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Abstract The complete genome of an Australian isolate

of zantedeschia mild mosaic virus (ZaMMV) causing

mosaic symptoms on Alocasia sp. (designated ZaMMV-

AU) was cloned and sequenced. The genome comprises

9942 nucleotides (excluding the poly-A tail) and encodes a

polyprotein of 3167 amino acids. The sequence is most

closely related to a previously reported ZaMMV isolate

from Taiwan (ZaMMV-TW), with 82 and 86 % identity at

the nucleotide and amino acid level, respectively. Unlike

the amino acid sequence of ZaMMV-TW, however,

ZaMMV-AU does not contain a polyglutamine stretch at

the N-terminus of the coat-protein-coding region upstream

of the DAG motif. This is the first report of ZaMMV from

Australia and from Alocasia sp.

Zantedeschia mild mosaic virus (ZaMMV) is a positive-

sense, single-stranded RNA virus belonging to the genus

Potyvirus, family Potyviridae [1]. The virus was first

reported infecting calla lily (Zantedeschia spp.) in Taiwan

in 2005 [1, 2] and has subsequently only been reported

from Italy [3] and New Zealand (GenBank accession no.

DQ407934). Currently, there is only a single published

full-length genome sequence of ZaMMV available from

Taiwan, designated ZaMMV-TW (GenBank accession no.

AY626825).

In 2014, an aroid (Alocasia sp.) showing feathery

mosaic symptoms typical of those caused by the potyvirus

dasheen mosaic virus (DsMV) was observed at Bellthorpe,

Queensland, Australia. To determine if the plant was

infected with DsMV, symptomatic leaves were collected

and initially tested for the presence of potyviruses by RT-

PCR. Total RNA was extracted using a lithium-chloride-

based protocol [4], and cDNA was synthesised using

M-MLV reverse transcriptase (Promega) and oligo(dT)18

primers. PCR was carried out using GoTaq� Green Master

Mix (Promega) and degenerate primers designed to

amplify a fragment of the CI-coding region of potyviruses

[5, 6]. As a positive control, total RNA extracted from

DsMV-infected taro leaves was used. An amplicon of the

expected size (*700 bp) was generated from extracts

derived from both the DsMV-infected taro and Alocasia sp.

samples. The amplicon from the Alocasia sp. sample was

subsequently cloned and sequenced, and a BLAST search

analysis of the 621-nt sequence revealed 84 % and 93 %

identity to ZaMMV-TW at the nucleotide and amino acid

level, respectively. As ZaMMV has not previously been

reported in Australia, or in Alocasia sp., the complete

genome sequence of this novel isolate (herein referred to as

ZaMMV-AU) was determined.

To obtain the remainder of the virus genome, RT-PCR

was carried out using degenerate primers targeting the

potyviral HC-Pro-, NIb- and CP-coding regions [6, 7]. The

amplicons were cloned and sequenced, and specific primers

were subsequently designed in order to amplify the inter-

vening sequences. The 50-terminal sequence of the genome

was obtained by rapid amplification of cDNA ends (RACE)

using a 50/30 RACE Kit, 2nd Generation (Roche). In all
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cases, amplicons were separated by electrophoresis through

1.5 % agarose gels, purified using the Freeze ‘N Squee-

zeTM DNA Gel Extraction Spin Columns (Bio-Rad) and

cloned into pGEM�-T Easy Vector (Promega) following

the manufacturer’s protocols. For each amplicon, at least

three clones were sequenced in both directions using a Big

Dye� Terminator v3.1 Cycle Sequencing Kit (Thermo

Fisher Scientific) following the manufacturer’s protocol.

Sequencing data were processed and analysed using CLC

Main Workbench v6.9.2 (QIAGEN) and Vector NTI

Advance� Suite v11 (Invitrogen). Virus sequences were

further aligned and analyzed using the ClustalW multiple

alignment algorithm in BioEdit version 7.1.9 (http://www.

mbio.ncsu.edu/BioEdit/bioedit.html), and phylogenetic

trees were constructed from ClustalW-aligned sequences

using MEGA version 6.0.6 [8], using the neighbour-joining

method and the Kimura 2-parameter model with 1000

bootstrap replications.

The complete genome sequence of ZaMMV-AU was

assembled from the consensus sequences of amplicons

generated using degenerate and specific primers and 50

RACE. The genome comprised 9942 nucleotides (Gen-

Bank accession no. KT729506) including the 50 UTR (198

nt) and 30 UTR (240 nt), but excluding the 30 polyA-tail.
Sequence analysis identified a single putative open reading

frame of 9501 nt, encoding a 3167-amino-acid polyprotein

with a predicted MW of 359.14 kDa. Sequence comparison

of the complete genome of ZaMMV-AU to ZaMMV-TW

revealed 82 % identity, while comparison of the polypro-

tein coding region revealed 79.5 % and 86.3 % identity at

the nucleotide and amino acid level, respectively. The

nucleotide and amino acid sequences of the putative pro-

tein-coding and non-coding region of ZaMMV-AU and

ZaMMV-TW were also compared (Table 1). These anal-

yses revealed nucleotide sequence identities ranging from

61.3 % (5’ UTR) to 88 % (3’ UTR) and amino acid

sequence identities ranging from 58.7 % (P1) to 100 %

(6K1). Further, when the nucleotide sequence of ZaMMV-

AU was compared to the partial sequences of the Italian

and New Zealand ZaMMV isolates, there was 86.6 % and

80.3 % identity, respectively. Phylogenetic analysis of the

complete genome sequence of ZaMMV-AU and other

selected Potyviridae members showed that it groups with

ZaMMV-TW within the bean common mosaic virus

(BCMV) subgroup of the genus Potyvirus (Fig. 1a).

Analysis of the amino acid sequence revealed the

presence of putative potyviral proteinase cleavage sites,

which would result in cleavage of the polyprotein into ten

putative mature proteins [9–11] (Fig. 1b). A PIPO-encod-

ing ORF (81 amino acids), embedded within the P3 cistron,

was also identified, while the presence of a DAG motif in

the CP-coding region indicates that ZaMMV-AU may be

aphid-transmissible. The amino acid sequence of ZaMMV-

TW contains an unusual stretch of 39 glutamine residues at

the N-terminus of the CP-coding region, upstream of the

DAG motif, for which the function is unknown [1]. Despite

analyzing this region in sequences of 10 individual clones

from two different cloning experiments, such a polyglu-

tamine stretch is not present in the amino acid sequence of

ZaMMV-AU. In ZaMMV-AU, this region comprises a

smaller number of amino acids and is lysine rich (9/36)

(Fig. 1c). The differences between ZaMMV-TW and –AU

across this region raise questions about their biological

significance.

According to the current species demarcation criteria for

viruses within the family Potyviridae [9], members of

different species are distinguished by having less than

80 % CP amino acid sequence identity and less than 76 %

nucleotide sequence identity, either in the CP-coding

region or over the whole genome. Based on comparisons

over the whole genome, the virus sequence isolated from

Alocasia sp. in this study should be considered a strain of

ZaMMV. However, based on comparisons using only the

CP-coding region, the reported sequence could be consid-

ered a new potyvirus. We have chosen the whole-genome

comparison as the criterion for classification due to the

presence of the unusual stretch of amino acids in the CP-

coding region upstream of the DAG motif. When this

region was excluded from comparisons, the amino acid

sequences of ZaMMV-TW and ZaMMV-AU shared

89.8 % identity.

To our knowledge, this is the first report of ZaMMV

from Australia, and it is also the first report of ZaMMV

infecting an Alocasia sp. This report provides a useful

reference for further work investigating the occurrence of

viruses in Alocasia sp. and its relatives, particularly the

Table 1 Comparison of the nucleotide and amino acid sequences of the putative coding and non-coding regions of ZaMMV-AU and ZaMMV-

TW

50 UTR P1 HC-Pro P3 PIPO* 6K1 CI 6K2 VPg NIa NIb CP 30 UTR

% Nucleotide sequence identity 61.3 63.6 80.6 81.4 85.8 85.9 83.2 81.1 84.1 82.7 83.6 75.5 88

% Amino acid sequence identity 58.7 90 83.4 78.8 100 93.4 92.5 93.7 92.2 93.4 78.1

* Predicted from ZaMMV-TW sequence annotation
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(b)

(c)

6K1 6K2
52 aa 53 aa

3693 3849 5751

5` UTR VPg 3` UTR

198 nt 189 aa 240 nt

VRVQ/S

7206 8757 9702

AAAAA

199 1287 2661

CI

634 aa

P3

344 aa

P1

363 aa

HC-Pro

458 aa

VNLE/S VQTQ/S VILQ/A

5910

IHHY/T RVGG/E VTTQ/A VHLQ/S VTTQ/G

CP

314 aa

NIb

517 aa

NIa

243 aa

6477

(a)  BCMNV

 CABMV

 SMV

 BCMV

 DsMV

 ZYMV

 ZaMMV-AU

 ZaMMV-TW

 PeMoV

 SPVG

 BYMV

 KoMV

 PVY

 YMV

 SCMV

 SrMV

 RGMV

100

100

99

100

100

99

95

100
68

100

72

63

57

100

0.1

A

B
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economically important members of the family Araceae,

such as the cultivated taros (Colocasia esculenta).
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bFig. 1 Phylogenetic and sequence analysis of ZaMMV-AU. a)

Phylogenetic tree generated by the neighbour-joining method in

MEGA 6 [9] using nucleotide sequences of the complete polyprotein

ORF of selected potyviruses comprising the bean common mosaic

virus (BCMV) subgroup and representative members of other genus

Potyvirus subgroups. The tree was rooted using ryegrass mosaic virus

(RGMV, NC_001814.1), the type member of the genus Rymovirus.

Bootstrap values greater than 50 % are shown, and the scale bar

indicates 0.1 substitutions per site. Subgroup A includes potyviruses

from the BCMV subgroup, and subgroup B includes potyviruses from

other subgroups. Abbreviations are BCMV (bean common mosaic

virus, KC832501), BCMNV (bean common mosaic necrosis virus,

AY864314), BYMV (bean yellow mosaic virus, AB439732),

CABMV (cowpea aphid-borne mosaic virus, AF348210), DsMV

(dasheen mosaic virus, KJ786965), KoMV (konjac mosaic virus,

AB219545), PVY (potato virus Y, EF026076), SCMV (sugarcane

mosaic virus, AY569692), SMV (soybean mosaic virus, KF135488),

SPVG (sweet potato virus G, KF790759), SrMV (sorghum mosaic

virus, KJ541740) WMV (watermelon mosaic virus, FJ823122),YMV

(yam mosaic virus, NC004752), ZaMMV-AU (zantedeschia mild

mosaic virus-Australia, KT729506), ZaMMV-TW (zantedeschia mild

mosaic virus-Taiwan, AY626825), ZYMV (zucchini yellow mosaic

virus, AY188994-1). b) Genome organisation, predicted mature

proteins and their relative position on the genome, and predicted

proteinase cleavage sites of ZaMMV-AU (PIPO-encoding ORF not

shown). c) Alignment of partial amino acid sequences of the NIb-CP

junction of ZaMMV and selected potyviruses from the BCMV

subgroup using CLC Main Workbench v6.9.2 (QIAGEN). The

polyglutamine amino acid tract present in the ZaMMV-TW isolate

is underlined, the characteristic DAG motif is boxed, and the

predicted cleavage site between NIb and CP-coding regions is

indicated by an arrow
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