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SUMMARY

The entire genome of the recombinant brassica yellows vi-
rus Anhui (BrYV-AH) was isolated and characterized from to-
bacco (Nicotiana tabacum) leaves in the Anhui Province, Chi-
na. Infected leaves were identified by leaf mosaic appearance,
yellowing, and deformity. The BrYV-AH sequenced genome is
comprised of 5,678 nucleotides (MF314820) and shares 93%
nucleotide sequence identity with another brassica yellows vi-
rus isolate, the Chinese cabbage-Haidian (KF015269). The
sequenced genome contains six open reading frames (ORFs)

which encode putative proteins with functions in cell-to-cell
movement and suppression of RNA silencing. Phylogenet-
ic analysis places BrYV-AH alongside members of the genus
Polerovirus, in the family Luteoviridae. Previous research has
reported BrYV infection in tobacco, but the complete genome
sequence of the virus had not yet been characterized. To the
best of our knowledge, this is the first report of a complete re-
combinant BrYV genome sequence originating from a tobacco
infection.

Introduction

Tobacco (Nicotiana taba-
cum) is an important econom-
ic crop worldwide, with half
of the world’s tobacco farm-
ers in China, the world’s larg-
est producer (Warner, 2000).
The production and yield of
tobacco have been seriously
affected by the invasion of
emerging and recurrent plant
viruses with symptoms such
as venial necrosis, mosaic,
mottling, yellowing, ring
spots, stunting, shoestring and
deformation (Ding et al.,
2010; Wang et al., 2016).
Early identification of these
plant pathogens remains a
focal point in the field of vi-
rology, aimed at preventing
the spread of the viruses as
well as developing ways of
combating and reducing their
effects on agricultural yield.

Traditional generic methods
for identifying and character-
izing diseases include the use
of enzyme-linked immunosor-
bent assay (ELISA; Ksiazek
et al., 1999), polymerase chain
reaction (PCR; Lanciotti et al.,
1992), microarray based on
prior knowledge of antibody
or sequence of the potential
virus (Sauder et al., 1996), or
techniques such as electron
microscopy or use of indicator
plants as bioassays (Kreuze
et al., 2009). These traditional
techniques have now been
combined or replaced by mo-
lecular or serological assays
designed to screen for specific
‘known’ viruses.

Profiling of sRNAs using
deep sequencing technologies
has helped identify a number
of plant viruses that have not
been reported previously, and
has provided a deeper view of

virus populations in plants,
which could not be achieved
by conventional methods like
PCR and ELISA. Deep se-
quencing is a powerful tech-
nology that has been increas-
ingly used for starting the
analysis of small interfering
RNA (siRNAs) populations,
extracted from infected tissues
(Giampetruzzi et al., 2012).
Viral small silencing RNAs
have been found to be pro-
duced in plants; they overlap
in sequence and can assemble
into long contiguous fragments
of the invading viral genome
from small RNA libraries se-
quenced by next-generation
platforms (Wu et al., 2010a).

Members of the genus Pole-
rovirus are composed of a
single, positive-sense genomic
RNA covalently linked at
the 5’ to a VPg (viral protein
genome-linked), with no 3’

poly(A) tail (Dreher and Mi-
ller, 2006; Zhou et al., 2017).
BrYV, like many other polero-
viruses, has six open reading
frames (ORFs), 5’ and 3’ un-
translated regions (UTRs), and
an intergenic non-coding re-
gion (NCR) between ORF2
and ORF3 (Xiang et al., 2011).

Genetic recombination is
critical in the formation of
new virus strains (Knierim
et al., 2010). Furthermore, it
also strongly shapes the ge-
nomes of plant RNA viruses
(Sztuba-Solinska et al., 2011).
ELISA and RT-PCR are ty-
pically employed to detect
and identify viruses but tar-
get only a narrow range of
known viruses. Here, we use
a combination of deep se-
quencing of small RNAs and
RT-PCR to detect a recombi-
nant Polerovirus infecting N.
tabacum.

KEYWORDS / Brassica Yellows Virus / Genome Sequence / Nicotiana tabacum /| Recombinant Virus /

Received: 09/14/2018. Modified: 01/12/2019. Accepted: 01/14/2019.

QingFeng Tang (First author).
Ph.D. in Entomology, School of
Plant Protection, Anhui Agricul-
tural University (AAU), Hefei,
China. Professor, AAU, China.
Address: 130# West Changjiang
Road, Hefei 230036, P.R. China.
e-mail: tangqfS5@]163.com

HaoJun Wang (Joint first author).
M.S. in Technology, China
Tobacco Anhui Industrial

38

Company Limited (CTAICL),
Hefei, China. Research Fellow,
CTAICL, China.

TianSheng Yang (Joint first
author). B.S. in Entomology,
School of Plant Protection,
AAU, Hefei, China. Ms. Sc.
Candidate, AAU, China.

BenGuo Zhou (Joint first author).
M.S., Tobacco Research Insti-
tute, Anhui Academy of Agri-

0378-1844/14/07/468-08 $ 3.00/0

cultural Sciences (AAAS), He-
fei, China. Associate Profe-
ssor, AAAS, China.

LiNa Zhang. B.S., Office of
Science and Technology, Anhui
Province Tobacco Corporation
(APTC), Hefei, China. Re-
search Fellow, APTC, China.

Jian Wang. Ph.D. in Entomo-
logy, University of Maryland
(UM), College Park, USA.

Associate Professor, UM,
USA.

Fang Wang (Corresponding
author). Ph.D., Tobacco Re-
search Institute, AAAS, Hefei,
China. Associate Professor,
AAAS, China. Address: 40#
South Nongke Road, Hefei,
230031, China. email: 913678
797@qq.com

JANUARY 2019 « VOL. 44 N° 1 JITERCENCIA



SECUENCIA COMPLETA DEL GENOMA DE UN VIRUS BRASSICA YELLOWS INFECTANDO A Nicotiana tabacum
QingFeng Tang, HaoJun Wang, TianSheng Yang, BenGuo Zhou, LiNa Zhang, Jian Wang y Fang Wang

RESUMEN

El genoma completo del virus recombinante brassica yellows
Anhui (BrYV-AH) fue aislado y caracterizado a partir de ho-
Jjas de tabaco (Nicotiana tabacum) en la Provincia de Anhui,
China. Se identificaron hojas infectadas por su apariencia de
hojas con mosaic, amarillamiento y deformidad. El genoma
secuenciado de BrYV-AH esta compuesto de 5678 nucledtidos
(MF314820) y comparte un 93% de idenbtidad de secuencia
con otro aislado de virus brassica yellows, el virus de repo-
llo Haidian chino (KF015269). El genoma contiene seis marcos

abiertos de lectura (ORFs) que codifican proteinas putativas
con funciones en el movimiento célula-célula y la supresion
de silenciamiento por RNA. El andlisis filogenético coloca al
BrYV-AH junto a miembros del género Polerovirus en la fami-
lia Luteoviridae. Investigaciones previas han reportado la in-
feccion por BrYV en tabaco, pero el genoma completo no ha-
bia sido caracterizado. Hasta donde sabemos, este es el primer
reporte de la secuencia completa del genoma del BrYV recom-
binante obtenido de una infeccion del tabaco.

SEQUENCIA COMPLETA DO GENOMA DE UM ViRUS BRASSICA YELLOWS INFETANDO A Nicotiana tabacum
QingFeng Tang, HaoJun Wang, TianSheng Yang, BenGuo Zhou, LiNa Zhang, Jian Wang e Fang Wang

RESUMO

O genoma completo do virus recombinante brassica yello-
ws Anhui (BrYV-AH) foi isolado e caracterizado a partir de
folhas de tabaco (Nicotiana tabacum) na Provincia de Anhui,
China. Identificaram-se folhas infectadas por sua aparéncia si-
milar a folhas com mosaic, amarelecimento e deformidade. O
genoma sequenciado de BrYV-AH esta composto de 5678 nu-
cleotideos (MF314820) e compartilha 93% de identidade de
sequéncia com outro isolado do virus brassica yellows, o vi-
rus de repolho chinés Haidian (KF015269). O genoma contém

seis marcos abertos de leitura (ORFs) que codificam proteinas
putativas com fung¢bes no movimento célula-célula e a supres-
sdo de silenciamento por RNA. A andlise filogenética coloca
ao BrYV-AH junto a membros do género Polerovirus na fami-
lia Luteoviridae. Investigagdes prévias tém relatado a infecgdo
por BrYV em tabaco, mas o genoma completo ndao havia sido
caracterizado. Até onde sabemos, este ¢ o primeiro relato da
sequéncia completa do genoma do BrYV recombinante obtido
de uma infec¢do do tabaco.

Material and Methods

Collection and preparation of
samples

A field survey of the poten-
tial viral pathogens of tobacco
was conducted across farm
fields in Anhui Province of
China. One hundred and three
symptomatic (mosaic, mottling,
yellowing, ring spots, stunting,
shoestring and deformation)
leaf samples of cultivated to-
bacco (Nicotina tobaccum)
were collected from different
regions of the Anhui province.
Leaf samples were immediate-
ly frozen in liquid nitrogen
and stored at -80°C untilRNA
extraction.

RNA extraction from tobacco
leaves

Tobacco leaves exhibiting
symptoms of infection were
collected from a commercial
field in China (Figure 1). Inclu-

Figure 1. Symptom of the sample.

total RNA isolation, small RNA
(sRNA) library construction,
and sequencing. For total RNA
extraction, frozen leaves were
homogenized in lysis buffer
(50mM Tris-HC1, pH 8.0;
150mM LiCl; 5mM EDTA, pH
8.0; 5% SDS). The supernatant
was mixed twice with chloro-
form and RNA was precipitated
with isopropanol. Following
centrifugation, RNA was re-sus-
pended in nuclease-free water.
RNA integrity was verified
with an ethidium bromide-
stained 1.2% agarose gel, and
its purity assessed by measuring
the absorbance ratio at 260/
280nm using an Eppendorf
Biophotometer plus (Germany).
A value of 1.8-2.0 is considered
acceptable (Wang et al., 2016).

Recombination analysis

The major sources of vari-
ability in RNA viruses are mu-
tations, re-assortments, and re-
combinations (Worobey and

sion criteria for symptoms con-
sidered: leaf mosaic, yellowing

and leaf deformity. Samples
were snap frozen in liquid ni-
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trogen and stored at -80C. Sam-
ples were pooled at random for

Holmes, 1999). These result in
the insertion of unrelated se-
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quence elements, and exchange,
duplication, or deletion of ex-
isting viral sequence elements
(Akinyemi et al., 2016). To
detect if genome recombination
occurred in BrYV-AH, aligned
sequences were examined using
the recombination detection pro-
gram 4 (RDP4; Martin et al.,
2015). Nine detection methods
from the RDP4 package, in-
cluding RDP, GENECONYV,
BootScan, MaxChi, Chimaera,
SiScan, PhylPro, LARD, and
3Seq, were applied.

Bioinformatics analysis

The small RNA library of in-
fected tobacco was constructed
and sequenced by the Illumina
2G Analyzer. The nonredundant
protein (nr) and nucleotide (nt)
sequence databases were down-
loaded from the NCBI. The
Velvet program was downloaded
from the European Bioinfor-
matics Institute (EBI). Mapping
of small RNAs and assembled
contigs to tobacco and viral ge-
nomes was done with the
BLASTn program using the stan-
dard parameters in genome as-
sembly (contigs or viral contig
with >90% similarity and >90%
coverage of contigs). Assembled
contigs were also examined for
similarity of their encoded pro-
teins to databases using the
BLASTX program. Additional
data analyses were carried out
with in-house Perl scripts. The
computation analyses were carried
out using the campus Genomics
Institute Core Facility for Bioin-
formatics (Wu et al., 2010b).

RT-PCR and Sequencing

The viruses detected by small
RNA deep sequencing were
characterized further by amplifi-
cation of partial genome se-
quences using reverse transcrip-
tion PCR (RT-PCR). cDNA was
synthesized using an Oligo(T)23
primer or random hexamer
primers (TaKaRa Biotechnology,
Dalian). The RT reaction con-
taining 0.1-02mg of total RNA
and Moloney murine leukemia
virus(M-MLV) reverse transcrip-
tase (TaKaRa Biotechnology,
Dalian), following the manufac-
turer’s instructions. cDNA was
diluted 2-fold and stored at

40

-20C until use. In an effort to
generate complete virus genome
sequences, specific primers were
designed to fill the gaps be-
tween siRNA contigs according
to the consensus sequences of
the specific contigs involved
and their relative positions.
Rapid amplification of cDNA
ends (RACE)-PCR (Takara
Biotechnology, Dalian) and
Sanger sequencing was per-
formed to obtain the 5’ and 3’
ends of the viral genome. Frag-
ment 1 (position 320 to 1646
nucleotides) was obtained using
primers F1: GCTCCCGCCTCC
ACCTCCGGTCGTG and R1:
GGTAACATCACCTTTGTCG
GATTTC. Fragment 2 (position
1308 to 2455 nucleotides) was
obtained using primers F2:
AACTATAATCTAATGGCA
CCAATCC and R2: AGGCGGT
AGCGGCCTTCATCGAGCT.
Fragment 3 (position 2246 to
4662 nucleotides) was obtained
using primers F3: CCACACAC
CGTGGGTGGGTAGAAGA
and R3: CAGGAAAAATGAT
GCATCGGCACCA. The 5’ RA-
CE outer primer used was R03:
ACGACCGGAGGTGGAGGC
GGGAGCA,; and the 3° RACE
outer primer used was F03:
AGTCTCCTTTCACGTTGA
GACCACT. RT-PCR products
were sequenced directly by con-
ventional Sanger sequencing.

1383 1646

Sequence analysis and
phylogeny

The open reading frames
(ORFs) were identified using
the FGENESVO0 and ORF find-
er software, respectively. The
nucleotide sequences of BrY V-
AH were aligned initially using
MUSCLE implemented by
MEGA v.5. All sequence align-
ments were adjusted post hoc
by visual inspection to ensure
that the alignments were bio-
logically relevant as described
in Morrison et al., 2006 (Morri-
son, 2006). Phylogenetic recon-
structions were obtained by the
neighbour-joining method as
implemented in the MEGA v.5
program with the above nucle-
otide substitution models. The
support of the internal nodes of
the trees was evaluated by the
bootstrap method with 1000
replications. Nodes with boot-
strap support of <75% were
collapsed to the nearest signifi-
cant node (Wang et al., 2013).

Results and Discussion
Provenance of virus material
The sRNA library was se-
quenced using an Illumina
HiSeq-2000 (BGI-ShenZhen,

China), yielding 34,282,436
clean reads with sizes ranging

7 _
1877 2101

from 18 to 28 nucleotides (nts).
Viral derived small RNA reads
21- and 24-nt in length were
abundant, with 967,004 and
2,296,923 reads, respectively.
The sRNAs were then assem-
bled into 6,346 contigs with
a k-mer of 17 using Velvet
(Kreuze et al., 2009; Wu et al.,
2010). These were then mat-
ched with the non-redundant
nucleotide and protein databas-
es at GenBank using BLASTn
and BLASTX, respectively. At
the nucleotide level, 3,068 con-
tigs exhibited >90% identity
and coverage with known virus
sequences, including 213 se-
quences similar to the cucum-
ber mosaic virus, and 141 se-
quences matching the tobacco
vein banding mosaic virus.
Twelve of the remaining con-
tigs, with lengths ranging from
79 to 439 nts, were identified
by BLASTx (with an e-value
cut-off of 10-3) to have distant
similarities with members
of the family Luteoviridae
(Figure 2). These contigs dis-
played the highest similarity to
Chinese  cabbage-Haidian
(KF015269), a brassica yellows
virus isolate (Figure 3). The
sample was a complex infection
with CMV, TVBMV and a
Luteoviridae. The BrYV ge-
nome was used as a reference
to further characterize these
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Figure 2. Position of contigs on the genome of BrY'V.

JN015068.1 Brassica yellows virus

A BrYV-AH

X13063.1 Turnip yellows virus

AF352024.1 Beet chlorosis virus
X83110.1 Beet mild yellowing virus

100
’f 4‘¥(— AF473561.1 Beet western yellows virus

—_—
0.1

3676 4113

HQ388349.1 Brassica yellows virus isolate BrYV-BBJ
HQ388351.1 Brassica yellows virus isolate BrYV-BJS

KF015269.1 Brassica yellows virus isolate Chinese cabbage-Haidian
HQ388348.1 Brassica yellows virus isolate BrYV-ABJ

HQ388350.1 Brassica yellows virus isolate BrYV-AJS
KF923236.1 Brassica yellows virus isolate Cheongsong

L04573.1 Pea enation mosaic virus-1
X07653.1 Barley yellow dwarf virus - PAV

10 12
4438 4662

5678

Polerovirus

—— Enamovirus

— Luteovirus

Figure 3. Phylogenetic tree constructed by the neighbor-joining method using MEGA 5, showing the rela-
tionship between BrYV-AH and members of the family Luteoviridae. Accession numbers and virus names are
given directly in the phylogenetic tree. Values at the nodes show the bootstrap values from 1000 replicates,
and the bars represent the evolutionary distances.
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twelve contigs and determine
their relative positions and ori-
entation. In order to join the
contigs and validate any ambig-
uous nucleotides, RT-PCR and
Sanger sequencing were per-
formed. To predict ORFs, ORF
Finder was used. The conserved
domains and motifs were ana-
lyzed by SMART (Letunic
et al., 2015). The neighbor
joining method (1000 repli-
cates), and MEGAS, was used
to construct a phylogenetic tree
(Tamura et al., 2011).

Sequence properties

The complete genome of
BrYV-AH (submitted to Gen-
Bank with accession number
MF314820) is 5,678 nts in size
and the highest nucleotide se-
quence identity (93%) is shared
with the brassica yellows virus
isolate known as Chinese
cabbage-Haidian (KF015269).
BrYV-AH comprises six ORFs,
numbered from 0 to 5, which
are analogous, both in position
and characteristics, to the ORFs
in Chinese cabbage-Haidian
(Figure 4). No GenBank entry
was significantly similar to ei-
ther the 31 nt long 5° UTR, or
the 186 nt long 3° UTR of
BrYV-AH.

ORFO encodes protein PO
(Xiang et al., 2011), which has
100% coverage and 99% iden-
tity with PO of turnip yellows
virus (AAL26141.1). PO is a
28.9kDa protein and contains a
putative F-box-like motif that
suppresses RNA silencing
(Pazhouhandeh et al., 2006).
Strong evidence suggests that
PO also determines symptom
and host range (Pfeffer et al.,
2002). P1 is encoded by ORF1
and shares 100% identity (99%
coverage) with P1 (ALL26143.1)
of turnip yellows virus.
Multiple studies have shown
that the P1 protein of potato
leaf roll virus plays a critical
role in the replication cycle by
promoting maturation of the

174 1997

[r—p—
\2]

32 781

2168

genome-linked virion protein,
VPg (Priifer et al. 1999; Nickel
et al. 2008). ORF2 encodes
the putative RNA polymerase
(370aa, 41.5kDa, nts 2,168-
3,280) and is therefore import-
ant for replication. ORF3 (nts
3,484-4,092) encodes a putative
202aa (22.4kDa) major capsid
protein (CP) and is followed
in-frame by ORFS5. The amino
acid residues on the surface-ori-
ented loop of the coat protein
of Poleroviruses are critical for
virus assembly, stability, sys-
temic infection of plants, and
movement of virus through
aphid vectors (Lee et al., 2005).
ORF4 (nts 3,515-4,066) en-
codes a putative homolog move-
ment protein (183aa, 20.5kDa)
with possible functions in cell-
to-cell and long-distance move-
ment (Knowles et al., 2012).
OFR5 (nts 4,279-5,493) en-
codes a putative read-through
protein (404aa, 45.5kDa). Insect
transmission and long distance
virus movement through the
phloem are carried out by the
synergistic work of P3 and P5
(Peter et al., 2009).

Recombination events

Alignment of eleven virus
genome sequences (GenBank
accession numbers HQ388348,
HQ388349, HQ388350, HQ388
351, KF015269, KF923236,
KR706247, AF352024, X83110,
X13063, and AF473561) with
the assembled recombinant
strain BrYV-AH (MF314820)
revealed significant recombina-
tion. The P-values of recombi-
nation events recorded by
each of these methods are:
RDP (1.178%10%7), GENECONV
(1.293x102%), BootScan (1.701x
106%), MaxChi (3.360x107'%),
Chimaera (4.830x10%), SiScan
(1.533x10%), and 3Seq (4.954x
10”). These indicated the pres-
ence of recombination events
(positions 1-73 and 3677-5928
in the BrYV-AH genome;
Figure 5). The potential major

3280 3484 4092 4279 5493

ORF5
3
5678 nt
3515 4066

Figure 4. Schematic representation of the genome organization.
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parent is AF473561 (beet west-
ern yellows virus), and the mi-
nor parent is AF352024 (beet
chlorosis virus). These results
indicate that BrYV-AH is a re-
combinant virus belonging to
the Polerovirus genus.

Conclusions

In this study we identified a
recombinant virus belonging to
the genus Polerovirus in the
Anhui province of China. We
further characterized the ge-
nome of BrYV-AH, its variabil-
ity and the siRNAs induced in
tobacco plant in response to
virus infection. Our result
showed the effectiveness of the
custom-made bioinformatics
pipeline coupled with molecular
techniques and phylogenetic
analysis, in diagnostics and
identification of plant virus.
Survey of plant viruses and
prompt diagnostics should be
frequently carried out in areas
known for large cultivation of
economically important crops.
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