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Abstract Nearly complete sequences of RNA-CP and 30-
proximal RNA-TGB were determined for 43 samples of

potato mop-top virus (PMTV) originating from potato tu-

bers and field soil from Sweden, Denmark and the USA.

The results showed limited diversity and no strict geo-

graphical grouping, suggesting only a few original intro-

ductions of PMTV from the Andes. Two distinguishable

types of RNA-CP and RNA-TGB were found in the sam-

ples, but no specific combination of them correlated with

spraing symptoms in tubers. Lack of positive selection in

the coding sequences indicates that there is no specific

molecular adaptation of PMTV to new vectors or hosts.

Keywords Genetic variability � Phylogeny � Plant

disease � Potato mop-top virus � Selection pressure �
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The geographic origin of potato mop-top virus (PMTV;

genus Pomovirus; family Virgaviridae) is probably the

Andean region of South America, and it is now present in

other potato-growing areas of the world, including many

countries in North America, Europe and Asia [9, 22, 28].

Infection with PMTV can lead to economically important

quality problems in potato production [22]. Infected tubers

may show necrotic symptoms, including brown arcs and

rings in the tuber flesh, and also on the surface. This

spraing disease is difficult to control because PMTV is

vectored by zoospores of the soil-borne plasmodiophorid

Spongospora subterranea, and the virus can remain in-

fective in the resting spores of the vector in soil for many

years. There are no resistant potato cultivars available [22].

PMTV has tubular rod-shaped particles containing one

of the three single-stranded, positive-sense RNA molecules

RNA-Rep, RNA-CP and RNA-TGB. The complete gen-

ome sequence has been determined for a Swedish isolate of

PMTV, with a length of 6043 nucleotides (nt) for RNA-

Rep, 3134 nt for RNA-CP and 2964 nt for RNA-TGB [21,

23, 24]. RNA-Rep encodes the viral RNA-dependent RNA

polymerase (RdRp) [23]. The coat protein (CP) and a larger

protein (CP-RT) formed by readthrough (RT) of the CP

stop codon are expressed from RNA-CP [10]. CP-RT is

probably required for vector transmission [17]. RNA-TGB

has four open reading frames (ORFs), where three over-

lapping ORFs called the triple gene block (TGB) encode

three proteins (TGB1-3) essential for viral cell-to-cell
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U. Beuch � S. Berlin � J. Åkerblom � A. Kvarnheden (&)

Department of Plant Biology, Uppsala BioCenter, Linnean

Center of Plant Biology in Uppsala, Swedish University of

Agricultural Sciences, Box 7080, 750 07 Uppsala, Sweden

e-mail: anders.kvarnheden@slu.se

Present Address:
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movement [19]. The fourth ORF of RNA-TGB encodes a

putative cysteine-rich protein (8K protein), which appears

to enhance the virulence of the virus and to act as a weak

RNA silencing suppressor [13, 14].

PMTV sequences from Europe, America and Asia show

a high level of identity [8, 9, 11, 15, 16, 22, 27, 28].

Compared with many other potato-infecting viruses, the

genetic diversity of PMTV is low. Recent surveys have

revealed a wide distribution of PMTV in the Nordic

countries and the USA [2, 5, 11, 22, 27] and have made a

large number of new isolates available. The aim of this

study was to characterize PMTV sequences from Sweden,

Denmark and the USA and to use them with sequences

available from previous studies to analyse the genetic di-

versity and evolution of PMTV.

From a survey of PMTV distribution in Sweden [2], 20

samples from 19 counties were selected (Table 1). In ad-

dition, PMTV was baited using Nicotiana benthamiana and

N. debneyii [2] from a soil sample collected in 1991 and

stored at 4 �C [20]. Fourteen samples were collected from

three regions of Denmark, with PMTV being obtained from

soil samples using N. benthamiana as a bait plant and

propagated by virus inoculation from infected roots to

leaves [16]. In total, nine samples were obtained from five

states of the USA. Samples from Idaho, Michigan, Color-

ado and Washington (two samples per state) consisted of

symptomatic potato tubers. The sample from Oregon was

obtained from roots of a bait plant of N. tabacum planted in

field soil.

For Danish PMTV isolates, total RNA was isolated from

infected test plants using an RNeasy Plant Mini Kit

(QIAGEN) according to the manufacturer’s instructions.

For isolates from the USA, total nucleic acids were ex-

tracted from potato tubers or bait plants [3]. Virions of

Swedish isolates were captured by immunocapture using

monoclonal antibodies [2]. cDNA was synthesized as de-

scribed previously [2, 11, 19]. For RT-PCR, three primer

pairs were used to amplify the CP-RT gene of RNA-CP as

two overlapping fragments as well as the 8K gene and the

30UTR from RNA-TGB (Fig. 1) [2, 11]. The primer

CP(R) (50-acgaattcctatgcaccagcc-30) was used with primer

CP1 [11] to amplify the CP region of USA-1, USA-3 and

USA-9. Amplification was carried out using heat-stable

DNA polymerases with a high level of proofreading, such

as the Expand High Fidelity PCR system (Roche). PCR

products for Swedish PMTV isolates were purified using a

GeneJET PCR Purification Kit (Fermentas), ligated into

pGEM-T Easy Vector (Promega) and introduced into

Subcloning Efficiency DH5a Escherichia coli (Invitrogen)

by transformation. Three clones from each transformation

were used for sequencing at Macrogen. Sequences of am-

plification products for isolates from Denmark and USA

were determined by direct sequencing of PCR products

with the same primers that were used for PCR at MWG and

Haartman Institute Sequencing Core Facility (University of

Helsinki), respectively. The nucleotide sequence data re-

ported appear in the ENA and GenBank nucleotide se-

quence databases (accession numbers LN614388-

LN614488; Fig. 2). Pairwise identities were calculated

using MegAlign (DNASTAR, Lasergene 8.0). Using

MEGA 5 [26], PMTV sequences determined in this study

(Table 1) and from GenBank (Supplementary Table 1)

were aligned using Clustal W, and phylogenetic trees were

constructed by the maximum-likelihood method with 1000

bootstrap iterations. The classification of PMTV sequences

into groups was done as described previously [11]: RNA-

CP-I/II (RNA2-I/II in Ref. [11]) and RNA-TGB-A/B

(RNA3-A/B in Ref. [11]).

The codeml program in the PAML package version 4.6

[29] was used for likelihood ratio tests (LRTs) of positive

selection on the CP gene, RT domain and 8K gene. The

tests were performed separately on each gene, and only on

unique sequences. We considered different models of

codon evolution that allowed for variation in x among

codons but assumed the same distribution in all lineages: x
is the non-synonymous-to-synonymous rate ratio, (also

known as KA/KS or dn/ds); x \ 1 indicates negative se-

lection, x = 1 neutrality, and x [ 1 positive selection.

Unrooted phylogenies were constructed by the neighbor-

joining method in MEGA 5 [26] and used in the codeml

analyses. Three likelihood ratio tests (LRTs) were carried

out as described previously [1]. To study ongoing or more

recent selection, Tajima’s D tests [25] in DnaSP vs 5.10

[12] were carried out on all sequences for each gene

separately. A negative D value means a frequency spec-

trum skewed towards low-frequency alleles, whereas a

positive D value can be a result of an excess of interme-

diate-frequency alleles in the population.

The complete coding region of the CP gene (531 nt) was

characterized for 41 PMTV sequences from Sweden,

Denmark and the USA (Table 1). Comparisons including

20 published PMTV sequences showed high level of nt

sequence identity (98.3–100 %), and the deduced CP

amino acid (aa) sequences were 96.0 to 100 % identical.

Phylogenetic analysis of the CP gene (Fig. 2a) resulted in

two clusters (bootstrap value, 73 %); groups CP I and CP

II. No clear grouping of PMTV sequences according to

geographical origin was observed.

A part of the RT domain (1617 nt, nt position

1175–2791) was characterized for 35 sequences from

Sweden and Denmark (Table 1). None of them contained

deletions, as were previously reported to occur in this do-

main [21]. Alignment with 16 published sequences re-

vealed a high level of sequence identity, at 97.0–100 %,

and a similar result was obtained for the deduced aa se-

quences. Phylogenetic analysis (Fig. 2b) resulted in three
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Table 1 Sequences of potato

mop-top virus (PMTV) isolates

determined in this study

CP coat protein gene, RT read-

through domain, 8K gene for

cysteine-rich 8-kDa protein, nt

nucleotides, 30UTR 30

untranslated region
a Isolates were characterized

directly from infected potato

tubers. Isolates from the soil

were acquired using bait plants
b Two clones were included in

the analyses

Sample name Geographic origin Sourcea Collection year Sequenced region

Sweden

PMTV-[SE-K] Blekinge Tuber 2009 CP-RT, 8K?30UTR

PMTV-[SE-W] Dalarna Tuber 2007 CP-RT, 8K?30UTR

PMTV-[SE-X] Gävleborg Tuber 2008 CP-RT, 8K?30UTR

PMTV-[SE-I] Gotland Tuber 2008 CP-RT, 8K?30UTR

PMTV-[SE-N-1991] Halland Soil 1991 CP-RTb, 8K?30UTR

PMTV-[SE-N] Halland Soil 2006 CP-RT, 8K?30UTR

PMTV-[SE-Z] Jämtland Tuber 2009 CP-RT, 8K?30UTR

PMTV-[SE-F] Jönköping Tuber 2009 CP-RT, 8K?30UTR

PMTV-[SE-H] Kalmar Tuber 2009 CP-RT, 8K?30UTR

PMTV-[SE-G] Kronoberg Tuber 2009 CP-RT, 8K?30UTR

PMTV-[SE-T] Örebro Tuber 2009 CP-RT, 8K?30UTR

PMTV-[SE-E] Östergötland Soil 2006 CP-RT, 8K?30UTR

PMTV-[SE-M] Skåne Soil 2006 CP-RT, 8K?30UTR

PMTV-[SE-D] Södermanland Tuber 2009 CP-RT, 8K?30UTR

PMTV-[SE-AB] Stockholm Tuber 2009 CP-RT, 8K?30UTR

PMTV-[SE-C] Uppsala Tuber 2008 CP-RT, 8K?30UTR

PMTV-[SE-S] Värmland Tuber 2008 CP-RT, 8K?30UTR

PMTV-[SE-Y] Västernorrland Tuber 2008 CP-RT, 8K?30UTR

PMTV-[SE-U] Västmanland Tuber 2009 CP-RT, 8K?30UTR

PMTV-[SE-O] Västra Götaland Tuber 2007 CP-RT, 8K?30UTR

Denmark

54-5 Middle Jutland Soil 2000 CP-RT, 8K?30UTR

54-8 Northern Jutland Soil 2000 CP-RT, 8K?30UTR

54-10 Northern Jutland Soil 2000 CP-RT

54-11 Northern Jutland Soil 2000 CP-RT

54-12 Middle Jutland Soil 2000 CP-RT, 8K?30UTR

54-21 Middle Jutland Soil 2000 CP-RT, 8K?30UTR

54-23 Middle Jutland Soil 2000 CP-RT, 8K?30UTR

54-24 Funen Soil 2000 CP-RT, 8K?30UTR

54-26 Middle Jutland Soil 2000 CP-RT, 8K?30UTR

54-31 Middle Jutland Soil 2005 CP-RT, 8K?30UTR

54-35 Middle Jutland Soil 2005 CP-RT, 8K?30UTR

54-42 Middle Jutland Soil 2005 CP-RT, 8K?30UTR

54-43 Northern Jutland Soil 2006 CP-RT

54-44 Middle Jutland Soil 2006 CP-RT, 8K?30UTR

USA

1 Idaho Tuber 2009 CP, 8K

2 Idaho Tuber 2007 CP, 8K

3 Michigan Tuber 2007 CP, 8K

4 Michigan Tuber 2007 8K

5 Oregon Soil 2007 CP, 8K

7 Colorado Tuber 2007 8K

8 Colorado Tuber 2007 CP, 8K

9 Washington Tuber 2006 CP

10 Washington Tuber 2006 8K
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well-supported groups (bootstrap value, 98–99 %), with

the two Colombian sequences forming one group (group

RT III) and all European sequences and one from Japan

located in groups RT I and II. In groups RT I and RT II, no

distinct grouping could be found according to geographical

origin.

The 30-proximal part of RNA-TGB was amplified as a

single RT-PCR product, including the 8K gene (207 nt)

and the 30UTR (265 nt), and 39 sequences from Sweden,

Denmark and the USA were characterized (Table 1).

Comparisons including published sequences revealed a

high level of nt sequence identity for the 30UTR

(98.9–100 %), while the 8K gene was found to be more

variable (93.3–100 % identity). Also, the deduced 8K aa

sequences were variable (85.5–100 % identity), with 18 aa

differences at 15 positions. A phylogenetic analysis of the

8K nt sequences gave two well-supported groups (100 %

bootstrap), 8K-A and 8K-B (Fig. 2c), but without strict

geographic grouping. The aa sequences within the groups

8K-A and 8K-B were very similar (98.1–100 % and

98.6–100 % identity, respectively) whereas the two groups

differed at eight positions. Most differences were located in

the central highly hydrophobic region of the protein [13].

The translation start codon AUG (group 8K-A) for the 8K

protein was, in most sequences (8K-B), replaced by the

putatively less efficient GUG [11, 13].

Sequence analysis indicated the presence of two types of

RNA-CP (I and II) and RNA-TGB (A and B; Supple-

mentary Table 2). For RNA-CP, most sequences (22/34)

belonged to group II, both for the CP gene and the RT

domain. The sample PMTV-[SE-C] contained the combi-

nation of RNA-CP II for the CP gene and RNA-CP I for the

RT domain. Both RNA-CP I and II were found for the soil

sample PMTV-[SE-N-1991]. Previously, analysis of a part

of the RT domain of 21 Danish RNA-CP sequences re-

sulted in the identification of two restrictotypes: A and B

[16]. In the present study, extended sequence analysis of

eight of these isolates showed the same division into two

types, with RNA-CP I corresponding to type A and RNA-

CP II to type B. RNA-TGB was of type B in most samples

(37/39). No mixes of types A and B of RNA-TGB were

found. The combination RNA-CP II/RNA-TGB B was

found to be the most common (20/31), and RNA-CP

I/RNA-TGB B was found in eight samples. No combina-

tion of RNA-CP or RNA-TGB was correlated with the

virus sources (tuber/soil) or existence/lack of spraing

symptoms. The presence of different RNA molecule

combinations suggests mixed PMTV infections, which

may lead to reassortment. Exchange of segments might be

advantageous for the virus, but it can also lead to a loss of

capability for specific interactions [6]. This may explain

the predominance of a single combination of RNA-CP and

RNA-TGB [11].

For the 8K gene, 68 codons were analysed, with 54

sequences included in the analysis, of which 18 sequences

were unique (33 %). On average, there were 0.41 substi-

tutions per codon, and with an overall x ratio of 1.10, the

sequences appeared to be neutrally evolving. For the CP

gene, 176 codons and 59 sequences were analysed, of

which 27 sequences were unique (46 %). On average, there

were 0.24 substitutions per codon, and the x ratio was

0.77, indicating that this gene was evolving under weak

negative selection. For the RT gene, 538 codons and 51

sequences were analysed, of which 44 sequences were

unique (86 %). On average, there were 0.26 substitutions

per codon, and the x ratio of 0.35 suggests this gene was

evolving under negative selection. As expected based on

the low overall x ratios, none of the alternative models

(M2a and M8) provided a significantly better fit to the data

than the null models (M1a, M7 and M8a). There were 24

segregating sites among the 58 8K gene sequences, with

synonymous and nonsynonymous substitutions at 9 and 15

TGB1
8K

TGB3
TGB2

CP RT 

RNA-TGB

RNA-CP 5’

5’

3’

3’

3134 nt

2964 nt

1248 nt
1981 nt

386 nt

544 nt

561 nt*

Fig. 1 Organization of genome components RNA-CP and RNA-

TGB of potato mop-top virus (PMTV). Dashed lines represent the

cloned and sequenced parts of RNA-CP (two overlapping fragments

of 1248 nt and 1981 nt; a fragment of 561 nt was amplified for

isolates USA-1, USA-3 and USA-9) and RNA-TGB (544 nt). Genes

are indicated by boxes. Translational readthrough of the stop codon is

indicated by a small arrow. CP, coat protein; RT, readthrough

domain; TGB1-3, triple gene block proteins; 8K, 8K protein
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sites, respectively. The pairwise nucleotide diversity (p)

was 16.35 9 10-3, theta (h) was 25.42 9 10-3, and the

value obtained by Tajima’s D test was non-significantly

negative (D = -1.38). Among the 59 CP gene sequences,

there were 37 segregating sites, of which 13 were syn-

onymous and 24 were nonsynomymous. p was

4.71 9 10-3 and h was 15.90 9 10-3. The value obtained

by Tajima’s D test was significantly negative (D = -2.37,

p \ 0.01), which means that there is a significant over-

representation of low-frequency alleles for the CP gene.

There were 120 segregating sites among the 51 RT domain

sequences, of which 66 were synonymous and 54 non-

synonymous. p was 8.59 9 10-3, h was 16.13 9 10-3 and

the value obtained by Tajima’s D test was non-significantly

negative (D = -1.76).

The results of this study confirm the previously observed

limited diversity of PMTV and extend the known distri-

bution of PMTV in the USA to the states of Oregon,

Colorado and Michigan. According to the phylogenetic

analysis, there is no strict geographical grouping for iso-

lates from Europe, Asia and North America, which indi-

cates that there have been only a few introductions from the

Andes. This is in agreement with a recent study on the

vector S. subterranea [7] in which its genetic diversity was

found to be high in South America but low in other parts of

the world. It has been suggested that S. subterranea

originated in South America and was then imported with

potato into Europe, from where it was subsequently dis-

seminated to other parts of the world [7].

As found previously [11], the presence of spraing

symptoms was not correlated with the type of RNA-TGB,

and it is likely that all PMTV genotypes are able to induce

spraing. The 8K protein sequence was highly variable,

indicating a high degree of sequence flexibility. The like-

lihood ratio tests showed no significant positive selection

for this gene, indicating only a low frequency of non-

synonymous changes. However, the 8K protein appears to

be less conserved between the two distinct groups. This has

also been observed for other proteins with silencing sup-

pressor activities, such as 16K of tobacco rattle virus and

p14 of beet necrotic yellow vein virus [4, 18]. Because the

8K protein acts as a virulence factor [13], the differences

b Fig. 2 Phylogenetic analysis showing predicted relationships be-

tween potato mop-top virus (PMTV) isolates based on nucleotide

sequences: (a) complete coat protein gene (531 nt), (b) partial

readthrough region (1617 nt), (c) complete 8K gene (207 nt).

Sequences determined in this study are indicated in bold. Horizontal

lines are in proportion to the number of nucleotide substitutions

between branch nodes. Numbers represent the bootstrap values out of

1000 replicates. Only bootstrap values above 50 % are shown.

Sequence accession numbers are indicated on the trees. The scale

shows substitutions per site
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may affect host adaption of PMTV isolates, which is of

interest for future studies.

Acknowledgments The authors thank Dr. Paula Persson, Ms. Rue

Snell, Dr. Willie Kirk and Dr. Jonathan Whitworth for providing

samples. Financial support from the Nordic Joint Committee for

Agricultural Research (grant no. NKJ-122), Swedish Farmers’

Foundation for Agricultural Research, Kungliga Fysiografiska Säll-

skapet i Lund and The Viikki Doctoral Programme of Molecular

Sciences is gratefully acknowledged.

References

1. Berlin S, Smith NGC (2005) Testing for adaptive evolution of the

female reproductive protein ZPC in mammals, birds and fishes

reveals problems with the M7-M8 likelihood ratio test. BMC

Evol Biol 5:65

2. Beuch U, Persson P, Edin E, Kvarnheden A (2014) Necrotic

diseases caused by viruses in Swedish potato tubers. Plant Pathol

63:667–674

3. Crosslin JM, Hamm PB, Hane DC, Jaeger J, Brown CR, Shiel PJ,

Berger PH, Thornton RE (2006) The occurrence of PVYO, PVYN,

and PVYN:O strains of Potato virus Y in certified potato seed lot

trials in Washington and Oregon. Plant Dis 90:1102–1105

4. Crosslin JM, Hamm PB, Kirk WW, Hammond RW (2010)

Complete genomic sequence of a Tobacco rattle virus isolate

from Michigan-grown potatoes. Arch Virol 155:621–625

5. Crosslin JM (2011) First report of Potato mop-top virus on

potatoes in Washington State. Plant Dis 95:1483

6. Fraile A, AlonsoPrados JL, Aranda MA, Bernal JJ, Malpica JM,

Garcia-Arenal F (1997) Genetic exchange by recombination or

reassortment is infrequent in natural populations of a tripartite

RNA plant virus. J Virol 71:934–940

7. Gau RD, Merz U, Falloon RE, Brunner PC (2013) Global ge-

netics and invasion history of the potato powdery scab pathogen,

Spongospora subterranea f. sp. subterranea. PLoS One 8:e67944

8. Gil JF, Gutierrez PA, Cotes JM, Gonzalez EP, Marin M (2011)

Genotypic characterization of Colombian isolates of Potato mop-

top virus (PMTV, Pomovirus). Actual Biol 33:69–84

9. Hu XX, Lei Y, Xiong XY, He CZ, Liu MY, Nie XZ (2013)

Identification of Potato mop-top virus (PMTV) in potatoes in

China. Can J Plant Pathol 35:402–406

10. Kashiwazaki S, Scott KP, Reavy B, Harrison BD (1995) Se-

quence analysis and gene content of potato mop-top virus RNA 3:

further evidence of heterogeneity in the genome organization of

furoviruses. Virology 206:701–706

11. Latvala-Kilby S, Aura JM, Pupola N, Hannukkala A, Valkonen

JPT (2009) Detection of Potato mop-top virus in potato tubers

and sprouts: combinations of RNA2 and RNA3 variants and in-

cidence of symptomless infections. Phytopathology 99:519–531

12. Librado P, Rozas J (2009) DnaSP v5: a software for compre-

hensive analysis of DNA polymorphism data. Bioinformatics

25:1451–1452

13. Lukhovitskaya NI, Yelina NE, Zamyatnin AA Jr, Schepetilnikov

MV, Solovyev AG, Sandgren M, Morozov SY, Valkonen JPT,

Savenkov EI (2005) Expression, localization and effects on

virulence of the cysteine-rich 8 kDa protein of Potato mop-top

virus. J Gen Virol 86:2879–2889

14. Lukhovitskaya NI, Thaduri S, Garushyants SK, Torrance L,

Savenkov EI (2013) Deciphering the mechanism of defective

interfering RNA (DI RNA) biogenesis reveals that a viral protein

and the DI RNA act antagonistically in virus infection. J Virol

87:6091–6103

15. Mayo MA, Torrance L, Cowan G, Jolly CA, Macintosh SM,

Orrega R, Barrera C, Salazar LF (1996) Conservation of coat

protein sequence among isolates of potato mop-top virus from

Scotland and Peru. Arch Virol 141:1115–1121

16. Nielsen SL, Nicolaisen M (2003) Identification of two nucleotide

sequence sub-groups within Potato mop-top virus. Arch Virol

148:381–388

17. Reavy B, Arif M, Cowan GH, Torrance L (1998) Association of

sequences in the coat protein/readthrough domain of potato mop-

top virus with transmission by Spongospora subterranea. J Gen

Virol 79:2343–2347

18. Saito M, Kiguchi T, Kusume T, Tamada T (1996) Complete

nucleotide sequence of the Japanese isolate S of beet necrotic

yellow vein virus RNA and comparison with European isolates.

Arch Virol 141:2163–2175

19. Samuilova O, Santala J, Valkonen JPT (2013) Tyrosine phos-

phorylation of the triple gene block protein 3 regulates cell-to-cell

movement and protein interactions of Potato mop-top virus.

J Virol 87:4313–4321

20. Sandgren M (1995) Potato mop-top virus (PMTV): Distribution

in Sweden, development of symptoms during storage and cultivar

trials in field and glasshouse. Potato Res 38:387–397

21. Sandgren M, Savenkov EI, Valkonen JPT (2001) The read-

through region of Potato mop-top virus (PMTV) coat protein

encoding RNA, the second largest RNA of PMTV genome, un-

dergoes structural changes in naturally infected and experimen-

tally inoculated plants. Arch Virol 146:467–477

22. Santala J, Samuilova O, Hannukkala A et al (2010) Detection,

distribution and control of Potato mop-top virus, a soil-borne

virus, in northern Europe. Ann Appl Biol 157:163–178

Fig. 2 continued

1350 U. Beuch et al.

123



23. Savenkov EI, Sandgren M, Valkonen JPT (1999) Complete se-

quence of RNA 1 and the presence of tRNA-like structures in all

RNAs of Potato mop-top virus, genus Pomovirus. J Gen Virol

80:2779–2784

24. Savenkov EI, Germundsson A, Zamyatnin AA, Sandgren M,

Valkonen JPT (2003) Potato mop-top virus: the coat protein-

encoding RNA and the gene for cysteine-rich protein are dis-

pensable for systemic virus movement in Nicotiana benthamiana.

J Gen Virol 84:1001–1005

25. Tajima F (1989) Statistical method for testing the neutral muta-

tion hypothesis by DNA polymorphism. Genetics 123:585–595

26. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S

(2011) MEGA5: molecular evolutionary genetics analysis using

maximum likelihood, evolutionary distance, and maximum par-

simony methods. Mol Biol Evol 28:2731–2739

27. Whitworth JL, Crosslin JM (2013) Detection of Potato mop top

virus (Furovirus) on potato in southeast Idaho. Plant Dis 97:149

28. Xu H, DeHaan TL, De Boer SH (2004) Detection and confir-

mation of Potato mop-top virus in potatoes produced in the

United States and Canada. Plant Dis 88:363–367

29. Yang Z (2007) PAML 4: phylogenetic analysis by maximum

likelihood. Mol Biol Evol 24:1586–1591

Diversity and evolution of potato mop-top virus 1351

123


	Diversity and evolution of potato mop-top virus
	Abstract
	Acknowledgments
	References


