similarly, using component-specific PCR we also
did not detect any DNA-U4 in SCSV-[AU;SCS1], an isolate that had been maintained in subterranean
clover for a longer period in the laboratory.

To rule out the possibility that the subterranean clover host itself was unable to maintain
DNA-U4 along with the other SCSV genome components early during the infection process, we
collected recent samples of subterranean clover displaying SCSV-like symptoms. At least ten of the
fourteen plants analysed were infected by SCSV, with all ten infected plants containing the eight
genomic DNAs characteristic of legume-infecting nanoviruses. This clearly shows that field-infected
subterranean clover maintains all eight integral genome components at least until the characteristic
disease symptoms develop.

Loss of nanovirus genome components upon successive aphid transfer under laboratory
conditions has been observed in several instances and has caused the loss of virus isolates; see for
instance reference [4]. A similar loss of several isolates had also happened during laboratory
maintenance of SCSV (unpublished).

In this context it should be mentioned that another nanovirus, FBNSV, intentionally devoid of
DNA-U4, could be maintained for a prolonged period of more than two years by successive aphid
transmissions without any obvious difference from the wild-type virus in symptom severity and
transmissibility [21]. In addition, the relative abundance of individual genome components of FBNSV
varies according to a host-specific genome formula between faba bean (Vicia faba) and barrel clover
(Medicago truncatula) [42]. Yet, the reason for the absence of DNA-U4 in the historical SCSV-[AU;F*]
and SCSV-[AU;SCS1] appears to be an unintentional loss from subterranean clover.

Due to the lack of suitable diagnostic tools in early studies, the reservoir hosts of SCSV have not
been identified. Among a variety of various leguminous species analysed, the woolly burr medic
(Medicago minima) appears to be a plausible candidate for a reservoir host as it is preferred over
subterranean clover by the cowpea aphid (A. craccivora), the principal and most effective vector
aphid of SCSV, and also serves as an overwintering host of the vector [25,26]. In addition, the highly
susceptible black medic (Medicago lupulina) and burr medic (Medicago hispida) would represent potential
candidates of reservoir hosts [23,43]. Assessing the ecology and epidemiology of SCSV by modern
molecular analysis tools may provide attractive new aspects of the subterranean clover stunt disease
and its causative agent, the nanovirus SCSV.

5. Conclusions

We have shown that SCSV also possesses a genome that comprises eight distinct and integral
DNA components, as observed for all members of the genus Nanovirus.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/
2/138/s1, Figure S1: Multialignment of nanovirus DNA-U2 sequences, Figure S2: Multialignment of
nanovirus DNA-U4 sequences, Figure S3: Multi-alignment of SCSV DNA-U4 sequences, Figure S4:
SCSV-[AU;3771A]_DNA-M.1_MF458181 vs. DNA-M.2_MK291271_alignment, Figure S5: SCSV-[AU;F]_DNA-
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N_U16733 vs. SCSV-[AU;F*]_DNA-N_MK?291272 alignment; Table S1: Primers used for amplification of SCSV
DNAs, Table S2: Summary of deep sequencing data from three SCSV samples, Table S3: SCSV nucleotide
substitutions, Table S4: Pairwise sequence identities of selected nanovirus genomes and DNAs U2 and -U4,
Table S5: Detection by PCR of SCSV DNAs in field samples of symptomatic subterranean clover, Table Sé6:
Detection of SCSV DNAs in field samples after rolling circle amplification followed by PCR; Supplementary text
file: DNA sequences determined and used for comparisons, in FastA format.

Author Contributions: Conceptualization, B.G. investigation, D.K.,, Q.B.,, L.G., M.S,,].T., P.C,, B.G., T.T,; validation,
D.K, B.G., T.T,; visualization, B.G., T.T.; writing—original draft, B.G., D.K., T.T.; writing—review and editing,
DK, Q.B,1LG,SW, H-]V,].T, PC, B.G, T.T,; funding acquisition, B.G.

Funding: B.G. and T.T. were supported by CNRS. Q.B. was in receipt of a PhD fellowship from the Université
Paris-Sud. B.G. and L.G. acknowledge support through ERA-NET Plant Genomics 040B “RCA GENOMICS”.

Acknowledgments: D.K. and S.W. gratefully acknowledge technical assistance by Viola Weichelt.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Vetten, HJ.; Dale, J.L.; Grigoras, I.; Gronenborn, B.; Harding, R.; Randles, ].W.; Sano, Y.; Thomas, J.E.;
Timchenko, T.; Yeh, H.-H. Family Nanoviridae. In Virus Taxonomy: Ninth Report of the International Committee
on Taxonomy of Viruses; King, AM.Q., Adams, M.J., Carstens, E.C., Lefkowitz, E.J., Eds.; Elsevier/ Academic
Press: London, UK, 2012; pp. 395-404.

2. Vetten, H.]J. Nanoviruses. In Encyclopedia of Virology, 3rd ed.; Mahy, B.W.J., Van Regenmortel, M., Eds.;
Elsevier: Oxford, UK, 2008; Volume 3, pp. 385-391.

3.  Grigoras, I; Ginzo, A.L; Martin, D.P,; Varsani, A.; Romero, ].; Mammadov, A.; Huseynova, LM.; Aliyev, ] A.;
Kheyr-Pour, A.; Huss, H.; et al. Genome diversity and evidence of recombination and reassortment in
nanoviruses from Europe. J. Gen. Virol. 2014, 95, 1178-1191. [CrossRef] [PubMed]

4.  Grigoras, I; Timchenko, T.; Katul, L.; Grande-Pérez, A.; Vetten, H.].; Gronenborn, B. Reconstitution of
authentic nanovirus from multiple cloned DNAs. J. Virol. 2009, 83, 10778-10787. [CrossRef]

5. Katul, L.; Maiss, E.; Morozov, S.Y.; Vetten, H.]. Analysis of six DNA components of the faba bean necrotic
yellows virus genome and their structural affinity to related plant virus genomes. Virology 1997, 233, 247-259.
[CrossRef] [PubMed]

6.  Katul, L,; Timchenko, T.; Gronenborn, B.; Vetten, H.J. Ten distinct circular ssDNA components, four of which
encode putative replication-associated proteins, are associated with the faba bean necrotic yellows virus
genome. J. Gen. Virol. 1998, 79, 3101-3109. [CrossRef] [PubMed]

7. Abraham, A.D.; Varrelmann, M.; Vetten, H.]. Three distinct nanoviruses, one of which represents a new
species, infect faba bean in Ethiopia. Plant Dis. 2012, 96, 1045-1053. [CrossRef] [PubMed]

8. Sano, Y.; Wada, M.; Hashimoto, Y.; Matsumoto, T.; Kojima, M. Sequences of ten circular ssDNA components
associated with the milk vetch dwarf virus genome. J. Gen. Virol. 1998, 79, 3111-3118. [CrossRef]

9. Grigoras, I.; Gronenborn, B.; Vetten, H.J. First report of a nanovirus disease of pea in Germany. Plant Dis.
2010, 94, 642. [CrossRef]

10. Boevink, P.; Chu, PW.; Keese, P. Sequence of subterranean clover stunt virus DNA: Affinities with the
geminiviruses. Virology 1995, 207, 354-361. [CrossRef]

11.  Chu, PW.G,; Vetten, H.J. Subterranean clover stunt virus. In AAB Descriptions of Plant Viruses; DPV No. 396;
2003; Available online: http:/ /www.dpvweb.net (established on 1 January 2006).

12.  Chu, PW,; Helms, K. Novel virus-like particles containing circular single-stranded DNAs associated with
subterranean clover stunt disease. Virology 1988, 167, 38-49. [CrossRef]

13. Heydarnejad, J.; Kamali, M.; Massumi, H.; Kvarnheden, A.; Male, M.E; Kraberger, S.; Stainton, D.;
Martin, D.P; Varsani, A. Identification of a nanovirus-alphasatellite complex in Sophora alopecuroides.
Virus Res. 2017, 235, 24-32. [CrossRef]

14. Gallet, R.; Kraberger, S.; Filloux, D.; Galzi, S.; Fontes, H.; Martin, D.P; Varsani, A.; Roumagnac, P.
Nanovirus-alphasatellite complex identified in Vicia cracca in the Rhone delta region of France. Arch. Virol.
2018, 163, 695-700. [CrossRef] [PubMed]

15. Timchenko, T.; de Kouchkovsky, F,; Katul, L.; David, C.; Vetten, H.].; Gronenborn, B. A single rep protein
initiates replication of multiple genome components of faba bean necrotic yellows virus, a single-stranded
DNA virus of plants. J. Virol. 1999, 73, 10173-10182. [PubMed]


http://dx.doi.org/10.1099/vir.0.063115-0
http://www.ncbi.nlm.nih.gov/pubmed/24515973
http://dx.doi.org/10.1128/JVI.01212-09
http://dx.doi.org/10.1006/viro.1997.8611
http://www.ncbi.nlm.nih.gov/pubmed/9217049
http://dx.doi.org/10.1099/0022-1317-79-12-3101
http://www.ncbi.nlm.nih.gov/pubmed/9880028
http://dx.doi.org/10.1094/PDIS-09-11-0734-RE
http://www.ncbi.nlm.nih.gov/pubmed/30727219
http://dx.doi.org/10.1099/0022-1317-79-12-3111
http://dx.doi.org/10.1094/PDIS-94-5-0642C
http://dx.doi.org/10.1006/viro.1995.1094
http://www.dpvweb.net
http://dx.doi.org/10.1016/0042-6822(88)90052-9
http://dx.doi.org/10.1016/j.virusres.2017.03.023
http://dx.doi.org/10.1007/s00705-017-3634-4
http://www.ncbi.nlm.nih.gov/pubmed/29159590
http://www.ncbi.nlm.nih.gov/pubmed/10559333

Viruses 2019, 11, 138 11 of 12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Aronson, M.N.; Meyer, A.D.; Gyorgyey, J.; Katul, L.; Vetten, H.J.; Gronenborn, B.; Timchenko, T. Clink,
a nanovirus-encoded protein, binds both pRB and SKP1. J. Virol. 2000, 74, 2967-2972. [CrossRef] [PubMed]
Krapp, S.; Greiner, E.; Amin, B.; Sonnewald, U.; Krenz, B. The stress granule component G3BP is a novel
interaction partner for the nuclear shuttle proteins of the nanovirus pea necrotic yellow dwarf virus and
geminivirus abutilon mosaic virus. Virus Res. 2017, 227, 6-14. [CrossRef] [PubMed]

Lazarowitz, S5.G.; Beachy, R.N. Viral movement proteins as probes for intracellular and intercellular trafficking
in plants. Plant Cell Online 1999, 11, 535-548. [CrossRef]

Wanitchakorn, R.; Hafner, G.J.; Harding, R.M.; Dale, J.L. Functional analysis of proteins encoded by banana
bunchy top virus DNA-4 to -6. |. Gen. Virol. 2000, 81, 299-306. [CrossRef] [PubMed]

Krenz, B.; Schiessl, I.; Greiner, E.; Krapp, S. Analyses of pea necrotic yellow dwarf virus-encoded proteins.
Virus Genes 2017, 53, 454-463. [CrossRef] [PubMed]

Grigoras, I.; Vetten, H.J.; Commandeur, U.; Ziebell, H.; Gronenborn, B.; Timchenko, T. Nanovirus DNA-N
encodes a protein mandatory for aphid transmission. Virology 2018, 522, 281-291. [CrossRef] [PubMed]
Chu, PW,; Boevink, P,; Surin, B.; Larkin, P.; Keese, P.; Waterhouse, P. Non-Geminated Single-Stranded DNA
Plant Viruses; Volume Viruses and Viroids; Pergamon Press: Tarrytown, NY, USA, 1995; pp. 311-341.
Grylls, N.E.; Butler, F.C. Subterranean clover stunt, a virus disease of pasture legumes. J. Aust. Agric. Res.
1959, 10, 145-159. [CrossRef]

Grylls, N.E.; Peak, ].W. A virus complex of subterranean clover. Aust. |. Agric. Res. 1969, 20, 37-45. [CrossRef]
Gutierrez, A.P.,; Morgan, D.]J.; Havenstein, D.E. The ecology of Aphis craccivora Koch and subterranean clover
stunt virus I. The phenology of aphis populations and the epidemiology of virus in pastures in south-east
Australia. J. Appl. Ecol. 1971, 8, 699-721. [CrossRef]

Johnson, B. Studies on the dispersal by upper winds of Aphis craccivora Koch in New South Wales. Proc. Linn.
Soc. N. S. W. 1957, 82, 191-198.

Johnstone, G.R.; McLean, G.D. Virus diseases of subterranean clover. Ann. Appl. Biol. 1987, 110, 421-440.
[CrossRef]

Smith, PR. A disease of french beans (Phaseolus vulgaris L.) caused by subterranean clover stunt virus. Aust. J.
Agric. Res. 1966, 17, 875-883. [CrossRef]

Chu, PW.; Keese, P;; Qiu, B.S.; Waterhouse, PM.; Gerlach, W.L. Putative full-length clones of the genomic
DNA segments of subterranean clover stunt virus and identification of the segment coding for the viral coat
protein. Virus Res. 1993, 27, 161-171. [CrossRef]

Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids
Res. 2004, 32, 1792-1797. [CrossRef]

Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger
datasets. Mol. Biol. Evol. 2016, 33, 1870-1874. [CrossRef]

Mubhire, B.M.; Varsani, A.; Martin, D.P. SDT: A virus classification tool based on pairwise sequence alignment
and identity calculation. PLoS ONE 2014, 9, €108277. [CrossRef]

Guindon, S.; Gascuel, O. A simple, fast, and accurate algorithm to estimate large phylogenies by maximum
likelihood. Syst. Biol. 2003, 52, 696-704. [CrossRef]

Timchenko, T.; Katul, L.; Sano, Y.; de Kouchkovsky, E; Vetten, H.].; Gronenborn, B. The master rep concept
in nanovirus replication: Identification of missing genome components and potential for natural genetic
reassortment. Virology 2000, 274, 189-195. [CrossRef]

Grigoras, I; Timchenko, T.; Grande-Perez, A.; Katul, L.; Vetten, H.].; Gronenborn, B. High variability and
rapid evolution of a nanovirus. J. Virol. 2010, 84, 9105-9117. [CrossRef] [PubMed]

Briddon, R.W.; Martin, D.P.; Roumagnac, P.; Navas-Castillo, J.; Fiallo-Olive, E.; Moriones, E.; Lett, ].M.;
Zerbini, EM.; Varsani, A. Alphasatellitidae: A new family with two subfamilies for the classification of
geminivirus- and nanovirus-associated alphasatellites. Arch. Virol. 2018, 163, 2587-2600. [CrossRef]
[PubMed]

Martin, D.P,; Biagini, P.; Lefeuvre, P.; Golden, M.; Roumagnac, P.; Varsani, A. Recombination in eukaryotic
single stranded DNA viruses. Viruses 2011, 3, 1699-1738. [CrossRef]

Hyder, M.Z.; Shah, S.H.; Hameed, S.; Naqvi, S.M. Evidence of recombination in the banana bunchy top virus
genome. Infect. Genet. Evol. 2011, 11, 1293-1300. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/JVI.74.7.2967-2972.2000
http://www.ncbi.nlm.nih.gov/pubmed/10708410
http://dx.doi.org/10.1016/j.virusres.2016.09.021
http://www.ncbi.nlm.nih.gov/pubmed/27693920
http://dx.doi.org/10.1105/tpc.11.4.535
http://dx.doi.org/10.1099/0022-1317-81-1-299
http://www.ncbi.nlm.nih.gov/pubmed/10640570
http://dx.doi.org/10.1007/s11262-017-1439-x
http://www.ncbi.nlm.nih.gov/pubmed/28238159
http://dx.doi.org/10.1016/j.virol.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30071404
http://dx.doi.org/10.1071/AR9590145
http://dx.doi.org/10.1071/AR9690037
http://dx.doi.org/10.2307/2402678
http://dx.doi.org/10.1111/j.1744-7348.1987.tb03274.x
http://dx.doi.org/10.1071/AR9660875
http://dx.doi.org/10.1016/0168-1702(93)90079-3
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1093/molbev/msw054
http://dx.doi.org/10.1371/journal.pone.0108277
http://dx.doi.org/10.1080/10635150390235520
http://dx.doi.org/10.1006/viro.2000.0439
http://dx.doi.org/10.1128/JVI.00607-10
http://www.ncbi.nlm.nih.gov/pubmed/20592071
http://dx.doi.org/10.1007/s00705-018-3854-2
http://www.ncbi.nlm.nih.gov/pubmed/29740680
http://dx.doi.org/10.3390/v3091699
http://dx.doi.org/10.1016/j.meegid.2011.04.015
http://www.ncbi.nlm.nih.gov/pubmed/21539936

Viruses 2019, 11, 138 12 of 12

39.

40.

41.

42.

43.

Stainton, D.; Kraberger, S.; Walters, M.; Wiltshire, E.J.; Rosario, K.; Halafihi, M.; Lolohea, S.; Katoa, I;
Faitua, T.H.; Aholelei, W.; et al. Evidence of inter-component recombination, intra-component recombination
and reassortment in banana bunchy top virus. J. Gen. Virol. 2012, 93, 1103-1119. [CrossRef] [PubMed]
Kraberger, S.; Kumari, S.G.; Najar, A.; Stainton, D.; Martin, D.P.; Varsani, A. Molecular characterization of
faba bean necrotic yellows viruses in Tunisia. Arch. Virol. 2018, 163, 687-694. [CrossRef] [PubMed]
Gronenborn, B.; Randles, ].W.; Knierim, D.; Barriere, Q.; Vetten, H.J.; Warthmann, N.; Cornu, D,; Sileye, T.;
Winter, S.; Timchenko, T. Analysis of DNAs associated with coconut foliar decay disease implicates a unique
single-stranded DNA virus representing a new taxon. Sci. Rep. 2018, 8, 5698. [CrossRef]

Sicard, A.; Yvon, M.; Timchenko, T.; Gronenborn, B.; Michalakis, Y.; Gutierrez, S.; Blanc, S. Gene copy number
is differentially regulated in a multipartite virus. Nat. Commun. 2013, 4, 2248. [CrossRef]

Grylls, N.E.; Butler, F.C. An aphid transmitted virus affecting subterranean clover. J. Aust. Inst. Agric. Sci.
1956, 22, 73-74.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1099/vir.0.040337-0
http://www.ncbi.nlm.nih.gov/pubmed/22278830
http://dx.doi.org/10.1007/s00705-017-3651-3
http://www.ncbi.nlm.nih.gov/pubmed/29147784
http://dx.doi.org/10.1038/s41598-018-23739-y
http://dx.doi.org/10.1038/ncomms3248
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Virus Isolates and Field Materials 
	DNA Extraction, RCA, PCR, Cloning, and Sequencing 
	Sequence Assembly and Analysis 

	Results 
	Identification of SCSV DNA-U2 and DNA-U4 
	DNA Sequence Analysis and Comparison of Three Different SCSV Isolates 

	Discussion 
	Conclusions 
	References

