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Summary. Mentha haplocalyx (Lamiaceae) is a herbaceous perennial economic plant
which is widely cultivated in China. Plants of M. haplocalyx with mosaic symptoms
were collected from Zhaotong, Yunnan Province. Alfalfa mosaic virus (AMV) was
detected from symptomatic leaf samples using small RNA sequencing and RT-PCR.
The complete genome sequence of AMV-Mint was determined. AMV-Mint RNA1
was 3,644 nt, RNA2 was 2,594 nt and RNA3 was 2,040 nt, encoding P1 of 1,126 ami-
no acids (aa), P2 of 794 aa, MP of 300 aa and CP of 218 aa. The genome structure
of AMV-Mint was similar to those reported previously, except for an insertion of one
adenine nucleotide at 2,389 nt of the RNA2, which results in reading frame shift muta-
tion of the P2. Phylogenetic analysis based on RNA3 sequences grouped AMV-Mint
into the Group I clade, with closest relationship to AMV-Lst. No recombination event
was detected in the genome of AMV-Mint. This is the first report of the complete
genome sequence of AMV from M. haplocalyx.

Keywords. AMYV, mint, small RNA sequencing, insertion mutation, phylogenetic anal-
ysis.

INTRODUCTION

Mentha haplocalyx (Lamiaceae), commonly known as mint, is a widely
cultivated herbaceous perennial plant (Dorman et al., 2003; She et al., 2010).
It is an important vegetable crop, and a traditional Chinese medicinal plant
with functions including spasmolytic, analgesic, antibacterial and promotion
of gas secretion (Dorman et al., 2003; She et al., 2010). In addition, it is one
of the most important sources of essentials, which can be used in food, phar-
maceutical, flavour and fragrance industries (Zheljazkov et al., 2013). Because
cultivation of mint depends mainly on vegetative propagation, infections
by viruses are serious threat to mint production. Several viruses have been
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reported on cultivated Mentha species, including Toma-
to spotted wilt virus (Sether et al., 1991), Tobacco mosa-
ic virus (Samad et al., 2000), Strawberry latent ringspot
virus (Postman et al., 2004) and Tomato leaf curl Paki-
stan virus (Samad et al., 2009).

Alfalfa mosaic virus (AMV) belongs to Alfamovirus
in the Bromoviridae, having a tripartite positive single-
stranded RNA genome. The RNA1 encodes the repli-
case protein P1 and RNA2 the protein P2 (Bergua et al.,
2014). The RNA3 encodes the movement protein (MP) in
5-proximal half and the coat protein (CP) in 3’-proximal
half (Bergua et al., 2014). Based on phylogenetic analyses
of the CP gene or RNA3 genome sequences, AMYV iso-
lates have been clustered into two groups (Group I and
Group II) (Parrella et al., 2011; Song et al., 2019). AMV
occurs widely with a broad host range, infecting more
than 430 plant species, including many important crops
such as potato, tomato, pepper and soybean (Fleysh et
al., 2001; Abdalla et al., 2015).

Mentha haplocalyx plants exhibiting obvious virus-
like symptoms were recently found in Zhaotong, in the
Yunnan Province of China. This paper describes identi-
fication of AMV associated with this disease. Further-
more, the complete genome sequence of the AMV M.
haplocalyx isolate (AMV-Mint) was determined and ana-
lyzed.

MATERIALS AND METHODS
Sample collection and RNA extraction

In August 2018, M. haplocalyx plants with disease
symptoms of mosaic (Figure 1) were collected in Zhao-
tong, Yunnan Province of China. All of the samples
were immediately frozen using liquid nitrogen and
stored at -80’. Total RNA was extracted from sympto-
matic leaf tissues each of approx. around 200 mg, using
TRIzol reagent (Invitrogen), according to the manufac-
turer’s instructions. The quality of the extracted RNA
was estimated using Bio-Analyzer 2100 (Agilent Tech-
nologies) and quantity of RNA was determined using
NanoDrop ND-100 (NanoDrop Technologies).

Sequencing of small RNA, and data analysis

The qualified RAN was sent to Biomarker Technolo-
gies (Beijing, China) for the construction of a library of
small RNAs, as described by Mi et al. (2008), followed
by sequencing using an IITumina HiSeq200 platform.
The raw data obtained from original image data by
base-calling were firstly processed by trimming adapt-

Zhengnan Li et alii

Figure 1. Mentha haplocalyx leaf with mosaic symptoms (a), and
symptomless leaf (b).

er sequences and removing reads shorter than 18 nt or
longer than 35 nt. The obtained clean reads were aligned
to the databases Silva (Pruesse et al., 2007), GtRNAdb
(Chan et al., 2009), Rfam (Griffiths-Jones et al., 2003)
and Repbase (Jurka et al., 2005), using Bowtie software
(Langmead et al., 2009) to eliminate non-coding RNA
and repeated sequences. The remaining clean reads
were assembled using the Velvet program with a mini-
mal overlapping length (k-mer) of 17 (Wu et al., 2010).
To identify potential viral sequences, the obtained con-
tigs were compared against the nucleotide (nt) sequence
databases in NCBI using BLASTn, and nonredundant
protein (nr) using BLASTX, with e-value of 10° (Wu et
al., 2010).

Validation of candidate viruses

In order to confirm the presence of viruses identified
by small RNA sequencing, primers were designed based
on the obtained virus contigs (Table S1). Single-stranded
c¢DNA was synthesized from total RNA using random
hexamer primers. PCR was carried out in 25 pL reac-
tion mixtures containing 12.5 pL Premix LA Taq DNA
polymerase (TaKaRa), 1.0 pL 10 uM primers and 1.0 uL
c¢DNA. The PCR products were examined by 1% agarose
gel electrophoresis.

Determination of full-length genome and sequence analysis

To determine the full-length genome sequence of
the AMV M. haplocalyx isolate (AMV-Mint), four prim-
ers (Table S1) were designed based on the sequences of
contigs mapped to AMV genome, and were used in RT-
PCR assays. The 5’ and 3’ terminal sequences of genomic
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RNA were obtained using the SMARTer™ RACE ¢cDNA
Amplification Kit (Clontech) with the primers described
previously (Song et al., 2019). The amplicons were
cloned into the pMDI18-T simple vector (TaKaRa) and
sequenced by Sangon Biotech (Shanghai) Co., Ltd. Three
independent clones were sequenced for each amplicon.
The full-length genome sequences of RNA1-3 were
assembled using Vector NTI (Invitrogen) based on over-
lapping fragments, and were used for BLAST analysis
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). All the genome
sequences of AMV available in GenBank database (Table
1) were downloaded and analyzed. The SDT software
(Mubhire et al., 2014) was used to determine pairwise
nucleotide and amino acid sequence similarities.

Phylogenetic and recombination analyses

Multiple sequence alignments were performed by
Clustal W algorithm of MEGA 5.0 software (Tamura et
al., 2011) with default settings. Phylogenetic neighbour-
joining (NJ) and maximum likelihood (ML) trees were
constructed based on RNA3 sequences with 1,000 boot-
strap replicates, and Tamura three-parameter was used
as the best-fitting model of substitution determined by
MEGA 5.0.

Recombination analysis was carried out using seven
different algorithms of the Recombination Detection
Program v.3.44 (RDP3) (Heath et al., 2006) including
RDP, GENECONYV, CHIMERA, BOOTSCAN, MAX-
CHI, SISCAN and 3SEQ. Only recombination events
predicted by at least five algorithms with P value <0.01
were accepted.

RESULTS AND DISCUSSION
Analysis of small RNA sequencing data

From small RNA sequencing, a total of 22,918,853
good quality clean reads of 18-35 nt were obtained from
28,510,612 raw reads. RNAs of lengths 21-24 nt were the
most abundant. After removing the non-coding RNA
and repeated sequences, a total of 9,096,901 clean reads
were used for further analyses. Using the Velvet pro-
gram, we assembled 2,314 contigs from these clean reads
with contigs N50 of 63. More than half of these con-
tigs were 30 to 60 nt in length. BLAST analysis against
the NCBI database identified 112 contigs mapped to
viral genomes, including 46 contigs mapped to AMYV,
39 mapped to Watermelon mosaic virus (WMV), 19
to Blackcurrant reversion virus (BRV), four to Soy-
bean mosaic virus (SMV), two to Cherry leaf roll virus
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(CLRV), and two mapped to Grapevine bulgarian latent
virus (GBLV).

Validation of candidate viruses

To validate the presence of the above-mentioned
candidate viruses, a total of eight primer pairs were
designed based on the candidate viral contigs (Table S1).
However, only AMV was detected by RT-PCR using the
primer pair AMV-F1/R1. None of WMV, BRV, SMV,
CLRV or GBLV was RT-PCR positive, even when three
primer pairs were used for WMV. This strongly indicat-
ed that AMV infection was associated with the disease
of M. haplocalyx.

Next-generation sequencing (NGS) of small RNAs
in plant tissues has been widely used for identifica-
tion of plant viruses, because these virus-derived small
RNAs generated by plant RNA-silencing machinery can
be sequenced by NGS, assembled in silico and used for
searching in databases (Seguin et al., 2014; Liang et al.,
2015). However, the results in the present study and in
previous reports showed that false positive results are
common using this method, and further confirmation
by PCR or other methods is necessary (Song et al., 2019).

Determination and characterization of the genome
sequence of AMV-Mint

The nearly full-length and terminal fragments of the
genomic RNAs of AMV-Mint were amplified, respec-
tively, using RT-PCR and RACE technology. The com-
plete genomic sequences were assembled and submitted
to the GenBank under accession numbers MK883819,
MK88320 and MK883821. The RNAI of AMV-Mint was
3,644 nt, RNA2 was 2,594 nt, and RNA3 was 2,040 nt,
having a similar genome organization to those reported
previously (Trucco et al., 2014; Song et al., 2019). The
RNAI1 encodes P1 of 1,126 amino acids (aa) from 100
to 3,480 nt. The RNA2 encodes P2 of 794 aa from 55 to
2,439 nt. The RNA3 encodes MP of 300 aa from 241 to
1,143 nt, and CP of 218 aa from 1,193 to 1849 nt.

Compared to the other AMV genome sequences
available in GenBank, AMV-Mint shared nucleotide
sequence similarities of 96.0-98.0% for RNAI, 94.9-97.9%
for RNA2, and 94.7-98.5% for RNA3 (Table 1). P1, P2,
MP and CP of AMV-Mint shared nucleotide sequence
similarities of 96.3-97.9%, 94.9-98.1%, 93.4-98.4% and
94.2-98.3%, respectively, compared with other isolates.
Amino acid sequence similarities were 98.1-99.6% for P1,
91.9-97.2% for P2, 93.3-97.7% for MP and 94.5-99.1% for
CP (Table 1). An insertion of one adenine nucleotide was
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Table 1. Nucleotide and amino acid sequence similarities between AMV-Mint and other AMV isolates.

Nucleotide/Amino acid

GenBank No. Isolate Host Country Length (nt) similarities (%)

RNA1 Genome P1

KC881008  Manfredi Medicago sativa Argentina 3,643 98.0 97.9/99.4

MH332897  Gyn Gynostemma pentaphyllum China 3,643 97.9 97.8/99.5

HQ316635 HZ Nicotiana glutinosa China 3,643 97.8 97.7 1 99.0

MF990284 175 Solanum tuberosum Canada 3,631 97.6 97.6 / 99.6

FN667965  Lst Lavandula stoechas Italy 3,543 97.2 97.2/98.2

L00163 425 Leiden - - 3,644 97.2 97.3/98.5

FR715040 Tecl Tecomaria capensis Spain 3,643 96.5 96.3/98.2

KY810767  FERA160224 Nicotiana tabacum England 3,643 96.0 96.3/98.1

RNA2 Genome P2

FN667966 Lst Lavandula stoechas Italy 2,593 97.9 98.1/97.2

KY810768  FERA160224 Nicotiana tabacum England 2,593 97.7 97.9 /1 96.5

KC881009  Manfredi Medicago sativa Argentina 2,593 97.7 97.9196.7

MH332898  Gyn Gynostemma pentaphyllum China 2,598 97.0 97.1/96.1

FR715041 Tecl Tecomaria capensis Spain 2,594 96.5 96.5/95.8

X01572 A1M4 - - 2,593 95.4 95.5/91.9

HQ316636 HZ Nicotiana glutinosa China 2,595 94.9 949/929

RNA3 Genome MP CpP
FN667967  Lst Lavandula stoechas Italy 2,038 98.5 98.4/97.3 98.3/98.2
KC881010  Manfredi Medicago sativa Argentina 2,038 98.0 97.6/97.3 98.0/97.7
M59241 - alfalfa America 2,188 98.0 98.1/97.3 98.0/97.7
HQ316637 HZ Nicotiana glutinosa China 2,041 97.8 97.1/97.0 98.2/98.2
X00819 S - - 2,055 97.6 97.6 / 96.3 97.4/97.7
K02703 425 Madison - - 2,037 97.5 97.3/97.7 97.3/97.2
K03542 - clover America 2,142 97.5 96.9 / 96.0 97.6 / 96.8
MH332899  Gyn Gynostemma pentaphyllum China 2,040 97.5 97.1/97.3 97.1/97.7
MF990286 175 Solanum tuberosum Canada 2,041 97.5 97.2/97.0 97.0/97.7
AF332998 N20 - Australia 2,257 97.3 96.7 / 96.0 97.6 / 96.3
ABI126031 AZ - - 2,037 97.1 96.3 / 96.0 97.9/99.1
AB126032 Kr - - 2,037 96.8 96.9 / 96.0 96.2 / 96.3
FR715042 Tecl Tecomaria capensis Spain 2,037 95.5 942 /953 94.4/94.5
KC767662 178 Actinidia fortunatii New Zealand 1,986 95.3 94.6 /94.3 95.0/ 95.0
KC767661 176 Actinidia glaucophylla New Zealand 1,976 95.2 94.7 /1 93.3 96.0 / 95.0
KY810769 FERA160224 Nicotiana tabacum England 2,039 95.1 94.0/95.3 94.5/94.5
AF015716 ~ VRU garden lupin England 2,038 95.1 93.4/95.7 95.1/95.0
KC767660 175 Actinidia guilinensis New Zealand 1,977 94.9 93.9/94.3 95.0 / 94.5
AF015717 15/64 garden lupin England 2,038 94.7 93.4/94.0 94.2/94.5

found at 2,389 nt of the AMV-Mint RNA2, resulting in a
reading frame shift mutation in the P2 protein from 779
aa to the C-terminal (Figure 2). The AMV-Gyn isolate
reported previously (Song et al., 2019) had an insertion
of three adenine nucleotides at the same position, result-
ing in an extra lysine at 779 aa of AMV-Gyn P2 protein.
This indicated that the 12 amino acids in the C-terminal
region of AMV P2 may be unnecessary for successful
AMYV infection of host plants.

Phylogenetic and recombination analyses

The RNA3 sequences of AMV-Mint and the other
20 isolates available in GenBank were used to construct
the NJ (Figure 3) and ML (Figure S1) phylogenetic trees,
and similar topological structures were observed. All of
the 20 AMYV isolates clustered into two groups. AMV-
Mint was located in the Group I, together with 12 of the
other available isolates. The closest evolutionary relation-
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AMV-Lst AAAAAA TCCCACTCGGATGCCAGGTCAAGGGCACGCCGAGCTTGATGTTTTCTTGA
AMV-FERA160224 AL . LA v L IFE R RS FE BT EEE T A v o v v s s i 0w s s To o oo v v 6 o a0
AMV-Tec1 . A . A o G T e s 2 on &0 § @ 53 R AR R EEE Tim ihiraaess
AMV-A1M4 . AL . A . C. T5 i s 838805 & 50 o i Ao v 48 S5 v e u W Towen &4% 85w
AMV-HZ . A. A . C. T e adim s i 080 A i 4 s G v wmsas T e gs &8 s
AMV-Manfredi . AL A ¢ B Ts e % el b 84w & i A 25 d i ddm s Ch s 6% &6 mowa
AMV-FER1 G. G o K Tis o0 d oip 8 8.0 0 i © ® G 2 Pis & @ o5 @ B & e B B W T i 5 501 & @8 &
AMV-Gyn . A...AAAA.C.........C..............6G... 0 ... .  To.........
K K K S H S D A R 5 R A R R A Stop
AMVAint AAAAAA  ATTCCACTCGGATGCCAGGTCAAGGGCACGCCGAGCTTGATGTITTITCTTGA
1K K [ P L G c Q v K G T P s L M F S Stop,

Figure 2. Alignments of partial RNA3 sequences (2,383-2,439 nt for AMV-Mint) showing an insertion of one adenine nucleotide at 2,389 nt
of AMV-Mint RNA2, resulting in a reading frame shift mutation in the C-terminal of the AMV-Mint P2 protein. The inserted nucleotides
in RNA2 of AMV-Mint and AMV-Gyn are in red. The codons are underlined, and the corresponding amino acids are indicated in italics
below the lines.

|:K(3881010 -Manfredi (Medicago sativa | Argentina)
MH332899-Gyn (Gynostemma pentaphyllum | China)

&2 MF990286-175 (Solanum tuberosum | Canada)

AB126031-AZ (-/-)

92 93 —Ii K02703-425Madison ( -/ -)
88 AB126032-Kr (-/-)

—— AF332998-N20 ( - / Australia) I
oL Ko3542 (clover / America)

HQ316637-HZ (Nicotiana glutinosa / China)
X00819-S (-/-)

100

M59241 (alfalfa / America)
MK883821-Mint (Mentha haplocalyx | China)
FN667967-Lst (Lavandula stoechas / Italy)

o KC767662-178 (Actinidia fortunatii | New Zealand)
— KC767661-176 (Actinidia glaucophyila | New Zealand) -| | B

FRT1 5042 Tec1 (Tecomaria capensis | Spain)

e KC767660-175 (Actinidia guilinensis/ New Zealand) I I

100 AF015717-15/64 (garden lupin / England) i | IA

KY810769-FERA160224(Nicotiana tabacum [ England)

7 AF015716-VRU (garden lupin / England)

0.005

Figure 3. Phylogenetic analysis using the neighbour-joining method, based on RNA3 sequences of AMYV isolates. Different groups are indi-
cated and separated by dotted lines. AMV-Mint from the present study is indicated in bold font.

ship of AMV-Mint was with AMV-Lst, an isolate from as reported previously (Parrella et al., 2011; Song et al.,
Lavandula stoechas from Italy. The other seven iso-  2019). These results showed no phylogenetic correlation
lates in Group II formed two subgroups including IIA  to hosts or geographical regions. In addition, no recom-
(AMV-175, AMV-15/64, AMV-FERA160224 and AMV-  bination events were detected in the genome of AMV-
VRU) and IIB (AMV-178, AMV-176 and AMV-Tecl), Mint.
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This was the first report of the occurrence, and the
complete genome sequence, of AMV from M. haplocalyx.
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