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Abstract

A novel positive-strand RNA virus infecting citrus with the tentative name “citrus leaf blotch virus 2” (CLBV-2), was
identified in the present work. The complete genome sequence of CLBV-2 comprises 8,697 nucleotides (nt) excluding a
poly(A) tail and three open reading frames (ORFs), showing the highest nucleotide sequence identity with the Actinidia
strain (JN983456) of citrus leaf blotch virus (CLBV). The putative movement protein (ORF2), coat protein (ORF3), and
3’ untranslated region (UTR) shared high sequence similarity with those of the extant CLBYV isolates. In contrast, only low
sequence similarity was observed in the 5" UTR and putative replicase polyprotein (ORF1) regions. The distant phylogenetic
relationship between CLBV-2 and CLBV was deduced based on whole-genome nucleotide and whole-ORF1 amino acid
sequence comparisons. Sequence comparisons suggest that CLBV-2 acquired an ORF2-ORF3-3' UTR region homologous to
CLBYV by recombination with of an unknown citrivirus. In view of the fact that this genomic recombination event appears to
have occurred between members of different species in the genus Citrivirus, we propose that CLBV-2 should be considered
a member of a distinct species.

Citrus leaf blotch virus (CLBV) is the only current mem-
ber of the genus Citrivirus in the family Betaflexiviridae
(https://talk.ictvonline.org/). The virus has a linear, positive-
sense, single-stranded genomic RNA of approximately 8.7
kb that contains three open reading frames (ORFs). ORF1
encodes replicase polyprotein (RP) with conserved motifs
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for methyltransferase (Met), AlkB-like oxygenase (AlkB-
Oxy), ovarian tumor-like protease (OTu-Pro), papain-like
protease (P-Pro), helicase (Hel) and RNA-dependent RNA
polymerase (RdRp). ORF2 encodes a putative movement
protein (MP), which acts as silencing suppressor [9]. ORF3
encodes a coat protein (CP) [10].

CLBYV infects various hosts, including fruit-bearing,
ornamental and herbaceous plants [1-3, 12]. Interestingly,
probably due to viral dispersal through grafting and seeding,
isolates from various citrus types and geographical areas
show a stable genetic structure [5, 11]. Recently, however,
we discovered a novel isolate from the citrus variety Haruka
(C. tamuranua) using next-generation sequencing (NGS).
This isolate showed marked genetic divergence from the
known isolates, suggesting that it represents a different type
of citrivirus.

Haruka is a natural variant of Hyuganatsu, which is a
hybrid of yuzu (C. junos) and pomelo (C. grandis). It is a
pedigreed and excellent cultivar introduced from Japan that
is currently popular in China. Its planting area in Xiang-
shan county, Zhejiang, covered 223 hm? in 2015 with annual
earnings of 5,000 U.S. dollars per acre. One Haruka tree
exhibiting leaf chlorotic blotching (Fig. 1a), collected from
a field in Chongqing, was preserved in an isolation cham-
ber, and its leaves were stored at —80°C. Total RNA was
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Virus Accession No. Genome (nt) S’UTR (nt) RP (aa) MP (aa) CP (aa) 3’°UTR (nt

Citrivirus _ Citrus leaf blotch virus-Actinidia TN900477 i 44.6 52.1 895 | 923 ﬂ
Citrivirus ~ Citrus leaf blotch virus-Prunus KR023647 64.0 _ SIIRY) 89.8 87.9 85.9

~ Citrivirus  Citrus leaf blotch virus-Citrus AJ318061 63.3 46.1 68.0

X, Prunevirus  Apricot vein clearing associated virus KM507062 47.5 423 383 8229 17.4 18.6

S. Chordovirus Carrot Ch virus 1 AF237816 45.1 353 31,0 19.8 -&

§- Trichovirus Apple chlorotic leaf spot virus MG763895 42.6 2047 17.4

 Vitivirus Grapevine virus A KF533711 42.6 36.8 31.1 16.7 21.1

® Divavirus  Diuris virus A KY420906 41.7 20.1 17.5 26.2
Tepovirus  Potato virus T AF315308 17.4 16.8 20.9
Capillovirus Apple stem grooving virus AF314662 20.6 15.8

IQ Robigovirus Cherry necrotic rusty mottle virus KY310574 212 21.7

8. Carlavirus Cowpea mild mottle virus JX173276 44.8 48.0 28.7 na 23.0 113511

s unassigned  Sugarcane striate mosaic-associated virus ~ EU835937 442 373 28.3 na 19.7 35.8

S Foveavirus  Apple stem pitting virus KX828703 43.5 46.5 27.6 na 2251 16.2

S unassigned Banana mild mosaic virus KX686111 42.8 49.3 9% na 231

§ unassigned Banana virus X AY710267 na na na na 20.1 na

Fig.1 (a) Chlorotic blotching of leaves associated with CLBV-2
infection in Haruka. (b) Genome organization of CLBV-2. (c)
Nucleotide and amino acid pairwise identity between CLBV-2 and
representative members of the family Betaflexiviridae in the whole

extracted using TRIzol Reagent (Invitrogen) according to
the manufacturer’s specifications and sent to a sequencing
company (Biomarker) for analysis by Illumina next-gener-
ation sequencing (NGS) (Table S1). Standard data analysis,
including processing raw reads as well as de novo assembly
of clean reads (Table S1) and BLAST searches of assembled
contigs in NCBI databases resulted in eight viral contigs:
seven matched CLBV sequences, and one was related to cit-
rus tristeza virus (CTV). All eight contigs were confirmed
by PCR assays, and only the CLBV-related contigs were
used for further study.

To reconstruct the viral genome, eight pairs of specific
primers (Table S2) were initially designed based on the
viral contigs. A two-step RT-PCR was carried out using
a reverse transcription (RT) kit (Promega) and a PCR kit
(Takara). The 5'- and 3'-terminal sequences of the genome
were determined using a commercial RACE kit (Invitro-
gen). Amplicons of the expected size were purified using
an Agarose Gel DNA Extraction Kit (OMEGA Biotek)
and ligated into a pEASY-T1 Cloning Vector (TransGen
Biotech). At least five clones per amplicon were com-
pletely sequenced, and sequences were assembled using
DNASTAR7 (DNASTAR Inc.). The genomic ORFs were
predicted using ORF Finder (https://www.ncbi.nlm.nih.
gov/orffinder/), and conserved protein domains were
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genome, coding-region, and noncoding-region. The deduced pro-
teins and protein domains are shown as boxes. The lighter the blue or
deeper the orange, the higher the identity (na: not applicable)

identified using the Conserved Domain Database (CDD)
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
Sequence analysis was conducted using CLC Genomics
Workbench 9.5, and phylogenetic analysis was performed
in MEGA 7 using the maximum-likelihood algorithm with
1000 bootstrap replicates [4].

The complete genome sequences of the virus, which was
given the name “citrus leaf blotch virus 2” (CLBV-2) was
8,697 nt in length, excluding the poly(A) tail, and it has
been deposited in the GenBank database with the accession
number MH144344. At the whole-genome level, CLBV-2
was found to be 63.2-64.3% identical to all 13 CLBYV iso-
lates whose sequences were retrieved from GenBank, includ-
ing Citrus isolates (AJ318061, EU857539-40, FJ009367,
MF784853-56); Actinidia isolates (JN900477, IN983454-
56); and a Prunus isolate (KR023647). The genomic organi-
zation was similar to that of CLBV, containing three ORFs
(Fig. 1b). Interestingly, the full-length genome was 50,
65 and 85 nt shorter than those of the Citrus, Prunus, and
Actinidia isolates, respectively. In addition, the genomic
5'-termini began with CGAAAA, which differed slightly
from the GAAAA found at the 5’ ends of CLBV isolates.
The 5’ untranslated region (UTR) was 71 in length, sharing
44.6-57.5% identity with those of the CLBV isolates, with
which the 3’ UTR (526 nt) showed 67.6-86.4% identity.
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The large ORF1 reached from AUG at nt position 72 to
an “opal” termination codon (UAG) at nt 5,927 and was
predicted to encode a 1,951-aa RP with an estimated molec-
ular mass of approximately 228.08 kDa. As is typical for
citriviruses, the RP had six conserved domains: Met (aa
44-341), AlkB-Oxy (aa 840-947), Hel (aa 1,153-1,399),
RdRp (aa 1,569-1,899), OTu-Pro (aa 676-799) and P-Pro
(aa 969-1,055; Cysg;5 as a potential catalytic site) (Fig. 1b)
[7]. However, the RP was 11 aa shorter than that of the Cit-
rus isolates, mainly due to a 24-aa deletion between aa posi-
tions 120 and 143. Additionally, it shared only 56.6-57.2%
nucleotide and 51.9-52.4% amino acid identity with CLBV
isolates. ORF2 (nt 5,928 to 7,016) was predicted to encode
a 362-aa MP with a calculated molecular weight of approxi-
mately 40.4 kDa, with high nucleotide (76.2-78.6%) and
amino acid sequence identity (89.8-91.7%) to those of
CLBYV isolates. ORF1 and ORF2 in CLBV were separated
rather than overlapping. Between ORF2 and ORF3, there
was a 63-nt intercalated non-coding region. The 363-aa pro-
tein encoded by ORF3 (nt 7,080 to 8,171) was predicted to
function as a CP. Its predicted size was approximately 40.62
kDa, sharing 76.4-85.6% nucleotide and 87.6-95.1% amino
acid sequence identity with those of CLBV isolates.

A phylogenetic tree based on the genome sequence
(Fig. 2) and the RP gene sequence (Fig. Sla) of CLBV-2

and representative members of the family Betaflexiviri-
dae clearly showed that CLBV-2, although it clustered
with CLBV, was placed in a distinct clade. Nevertheless,
CLBV-2 grouped with CLBV in a tree constructed based
on the CP gene sequence (Fig. S1b).

In the family Betaflexiviridae, genomic recombination
plays very important role in virus evolution [6]. There-
fore the genome sequences of the CLBV-2 and 13 CLBV
isolates were analyzed using RDP4 [8] software to find
evidence of recombination. Five probable recombination
events of in the CLBV-2 genome were predicted, with an
unknown virus as the major parent at nt 1 to 5,637 (the 5’
UTR and RP gene) and some CLBYV isolates as minor par-
ents successively at nt 5,638 to 8,697 (the MP, CP genes
and 3' UTR) (Table S3 and Fig. S2).

According to the species demarcation criteria estab-
lished by the International Committee on Taxonomy of
Viruses (ICTV) for the family Betaflexiviridae (less than
72% nucleotide or 80% amino acid sequence identity in
the CP or RP gene), CLBV-2 should be considered a mem-
ber of novel citrivirus species, as indicated by sequence
comparisons between the RP gene (Fig. 1c). On the other
hand, this virus appears to have originated through RNA
recombination between members of two distinct citrivirus

AF314662 Banana mild mosaic virus | unassigned

2 81 | MG763895 Apple stem pitting virus I Foveavirus
AF237816 Cherry necrotic rusty mottle virus | Robigovirus
88 | KY420906 Cowpea mild mottle virus j Carlavirus
66 AF315308 Sugarcane striate mosaic-associated virus | unassigned
100 KR023647 Citrus leaf blotch virus-Prunus
100 AJ318061 Citrus leaf blotch virus-Citrus
100 IN9004T7 Citrus leaf blotoh Vs AC Citrivirus
100 [ CLBV-2@
100 L CLBV-2CN2 @
| KM507062 Apricot vein clearing associated virus ! Prunevirus
100 KM507061 Caucasus prunus virus =
— 1007 HQ241409 Hardenbergia virus A ] Divavirus
: IX173276/D i _
84 | EU$35937 Potato virus T - .
= 98 KF700263 Prunus vi i
100 I Vitivirus
98 | KX686111 Apple stem grooving vimj —
X82547 Cherry virus A Capillovirus
100 KF533710 Carrot Ch virus 2 i .
1 Chordovirus
KF533711 Carrot Ch virusl
97 { DQ117579 Peach mosaic virus Trichovirus
100 KY310574 Apple chlorotic leaf spot virus
0.10

Fig.2 Evolutionary relationships of CLBV-2 with representatives of
different genera and an unassigned species in the family Betaflexiviri-
dae, inferred from whole-genome sequence comparisons. MEGA 7.0
was used to perform a MUSCLE alignment, and the maximum-likeli-

hood algorithm (Jukes-Cantor model) with 1000 bootstrap replicates
was used to construct the tree. Bootstrap percent identity values less
than 50 are not shown. Accession numbers for each virus are shown
near the virus name
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species, resulting in the MP and CP genes being clearly
homologous to those of CLBV (Fig. 1c).

Recently, a new CLBV-2 variant, CN2 (8,698 nt;
MH558590), with a genome sequence and symptoms similar
to those of the CLBV-2 isolate (92% identity) was obtained
from a Hyuganatsu tree showing no CTV infection, in an
orchard in Chongqing, suggesting that this type of recombi-
nant is stable under natural selective pressure. We therefore
conclude that CLBV-2 represents a new species within the
genus Citrivirus. So far, CLBV-2 has only been detected in
two citrus trees. Whether it originated from or infects other
trees has not been determined, but the fact that its spread
has not been observed suggests that viral transmission is not
favored under natural conditions.
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