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Abstract

Genomoviruses (family Genomoviridae) are circular single-stranded DNA viruses that have been mainly identified through 

metagenomics studies in a wide variety of samples from various environments. Here, we describe 98 genomes of genomovi-

ruses found associated with members of 19 plant families from Australia, Brazil, France, South Africa and the USA. These 

98 genomoviruses represent 29 species, 26 of which are new, in the genera Gemykolovirus (n = 37), Gemyduguivirus (n = 

9), Gemygorvirus (n = 8), Gemykroznavirus (n = 6), Gemycircularvirus (n = 21) and Gemykibivirus (n = 17).

The family Genomoviridae was established in 2016 [15] 

following the identification and characterization of the 

single-stranded DNA (ssDNA) virus Sclerotinia sclerotio-

rum hypovirulence-associated DNA virus 1 (SsHADV-1) 

[24] and further isolation of several similar sequences from 

a wide variety of samples [22] including plants [3, 5, 6, 9, 

14, 16, 18, 19]. SsHADV-1 was found infecting and causing 
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hypovirulence in the plant fungal pathogen Sclerotinia scle-

rotiorum and currently is the only genomovirus that has been 

experimentally associated with a host; the other isolated 

genomoviruses have no further host confirmation. The fam-

ily Genomoviridae has been divided into nine genera based 

on the phylogeny of their replication-associated protein 

(Rep) amino acid sequence. These genera are Gemycircu-

larvirus, Gemyduguivirus, Gemygorvirus, Gemykibivirus, 

Gemykolovirus, Gemykrogvirus, Gemykroznavirus, Gemy-

tondvirus and Gemyvongvirus [22].

Genomovirus genomes are circular, between ~2.0 and 

2.3 kb in length, and have at least three large open reading 

frames (ORFs). These ORFs encode a Rep on the comple-

mentary-sense genome strand that is likely expressed from 

a spliced transcript, a putative RepA protein on the comple-

mentary strand, and a putative capsid protein (CP) on the 

virion strand. The Reps of genomoviruses are evolutionarily 

most closely related to those of plant-infecting viruses of 

the family Geminiviridae [22]. Unlike geminiviruses, how-

ever, genomoviruses have no recognizable movement protein 

genes, and their capsid proteins (CPs) have no easily detect-

able homology to those of any other classified viruses [25].

While the vast majority of known plant viruses have 

been discovered in cultivated plants, less is known about 

the diversity and pathogenicity of viruses infecting non-

cultivated plants (i.e., wild plants, including weeds) [23]. 

Additional information on the diversity of viruses associated 

with non-cultivated plants will provide critical new informa-

tion on the ecology and evolution of plant viruses beyond 

the few cultivars tested to date.

In this study, we report the identification of 98 genomovi-

rus genomes associated with 88 plant samples representing 

19 plant families collected between 2008 and 2018 in Aus-

tralia, Brazil, France, South Africa and the USA (Table 1). In 

the Western Cape Region of South Africa, plants were sam-

pled randomly between 2010 and 2012 regardless of infec-

tion symptoms within a 4.5 km × 4.5 km plot [2]. In North-

east Brazil, both viral symptomatic and asymptomatic plants 

were collected between 2008 and 2015. In Australia, France 

and the USA, plants were opportunistically sampled regard-

less of symptoms. The genera and species of sampled plants 

were identified by expert botanists and from the sequences 

obtained by high-throughput sequencing. The virion-associ-

ated nucleic acids (VANA) method was used to process the 

samples collected in South Africa as described previously 

[2, 10]. Total DNA from the Australian, Brazilian, French 

and US samples was extracted using the Dellaporta method 

[7] and enriched for small circular DNA molecules by roll-

ing-circle amplification (RCA) using TempliPhi (GE Health-

care, USA). RCA products were pooled according to sam-

pling location and the taxonomic plant family from which 

the samples were obtained, and these pooled samples were 

then sequenced at Macrogen Inc. (South Korea) using the 

Illumina HiSeq 2500 platform with 2 × 150 bp paired-end 

sequencing. The paired-end reads were assembled de novo 

using ABySS 2.0 [12], and contigs > 750 nt were compared 

to the viral GenBank sequence database using BLASTx 

[1]. Abutting primers were designed for contigs displaying 

detectable homology to known genomoviruses, and these 

were used to recover the full genomovirus genomes using 

PCR employing Kapa Hotstart HiFi polymerase (Kapa Bio-

systems, USA) and RCA products from the different plant 

samples as templates with the thermal cycler conditions rec-

ommended by Kapa Biosystems and an annealing tempera-

ture of 60 °C. Amplicons of ~2 kb were resolved on a 0.7% 

agarose gel, excised, and eluted using a MEGAquick-spinTM 

Total Fragment DNA Purification Kit (iNtRON Biotechnol-

ogy, South Korea). The resulting DNA fragments were then 

cloned in pJET 1.2 (Thermo Fisher Scientific, USA), and 

the corresponding recombinant plasmid was sequenced by 

the Sanger method at Macrogen Inc. (South Korea). Finally, 

Geneious v11.1.4 [13] was used to assemble the sequence 

and annotate the genomovirus genome sequences.

All 416 full-length genomovirus genome sequences avail-

able in GenBank on the  1st of February 2020 were analyzed 

together with the 98 genome sequences determined in this 

study. Genome-wide pairwise nucleotide sequence identities, 

and pairwise amino acid sequence identities of Rep and CP 

were determined using SDT v1.2 [20]. The 98 genomovirus 

genomes represent 29 species (26 of which are new) based 

on the currently accepted genomovirus pairwise nucleotide 

sequence identity species demarcation threshold of 78% [22] 

(Supplementary Table 1 and Supplementary Table 2). The 

genomoviruses recovered in this study have been tentatively 

named” plant-associated genomovirus (PaGmV) 1 - 29”. 

These new PaGmV sequences range in size from ~2.1-2 to 

4 kb and, as with other known genomoviruses, have a con-

served nonanucleotide within their intergenic regions that 

is the likely origin of virion-strand replication (Table 1). 

Also, as with other known genomovirus sequences, the new 

sequences also encode a probable CP on their presumed 

virion strand and both a putatively spliced Rep and a RepA 

on their presumed complementary strands.

A maximum-likelihood phylogenetic tree was inferred 

from the aligned Rep sequences using PHYML [11] with 

the rtRev+G amino acid substitution model (determined to 

be the best-fitting model by ProtTest [4]). Branches with 

approximate likelihood ratio test (aLRT) support <0.8 

were collapsed using TreeGraph 2 [21]. Geminivirus Rep 

sequences were used to root the phylogenetic tree. The 

resulting phylogenetic tree shows that the PaGmVs could 

be classified as belonging to six out of the nine recognized 

genomovirus genera. PaGmV 7-10 (n = 37) were tentatively 

assigned to the genus Gemykolovirus, PaGmV 4-5 (n = 9) 

to the genus Gemyduguivirus, PaGmV 1 and 26 (n = 8) to 

the genus Gemygorvirus, and PaGmV 23-24 (n = 6) to the 



2893Diverse genomoviruses of 29 species associated with plants

1 3

Ta
b

le
 1

 
 In

fo
rm

at
io

n
 a

b
o
u
t 

th
e 

9
8
 g

en
o
m

o
v
ir

u
se

s 
re

co
v
er

ed
 i

n
 t

h
is

 s
tu

d
y,

 i
n
cl

u
d
in

g
 t

h
ei

r 
ac

ce
ss

io
n
 n

u
m

b
er

s.
 F

o
r 

ea
ch

 g
en

o
m

e,
 t

h
e 

co
u
n
tr

y,
 y

ea
r 

o
f 

co
ll

ec
ti

o
n
, 

as
so

ci
at

ed
 p

la
n
t 

g
en

u
s 

an
d
 f

am
il

y
 

ar
e 

g
iv

en
. 
A

ls
o
 p

re
se

n
te

d
 a

re
 t

h
e 

n
o
n
an

u
cl

eo
ti

d
e 

se
q
u
en

ce
 a

t 
th

e 
p
re

su
m

ed
 o

ri
g
in

 o
f 

v
ir

io
n
-s

tr
an

d
 r

ep
li

ca
ti

o
n
 a

n
d
 t

h
e 

in
fe

rr
ed

 R
ep

 m
o
ti

fs
 n

ec
es

sa
ry

 f
o
r 

en
d
o
n
u
cl

ea
se

 a
n
d
 h

el
ic

as
e 

ac
ti

v
it

y

A
cc

es
si

o
n
 

n
u
m

b
er

P
la

n
t 

g
en

o
m

o
v
ir

u
s

C
o
ll

ec
-

ti
o
n
 y

ea
r

C
o
u
n
tr

y
P

la
n
t 

sp
ec

ie
s

P
la

n
t 

fa
m

il
y

N
o
n
an

u
cl

eo
-

ti
d
e

M
o
ti

f 
I

M
o
ti

f 
II

G
R

S
M

o
ti

f 
II

I
W

al
k
er

 A
W

al
k
er

 B
M

o
ti

f 
C

G
em

yc
ir

cu
la

rv
ir

u
s

M
H

9
3
9
3
8
4

P
aG

m
V

  1
1

*
2
0
1
7

U
S

S
o
la

n
ac

ea
e 

sp
.

S
o
la

n
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

I
H
L
H
V

D
V
F
D
V
G
G
C
H
P
N
V
K
K
C
G

Y
A
I
K

G
E
S
R
L
G
K
T

V
F
D
D
M

W
L
A
N

M
H

9
3
9
4
2
5

P
aG

m
V

 1
2

2
0
1
7

U
S

L
a

rr
ea

 t
ri

d
en

-

ta
ta

Z
y
g
o
p
h
y
l-

la
ce

ae

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

T
H
L
H
V

N
F
F
D
V
G
G
H
H
P
N
I
T
P
S
R

Y
A
V
K

G
P
S
R
L
G
K
T

V
F
D
D
M

W
L
A
N

M
H

9
3
9
4
2
7

P
aG

m
V

  1
3

*
2
0
1
2

Z
A

W
il

ld
en

o
w

ia
 

sp
.

R
es

ti
o
n
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
S
Q

T
H
L
H
V

D
Y
F
D
V
Q
G
H
H
P
N
I
V
P
S
R

Y
A
T
K

G
A
S
R
L
G
K
T

V
F
D
D
M

W
L
A
N

M
H

9
3
9
4
3
4

P
aG

m
V

  1
3

*
2
0
1
2

Z
A

A
sp

a
ra

g
u
s 

d
ec

li
n
a

tu
s

A
sp

ar
ag

ac
ea

e
T
A
A
 C
A
C
 T
G
T
 
L
L
T
Y
S
Q

T
H
L
H
V

D
Y
F
D
V
Q
G
H
H
P
N
I
V
P
S
R

Y
A
T
K

E
A
S
D
L
M
P
T

V
F
D
D
M

W
L
A
N

M
H

9
3
9
4
5
2

P
aG

m
V

  1
4

*
2
0
1
2

Z
A

H
o
rd

eu
m

 

m
u
ri

n
u
m

P
o
ac

ea
e

T
A
A
 C
A
C
 T
G
T
 
L
L
T
Y
A
Q

T
H
L
H
V

D
V
F
D
V
D
G
C
H
P
N
I
V
P
S
R

Y
A
V
K

G
A
S
R
L
G
K
T

I
F
D
D
M

W
L
A
N

M
H

9
3
9
3
7
7

P
aG

m
V

  1
5

*
2
0
0
8

B
R

P
h
a

se
o
lu

s 

lu
n
a

tu
s

L
eg

u
m

in
o
sa

e
T
A
A
 C
A
C
 T
G
T
 
L
L
T
Y
S
Q

I
H
L
H
C

D
I
F
D
V
D
G
R
H
P
N
I
V
G
S
Y

Y
A
I
K

G
N
S
R
T
G
K
T

I
F
D
D
I

W
L
S
N

M
H

9
3
9
3
7
8

P
aG

m
V

  1
5

*
2
0
0
8

B
R

Ip
o
m

o
ea

 

b
a

ta
ta

s

C
o
n
v
o
lv

u
-

la
ce

ae

T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
S
Q

I
H
L
H
C

D
I
F
D
V
D
G
R
H
P
N
I
V
G
S
Y

Y
A
I
K

G
N
S
R
T
G
K
T

I
F
D
D
I

W
L
S
N

M
H

9
3
9
3
7
9

P
aG

m
V

  1
5

*
2
0
0
8

B
R

P
h
a

se
o
lu

s 

vu
lg

a
ri

s

L
eg

u
m

in
o
sa

e
T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
S
Q

I
H
L
H
C

D
I
F
D
V
D
G
R
H
P
N
I
V
G
S
Y

Y
A
I
K

G
N
S
R
T
G
K
T

I
F
D
D
I

W
L
S
N

M
H

9
3
9
3
8
0

P
aG

m
V

  1
5

*
2
0
0
8

B
R

Ip
o
m

o
ea

 a
lb

a
C

o
n
v
o
lv

u
-

la
ce

ae

T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
A
Q

L
H
L
H
C

D
I
F
D
V
D
G
R
H
P
N
I
E
Q
S
Y

Y
A
I
K

G
N
S
R
T
G
K
T

I
F
D
D
I

W
I
S
N

M
H

9
3
9
3
9
6

P
aG

m
V

  1
6

*
2
0
1
2

Z
A

P
h
a

la
ri

s 

m
in

o
r

P
o
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
L
I
T
Y
S
Q

L
H
L
H
V

D
I
L
D
V
D
G
R
H
A
N
V
E
P
S
A

Y
A
I
K

G
G
T
 R
T
G
 K
T

V
F
D
D
I

W
V
C
N

M
H

9
3
9
3
9
7

P
aG

m
V

  1
7

*
2
0
1
2

Z
A

S
a

rc
o
co

rn
ia

 

p
er

en
n
is

A
m

ar
an

-

th
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
V
T
Y
A
Q

L
H
L
H
V

D
I
L
D
V
D
G
R
H
P
N
L
A
P
I
K

Y
A
I
K

G
R
S
R
T
G
K
T

V
F
D
D
I

W
V
C
N

M
H

9
3
9
4
3
2

P
aG

m
V

  1
8

*
2
0
1
2

Z
A

A
ve

n
a

 s
a

ti
va

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
C

D
V
F
D
V
E
G
R
H
P
N
I
S
P
S
K

Y
A
I
K

G
E
S
R
T
G
K
T

V
F
D
D
L

Y
L
A
N

M
H

9
3
9
4
4
7

P
aG

m
V

  1
8

*
2
0
1
2

Z
A

A
ve

n
a

 s
a

ti
va

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
C

D
V
F
D
V
E
G
R
H
P
N
I
S
P
S
K

Y
A
I
K

G
E
S
I
T
G
K
T

V
F
D
D
L

Y
L
A
N

M
H

9
3
9
4
4
8

P
aG

m
V

  1
8

*
2
0
1
2

Z
A

A
ve

n
a

 s
a

ti
va

P
o
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
C

D
V
F
D
V
E
G
R
H
P
N
I
S
P
S
K

Y
A
I
K

G
E
S
R
T
G
K
T

V
F
D
D
L

Y
L
A
N

M
H

9
3
9
4
5
1

P
aG

m
V

  1
8

*
2
0
1
2

Z
A

R
a

p
h
a

n
u
s 

sp
.

B
ra

ss
ic

ac
ea

e
T
A
A
 C
A
T
 T
G
T
 
L
L
T
Y
A
Q

V
H
L
H
C

D
V
F
D
V
E
G
R
H
P
N
I
S
P
S
K

Y
A
I
K

G
E
S
R
T
G
K
T

V
F
D
D
L

Y
L
A
N

M
H

9
3
9
4
4
6

P
aG

m
V

  1
9

*
2
0
1
2

Z
A

D
is

ch
is

m
a

 

ca
p

it
a

tu
m

S
cr

o
p
h
u
la

ri
-

ac
ea

e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
P
Q

I
H
L
H
C

R
A
F
D
V
E
G
H
H
P
N
V
S
P
S
K

Y
A
T
K

G
Q
S
R
L
G
K
T

I
F
D
D
I

F
G
C
Q

M
H

9
3
9
4
3
1

P
aG

m
V

  2
0

*
2
0
1
2

Z
A

L
eb

ec
ki

a
 s

p
.

L
eg

u
m

in
o
sa

e
T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
S
Q

I
H
F
H
A

R
D
W
D
I
E
G
I
H
P
N
I
K
K
G
G

Y
A
C
K

G
E
S
R
L
G
K
T

V
F
D
D
I

W
V
A
N

M
H

9
3
9
4
3
6

P
aG

m
V

  2
1

*
2
0
1
2

Z
A

A
sp

a
ra

g
u
s 

sp
.

A
sp

ar
ag

ac
ea

e
T
A
A
 T
G
T
 T
A
T
 
L
F
T
Y
A
H

V
H
Y
H
V

D
C
F
D
V
A
G
F
H
P
N
I
V
A
S
R

Y
A
I
K

G
D
T
K
L
G
K
T

V
F
D
D
I

W
V
A
N

M
H

9
3
9
4
4
2

P
aG

m
V

  2
2

*
2
0
1
2

Z
A

H
yp

o
ch

a
er

is
 

sp
.

A
st

er
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
V
T
Y
S
H

I
H
Y
H
V

D
I
F
D
V
H
G
F
H
P
N
I
N
P
S
R

Y
V
I
K

G
P
T
R
T
G
K
T

I
F
D
D
I

W
V
S
N

M
H

9
3
9
4
4
5

P
aG

m
V

  2
2

*
2
0
1
2

Z
A

T
ri

b
o
li

u
m

 

u
n
io

la
e

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
V
T
Y
S
H

I
H
Y
H
V

D
I
F
D
V
H
G
F
H
P
N
I
N
P
S
R

Y
V
I
K

G
P
T
R
T
G
K
T

I
F
D
D
I

W
V
S
N

M
K

9
4
7
3
7
2

P
aG

m
V

  2
5

*
2
0
1
8

F
R

O
p

u
n
ti

a
 s

p
.

C
ac

ta
ce

ae
T
A
A
 T
G
T
 T
A
T
 
L
I
T
Y
A
Q

I
H
L
H
A

T
V
F
D
V
G
G
C
H
P
N
I
E
K
S
R

Y
A
I
K

G
G
S
Q
L
G
K
T

I
M
D
D
I

W
C
C
N



2894 R. S. Fontenele et al.

1 3

Ta
b

le
 1

 
 (c

o
n
ti

n
u
ed

)

A
cc

es
si

o
n
 

n
u
m

b
er

P
la

n
t 

g
en

o
m

o
v
ir

u
s

C
o
ll

ec
-

ti
o
n
 y

ea
r

C
o
u
n
tr

y
P

la
n
t 

sp
ec

ie
s

P
la

n
t 

fa
m

il
y

N
o
n
an

u
cl

eo
-

ti
d
e

M
o
ti

f 
I

M
o
ti

f 
II

G
R

S
M

o
ti

f 
II

I
W

al
k
er

 A
W

al
k
er

 B
M

o
ti

f 
C

G
em

yd
u

g
u

iv
ir

u
s

M
H

9
3
9
3
7
0

P
aG

m
V

  4
*

2
0
1
5

B
R

M
a

cr
o
p
ti

li
u
m

 

sp
.

L
eg

u
m

in
o
sa

e
T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
P
Q

T
H
Y
H
A

R
I
F
D
V
D
G
H
H
P
N
I
L
R
G
R
 
Y
A
T
K

G
P
S
R
T
G
K
T

V
F
D
D
I

W
C
N
N

M
H

9
3
9
4
1
7

P
aG

m
V

  5
*

2
0
0
8

B
R

A
p
o
cy

n
ac

ea
e 

sp
.

A
p
o
cy

n
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

T
H
Y
H
A

R
I
F
D
I
D
T
Y
H
P
N
I
L
R
G
R
 
Y
A
T
K

G
P
S
R
T
G
K
T

V
F
D
D
I

W
C
N
N

M
H

9
3
9
4
1
8

P
aG

m
V

  5
*

2
0
0
8

B
R

V
ig

n
a

 s
p
.

L
eg

u
m

in
o
sa

e
T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

T
H
Y
H
A

R
I
F
D
I
D
T
Y
H
P
N
I
L
R
G
R
 
Y
A
T
K

G
P
S
R
T
G
K
T

V
F
D
D
I

W
C
N
N

M
H

9
3
9
4
1
9

P
aG

m
V

  5
*

2
0
0
8

B
R

M
er

re
m

ia
 

a
eg

ip
ti

a

C
o
n
v
o
lv

u
-

la
ce

ae

T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
A
Q

T
H
Y
H
A

R
I
F
D
I
D
T
Y
H
P
N
I
L
R
G
R
 
Y
A
T
K

G
P
S
R
T
G
K
T

V
F
D
D
I

W
C
N
N

M
H

9
3
9
4
2
0

P
aG

m
V

  5
*

2
0
0
8

B
R

P
h
a

se
o
lu

s 

lu
n
a

tu
s

L
eg

u
m

in
o
sa

e
T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
A
Q

T
H
Y
H
A

R
I
F
D
I
D
T
Y
H
P
N
I
L
R
G
R
 
Y
A
T
K

G
P
S
R
T
G
K
T

V
F
D
D
I

W
C
N
N

M
H

9
3
9
4
2
1

P
aG

m
V

  5
*

2
0
0
8

B
R

C
o
n
yz

a
 b

o
n
a

r-

ie
n
si

s

A
st

er
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
A
Q

T
H
Y
H
A

R
I
F
D
I
D
T
Y
H
P
N
I
L
R
G
R
 
Y
A
T
K

G
P
S
R
T
G
K
T

V
F
D
D
I

W
C
N
N

M
H

9
3
9
4
2
2

P
aG

m
V

  5
*

2
0
0
8

B
R

A
p
o
cy

n
ac

ea
e 

sp
.

A
p
o
cy

n
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
A
Q

T
H
Y
H
A

R
I
F
D
I
D
T
Y
H
P
N
I
L
R
G
R
 
Y
A
T
K

G
P
S
R
T
G
K
T

V
F
D
D
I

W
C
N
N

M
H

9
3
9
4
2
3

P
aG

m
V

  5
*

2
0
0
8

B
R

A
p
o
cy

n
ac

ea
e 

sp
.

A
p
o
cy

n
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
A
Q

T
H
Y
H
A

R
I
F
D
I
D
T
Y
H
P
N
I
L
R
G
R
 
Y
A
T
K

G
P
S
R
T
G
K
T

V
F
D
D
I

W
C
N
N

M
H

9
3
9
4
2
4

P
aG

m
V

  5
*

2
0
0
8

B
R

A
p
o
cy

n
ac

ea
e 

sp
.

A
p
o
cy

n
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
A
Q

T
H
Y
H
A

R
I
F
D
I
D
T
Y
H
P
N
I
L
R
G
R
 
Y
A
T
K

G
P
S
R
T
G
K
T

V
F
D
D
I

W
C
N
N

G
em

yg
o
rv

ir
u

s

M
H

9
3
9
3
6
1

P
aG

m
V

  1
*

2
0
1
5

B
R

P
o
ac

ea
e 

sp
.

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
F
T
Y
A
Q

T
H
L
H
A

R
R
F
D
V
D
G
F
H
P
N
V
S
P
S
R

Y
A
I
K

G
P
T
R
T
G
K
T

I
F
D
D
M

W
L
S
N

M
H

9
3
9
3
6
2

P
aG

m
V

  1
*

2
0
1
5

B
R

S
ty

lo
sa

n
th

es
 

sp
.

L
eg

u
m

in
o
sa

e
T
A
A
 T
G
T
 T
A
T
 
L
F
T
Y
A
Q

T
H
L
H
A

R
R
F
D
V
D
G
F
H
P
N
V
S
P
S
R

Y
A
I
K

G
P
T
R
T
G
K
T

I
F
D
D
M

W
L
S
N

M
H

9
3
9
3
6
7

P
aG

m
V

  1
*

2
0
1
5

B
R

P
o
ac

ea
e 

sp
.

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
F
T
Y
A
Q

T
H
L
H
A

R
R
F
D
V
D
G
F
H
P
N
V
S
P
S
R

Y
A
I
K

G
P
T
R
T
G
K
T

I
F
D
D
M

W
L
S
N

M
H

9
3
9
3
6
8

P
aG

m
V

  1
*

2
0
1
5

B
R

S
ty

lo
sa

n
th

es
 

sp
.

L
eg

u
m

in
o
sa

e
T
A
A
 T
G
T
 T
A
T
 
L
F
T
Y
A
Q

T
H
L
H
A

R
R
F
D
V
D
G
F
H
P
N
V
S
P
S
R

Y
A
I
K

G
P
T
R
T
G
K
T

I
F
D
D
M

W
L
S
N

M
H

9
3
9
3
7
1

P
aG

m
V

  1
*

2
0
1
5

B
R

M
a

n
ih

o
t 

sp
.

E
u
p
h
o
rb

i-

ac
ea

e

T
A
A
 T
G
T
 T
A
T
 
L
F
T
Y
A
Q

T
H
L
H
A

R
R
F
D
V
D
G
F
H
P
N
V
S
P
S
R

Y
A
I
K

G
P
T
R
T
G
K
T

V
F
D
D
M

W
L
S
N

M
H

9
3
9
3
7
2

P
aG

m
V

  1
*

2
0
1
5

B
R

C
en

tr
a

th
er

u
m

 

p
u
n
ct

a
tu

m

A
st

er
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
F
T
Y
A
Q

T
H
L
H
A

R
R
F
D
V
D
G
F
H
P
N
V
S
P
S
R

Y
A
I
K

G
P
T
R
T
G
K
T

V
F
D
D
M

W
L
S
N

M
H

9
3
9
3
7
3

P
aG

m
V

  1
*

2
0
1
5

B
R

S
o
la

n
u
m

 l
yc

o
-

p
er

si
cu

m

S
o
la

n
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
F
T
Y
A
Q

T
H
L
H
A

R
R
F
D
V
D
G
F
H
P
N
V
S
P
S
R

Y
A
I
K

G
P
T
R
T
G
K
T

V
F
D
D
M

W
L
S
N

M
K

9
4
7
3
7
3

P
aG

m
V

  2
6

*
2
0
1
8

F
R

O
p

u
n
ti

a
 s

p
.

C
ac

ta
ce

ae
T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
S
Q

I
H
L
H
A

R
F
A
D
V
E
G
R
H
P
N
V
Q
P
F
G

Y
A
I
K

G
P
T
R
L
G
K
T

V
F
D
D
M

W
L
C
N

G
em

yk
ib

iv
ir

u
s

M
H

9
3
9
3
6
3

P
aG

m
V

  2
*

2
0
1
5

B
R

P
o
ac

ea
e 

sp
.

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
A

R
V
F
D
V
A
G
R
H
P
N
V
V
A
G
Y
 
Y
A
T
K

G
D
T
R
L
G
K
T

V
F
D
D
M

Y
C
C
N

M
H

9
3
9
3
6
4

P
aG

m
V

  2
*

2
0
1
5

B
R

S
id

a
 s

p
.

M
al

v
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
A

R
V
F
D
V
A
G
R
H
P
N
V
V
A
G
Y
 
Y
A
T
K

G
D
T
R
L
G
K
T

V
F
D
D
M

Y
C
C
N

M
H

9
3
9
3
6
5

P
aG

m
V

  2
*

2
0
1
5

B
R

M
im

o
sa

 s
p
.

L
eg

u
m

in
o
sa

e
T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
A

R
V
F
D
V
A
G
R
H
P
N
V
V
A
G
Y
 
Y
A
T
K

G
D
T
R
L
G
K
T

V
F
D
D
M

Y
C
C
N

M
H

9
3
9
3
6
6

P
aG

m
V

  2
*

2
0
1
5

B
R

S
id

a
 s

p
.

M
al

v
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
A

R
V
F
D
V
A
G
R
H
P
N
V
V
A
G
Y
 
Y
A
T
K

G
D
T
R
L
G
K
T

V
F
D
D
M

Y
C
C
N

M
H

9
3
9
4
1
1

P
aG

m
V

  2
*

2
0
1
5

B
R

S
id

a
 s

p
.

M
al

v
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
A

R
V
F
D
V
A
G
R
H
P
N
V
V
A
G
Y
 
Y
A
T
K

G
D
T
R
L
G
K
T

V
F
D
D
M

Y
C
C
N



2895Diverse genomoviruses of 29 species associated with plants

1 3

Ta
b

le
 1

 
 (c

o
n
ti

n
u
ed

)

A
cc

es
si

o
n
 

n
u
m

b
er

P
la

n
t 

g
en

o
m

o
v
ir

u
s

C
o
ll

ec
-

ti
o
n
 y

ea
r

C
o
u
n
tr

y
P

la
n
t 

sp
ec

ie
s

P
la

n
t 

fa
m

il
y

N
o
n
an

u
cl

eo
-

ti
d
e

M
o
ti

f 
I

M
o
ti

f 
II

G
R

S
M

o
ti

f 
II

I
W

al
k
er

 A
W

al
k
er

 B
M

o
ti

f 
C

M
H

9
3
9
4
1
2

P
aG

m
V

  2
*

2
0
1
5

B
R

A
d
en

o
ca

-

ly
m

m
a

 s
p
.

B
ig

n
o
n
ia

ce
ae

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
A

R
V
F
D
V
A
G
R
H
P
N
V
V
A
G
Y
 
Y
A
T
K

G
D
T
R
L
G
K
T

V
F
D
D
M

Y
C
C
N

M
H

9
3
9
4
1
3

P
aG

m
V

  2
*

2
0
1
5

B
R

S
id

a
 s

p
.

M
al

v
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
A

R
V
F
D
V
A
G
R
H
P
N
V
V
A
G
Y
 
Y
A
T
K

G
D
T
R
L
G
K
T

V
F
D
D
M

Y
C
C
N

M
H

9
3
9
4
1
4

P
aG

m
V

  2
*

2
0
1
5

B
R

Ip
o
m

o
ea

 s
p
.

C
o
n
v
o
lv

u
-

la
ce

ae

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
A

R
V
F
D
V
A
G
R
H
P
N
V
V
A
G
Y
 
Y
A
T
K

G
D
T
R
L
G
K
T

V
F
D
D
M

Y
C
C
N

M
H

9
3
9
4
1
5

P
aG

m
V

  2
*

2
0
1
5

B
R

S
id

a
 s

p
.

M
al

v
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
A

R
V
F
D
V
A
G
R
H
P
N
V
V
A
G
Y
 
Y
A
T
K

G
D
T
R
L
G
K
T

V
F
D
D
M

Y
C
C
N

M
H

9
3
9
4
1
6

P
aG

m
V

  2
*

2
0
1
5

B
R

B
id

en
s 

p
il

o
sa

A
st

er
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
A
Q

V
H
L
H
A

R
V
F
D
V
A
G
R
H
P
N
V
V
A
G
Y
 
Y
A
T
K

G
D
T
R
L
G
K
T

V
F
D
D
M

Y
C
C
N

M
K

9
4
7
3
7
4

P
aG

m
V

  2
7

*
2
0
1
5

U
S

C
yl

in
d
ro

p
u
n
-

ti
a

 r
a

m
o
si

s-

si
m

a

C
ac

ta
ce

ae
T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
P
Q

V
H
L
H
A

R
I
F
D
V
D
G
M
H
P
N
V
V
R
G
Y
 
Y
A
I
K

G
P
T
R
L
G
K
T

I
F
D
D
M

Y
I
S
N

M
K

9
4
7
3
7
5

P
aG

m
V

  2
8

*
2
0
1
7

U
S

C
a

rn
eg

ie
a

 

g
ig

a
n
te

a

C
ac

ta
ce

ae
T
A
A
 C
A
C
 T
G
T
 
L
L
T
Y
P
A

L
H
L
H
A

R
V
F
D
V
D
G
K
H
P
N
V
V
R
G
Y
 
Y
A
C
K

G
G
T
R
L
G
K
T

I
F
D
D
M

Y
I
A
N

M
K

9
4
7
3
7
6

P
aG

m
V

  2
9

*
2
0
1
7

U
S

C
a

rn
eg

ie
a

 

g
ig

a
n
te

a

C
ac

ta
ce

ae
T
A
A
 T
G
T
 T
A
T
 
L
F
T
Y
A
Q

T
H
L
H
A

D
I
F
D
V
G
G
F
H
P
N
V
V
P
S
R

Y
A
T
K

G
P
S
R
K
G
K
T

V
F
D
D
M

Y
L
A
N

M
H

9
3
9
4
3
8

P
aG

m
V

  3
*

2
0
1
2

Z
A

C
yn

o
d
o
n
 s

p
.

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
P
Q

V
H
L
H
A

R
V
F
D
V
D
G
H
H
P
N
V
S
R
G
Y
 
Y
A
I
K

G
T
T
R
L
G
K
T

I
F
D
D
V

W
L
A
N

M
H

9
3
9
4
3
9

P
aG

m
V

  3
*

2
0
1
2

Z
A

H
yp

o
ch

a
er

is
 

ra
d
ic

a
ta

A
st

er
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
P
Q

V
H
L
H
A

R
V
F
D
V
D
G
H
H
P
N
V
S
R
G
Y
 
Y
A
I
K

G
T
T
R
L
G
K
T

I
F
D
D
V

W
L
A
N

M
H

9
3
9
3
6
9

P
aG

m
V

 6
2
0
1
5

B
R

M
a

n
ih

o
t 

sp
.

E
u
p
h
o
rb

i-

ac
ea

e

T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
S
Q

T
H
L
H
A

S
I
F
D
V
D
N
H
H
P
N
V
S
A
T
H

Y
A
C
K

G
P
S
R
M
G
K
T

I
F
D
D
L

W
I
S
N

M
H

9
3
9
4
5
3

P
aG

m
V

 6
2
0
1
2

Z
A

V
ic

ia
 f

a
b
a

L
eg

u
m

in
o
sa

e
T
A
A
 T
A
T
 T
A
T
 
L
L
T
Y
S
Q

T
H
L
H
A

S
V
F
D
V
D
N
C
H
P
N
V
S
A
T
H

Y
A
C
K

G
P
S
R
M
G
K
T

I
F
D
D
I

W
I
S
N

G
em

yk
o
lo

vi
ru

s

M
H

9
3
9
3
8
6

P
aG

m
V

 1
0

2
0
1
5

A
U

S
o
la

n
u
m

 m
a

u
-

ri
ti

a
n
u
m

S
o
la

n
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
L
H
A

A
T
F
K
I
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
P
T
R
T
G
K
T

I
F
D
D
M

F
I
C
N

M
H

9
3
9
3
8
7

P
aG

m
V

 1
0

2
0
1
5

A
U

S
o
la

n
u
m

 m
a

u
-

ri
ti

a
n
u
m

S
o
la

n
ac

ea
e

T
A
A
 A
A
T
 T
T
A
 
M
L
T
Y
P
T

P
H
L
H
A

A
T
F
K
I
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
P
T
R
T
G
K
T

I
F
D
D
M

F
I
C
N

M
H

9
3
9
3
8
8

P
aG

m
V

 1
0

2
0
1
5

A
U

S
o
la

n
u
m

 m
a

u
-

ri
ti

a
n
u
m

S
o
la

n
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
M
L
T
Y
P
T

P
H
L
H
A

A
T
F
K
I
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
P
T
R
T
G
K
T

I
F
D
D
M

F
I
C
N

M
H

9
3
9
3
7
4

P
aG

m
V

  7
*

2
0
1
5

B
R

P
o
a

ce
a

e 
sp

.
P

o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
S
D

P
H
F
H
C

S
L
F
F
V
G
G
R
R
A
N
I
R
R
F
S

Y
V
G
K

G
A
T
R
L
G
K
T

I
F
D
D
I

W
L
C
N

M
H

9
3
9
3
7
5

P
aG

m
V

  7
*

2
0
1
5

B
R

Ip
o
m

o
ea

 s
p
.

C
o
n
v
o
lv

u
-

la
ce

ae

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
S
D

P
H
F
H
C

S
L
F
F
V
G
G
R
R
A
N
I
K
R
F
S

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
I

W
L
C
N

M
H

9
3
9
3
7
6

P
aG

m
V

  7
*

2
0
1
5

B
R

H
er

is
sa

n
ti

a
 

sp
.

M
al

v
ac

ea
e

T
A
A
 T
A
C
 T
A
T
 
L
L
T
Y
S
D

P
H
F
H
C

S
L
F
F
V
G
G
R
R
A
N
I
K
R
F
S

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
I

W
L
C
N

M
H

9
3
9
4
1
0

P
aG

m
V

  7
*

2
0
1
5

B
R

P
a

ss
ifl

o
ra

 

ed
u
li

s

P
as

si
fl

o
ra

ce
ae

T
A
A
 T
G
T
 T
A
T
 
L
L
T
Y
S
D

P
H
F
H
C

S
L
F
F
V
G
G
R
R
A
N
I
K
R
F
S

Y
V
G
K

G
A
T
R
L
G
K
T

I
F
D
D
I

W
L
C
N

M
H

9
3
9
3
8
1

P
aG

m
V

  8
*

2
0
1
2

Z
A

B
ro

m
u
s 

d
ia

n
-

d
ru

s

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
I
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

I
W
D
D
M

F
I
C
N



2896 R. S. Fontenele et al.

1 3

Ta
b

le
 1

 
 (c

o
n
ti

n
u
ed

)

A
cc

es
si

o
n
 

n
u
m

b
er

P
la

n
t 

g
en

o
m

o
v
ir

u
s

C
o
ll

ec
-

ti
o
n
 y

ea
r

C
o
u
n
tr

y
P

la
n
t 

sp
ec

ie
s

P
la

n
t 

fa
m

il
y

N
o
n
an

u
cl

eo
-

ti
d
e

M
o
ti

f 
I

M
o
ti

f 
II

G
R

S
M

o
ti

f 
II

I
W

al
k
er

 A
W

al
k
er

 B
M

o
ti

f 
C

M
H

9
3
9
3
8
9

P
aG

m
V

  8
*

2
0
1
2

Z
A

A
ve

n
a

 b
yz

a
n
-

ti
n
a

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

I
W
D
D
M

F
I
C
N

M
H

9
3
9
3
9
1

P
aG

m
V

  8
*

2
0
1
2

Z
A

H
el

ic
h
ry

su
m

 

re
vo

lu
tu

m

A
st

er
ac

ea
e

T
A
A
 A
G
A
 T
T
C
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
I
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

I
W
D
D
M

F
I
C
N

M
H

9
3
9
3
9
3

P
aG

m
V

  8
*

2
0
1
2

Z
A

A
ve

n
a

 b
yz

a
n
-

ti
n
a

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
I
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

I
W
D
D
M

F
I
C
N

M
H

9
3
9
3
9
5

P
aG

m
V

  8
*

2
0
1
2

Z
A

A
ve

n
a

 b
yz

a
n
-

ti
n
a

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
I
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

I
W
D
D
M

F
I
C
N

M
H

9
3
9
3
9
9

P
aG

m
V

  8
*

2
0
1
2

Z
A

A
ve

n
a

 f
a

tu
a

P
o
ac

ea
e

T
A
A
 T
A
C
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

I
W
D
D
M

F
I
C
N

M
H

9
3
9
4
0
0

P
aG

m
V

  8
*

2
0
1
2

Z
A

A
sp

a
ra

g
u
s 

ru
b
ic

u
n
d
u
s

A
sp

ar
ag

ac
ea

e
T
A
A
 C
A
T
 T
G
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
I
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

I
W
D
D
M

F
I
C
N

M
H

9
3
9
4
0
3

P
aG

m
V

  8
*

2
0
1
2

Z
A

S
a

rc
o
co

rn
ia

 

p
er

en
n
is

A
m

ar
an

-

th
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
I
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

I
W
D
D
M

F
I
C
N

M
H

9
3
9
4
0
4

P
aG

m
V

  8
*

2
0
1
2

Z
A

B
ro

m
u
s 

d
ia

n
-

d
ru

s

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
I
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

I
W
D
D
M

F
I
C
N

M
H

9
3
9
4
0
5

P
aG

m
V

  8
*

2
0
1
2

Z
A

M
a

n
u
le

a
 

a
lt

is
si

m
a

S
cr

o
p
h
u
la

ri
-

ac
ea

e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
I
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

I
W
D
D
M

F
I
C
N

M
H

9
3
9
4
3
3

P
aG

m
V

  8
*

2
0
1
2

Z
A

A
sp

a
ra

g
u
s 

d
ec

li
n
a

tu
s

A
sp

ar
ag

ac
ea

e
T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
I
P
N
I
R
V
R
R

Y
V
G
K

G
A
I
W
L
G
K
T

I
W
D
D
M

F
I
C
N

M
H

9
3
9
4
4
1

P
aG

m
V

  8
*

2
0
1
2

Z
A

E
m

ex
 a

u
st

ra
li

s
P

o
ly

g
o
n
ac

ea
e

T
A
A
 C
A
T
 T
G
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
I
P
N
I
R
V
R
R

Y
V
G
K

G
A
I
R
L
G
K
T

I
W
D
D
M

F
I
C
N

M
H

9
3
9
4
4
3

P
aG

m
V

  8
*

2
0
1
2

Z
A

P
o
ac

ea
e 

sp
.

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
I
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

I
W
D
D
M

F
I
C
N

M
H

9
3
9
3
8
2

P
aG

m
V

  9
*

2
0
1
2

Z
A

A
ve

n
a

 b
yz

a
n
-

ti
n
a

P
o
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
3
8
3

P
aG

m
V

  9
*

2
0
1
2

Z
A

B
ro

m
u
s 

d
ia

n
-

d
ru

s

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
3
9
0

P
aG

m
V

  9
*

2
0
1
2

Z
A

C
yc

lo
p

ia
 

g
en

is
to

id
es

L
eg

u
m

in
o
sa

e
T
A
A
 C
A
T
 T
G
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
3
9
2

P
aG

m
V

  9
*

2
0
1
2

Z
A

L
o
li

u
m

 p
er

-

en
n
e

P
o
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
3
9
4

P
aG

m
V

  9
*

2
0
1
2

Z
A

A
ve

n
a

 b
yz

a
n
-

ti
n
a

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
3
9
8

P
aG

m
V

  9
*

2
0
1
2

Z
A

A
ve

n
a

 b
yz

a
n
-

ti
n
a

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
4
0
1

P
aG

m
V

  9
*

2
0
1
2

Z
A

B
ro

m
u
s 

d
ia

n
-

d
ru

s

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
A
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
4
0
2

P
aG

m
V

  9
*

2
0
1
2

Z
A

A
ve

n
a

 b
yz

a
n
-

ti
n
a

P
o
ac

ea
e

T
A
A
 C
A
T
 T
G
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
4
0
6

P
aG

m
V

  9
*

2
0
1
2

Z
A

A
ve

n
a

 b
yz

a
n
-

ti
n
a

P
o
ac

ea
e

T
A
A
 C
C
A
 G
G
G
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
A
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N



2897Diverse genomoviruses of 29 species associated with plants

1 3

Ta
b

le
 1

 
 (c

o
n
ti

n
u
ed

)

A
cc

es
si

o
n
 

n
u
m

b
er

P
la

n
t 

g
en

o
m

o
v
ir

u
s

C
o
ll

ec
-

ti
o
n
 y

ea
r

C
o
u
n
tr

y
P

la
n
t 

sp
ec

ie
s

P
la

n
t 

fa
m

il
y

N
o
n
an

u
cl

eo
-

ti
d
e

M
o
ti

f 
I

M
o
ti

f 
II

G
R

S
M

o
ti

f 
II

I
W

al
k
er

 A
W

al
k
er

 B
M

o
ti

f 
C

M
H

9
3
9
4
0
7

P
aG

m
V

  9
*

2
0
1
2

Z
A

B
ro

m
u
s 

d
ia

n
-

d
ru

s

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
4
0
8

P
aG

m
V

  9
*

2
0
1
2

Z
A

A
ve

n
a

 b
yz

a
n
-

ti
n
a

P
o
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
4
0
9

P
aG

m
V

  9
*

2
0
1
2

Z
A

A
ve

n
a

 b
yz

a
n
-

ti
n
a

P
o
ac

ea
e

T
A
A
 G
G
T
 T
C
A
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
4
2
6

P
aG

m
V

  9
*

2
0
1
2

Z
A

P
o
ac

ea
e 

sp
.

P
o
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
M
L
T
Y
P
T

P
P
F
H
A

P
T
F
T
V
G
T
R
V
P
N
L
R
V
R
L

Y
V
A
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
4
2
8

P
aG

m
V

  9
*

2
0
1
2

Z
A

A
ve

n
a

 s
a

ti
va

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
4
2
9

P
aG

m
V

  9
*

2
0
1
2

Z
A

A
ve

n
a

 s
a

ti
va

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
I
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
4
3
0

P
aG

m
V

  9
*

2
0
1
2

Z
A

A
ve

n
a

 s
a

ti
va

P
o
ac

ea
e

T
A
A
 T
A
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

M
H

9
3
9
4
3
7

P
aG

m
V

  9
*

2
0
1
2

Z
A

H
o
rd

eu
m

 

vu
lg

a
re

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
M
L
T
Y
P
T

P
H
F
H
A

R
T
F
T
V
G
T
R
V
P
N
I
R
V
R
R

Y
V
G
K

G
A
T
R
L
G
K
T

V
F
D
D
M

F
I
C
N

G
em

yk
ro

n
za

vi
ru

s

M
H

9
3
9
3
8
5

P
aG

m
V

  2
3

*
2
0
1
7

U
S

S
o
la

n
ac

ea
e 

sp
.

S
o
la

n
ac

ea
e

T
A
A
 T
A
C
 T
A
T
 
F
L
T
Y
S
Q

H
H
Y
H
V

R
T
F
D
V
G
G
C
H
P
N
F
K
S
V
R

Y
C
L
K

G
R
S
R
L
G
K
T

V
M
D
D
I

W
C
S
N

M
H

9
3
9
4
4
0

P
aG

m
V

  2
3

*
2
0
1
2

Z
A

E
h
rh

a
rt

a
 

lo
n
g
ifl

o
ra

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
F
L
T
Y
S
Q

H
H
Y
H
V

R
V
F
D
V
G
G
C
H
P
N
F
K
S
V
R

Y
C
L
K

G
N
S
R
L
G
K
T

V
M
D
D
I

W
C
S
N

M
H

9
3
9
4
4
9

P
aG

m
V

  2
3

*
2
0
1
2

Z
A

R
a

p
h
a

n
u
s 

sp
.

B
ra

ss
ic

ac
ea

e
T
A
A
 T
G
T
 T
A
T
 
F
L
T
Y
S
Q

H
H
Y
H
V

R
V
F
D
V
G
G
C
H
P
N
F
K
S
V
R

Y
C
L
K

G
N
S
R
L
G
K
T

V
M
D
D
I

W
C
S
N

M
H

9
3
9
4
5
0

P
aG

m
V

  2
3

*
2
0
1
2

Z
A

R
a

p
h
a

n
u
s 

sp
.

B
ra

ss
ic

ac
ea

e
T
A
A
 T
G
T
 T
A
T
 
P
V
C
I
P
L

P
Q
F
Y
F

R
V
F
D
V
G
G
C
H
P
N
F
K
S
V
R

Y
C
L
K

G
N
S
R
L
G
K
T

V
M
D
D
I

W
C
S
N

M
H

9
3
9
4
3
5

P
aG

m
V

  2
4

*
2
0
1
2

Z
A

P
o
ac

ea
e 

sp
.

P
o
ac

ea
e

T
A
A
 T
G
T
 T
A
T
 
F
L
T
Y
S
Q

H
H
Y
H
V

R
T
F
D
V
G
G
C
H
P
N
F
K
S
V
R

Y
C
L
K

G
Q
S
R
L
G
K
T

V
M
D
D
I

W
C
T
N

M
H

9
3
9
4
4
4

P
aG

m
V

  2
4

*
2
0
1
2

Z
A

S
a

lv
ia

 

a
fr

ic
a

n
a

-

co
er

u
le

a

L
am

ia
ce

ae
T
A
A
 T
A
C
 T
A
T
 
F
L
T
Y
S
Q

H
H
Y
H
V

R
T
F
D
V
G
G
C
H
P
N
F
K
S
V
R

Y
C
L
K

G
Q
S
R
L
G
K
T

V
M
D
D
I

W
C
T
N

*
 m

em
b
er

s 
o
f 

n
ew

 s
p
ec

ie
s 

b
as

ed
 o

n
 t

h
e 

cu
rr

en
t 

d
em

ar
ca

ti
o
n
 t

h
re

sh
o
ld

 f
o
r 

th
e 

fa
m

il
y
 G

en
o
m

o
vi

ri
d
a

e



2898 R. S. Fontenele et al.

1 3

genus Gemykroznavirus (Fig. 1). The other PaGmVs were 

tentatively assigned to two of the larger genomovirus gen-

era with PaGmV 11-22, PaGmV 25 (n = 21) to the genus 

Gemycircularvirus, and PaGmV 2-3 and 27-29 (n = 17) to 

the genus Gemykibivirus. The phylogenetic analysis showed 

that there is no clear correlation between the genomovirus 

genera and the sample type from which the sequences were 

obtained (Fig. 1 and Fig. 2B).
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Fig. 1  Maximum-likelihood phylogenetic tree of the Rep amino acid 

sequences encoded by the genomoviruses from this study in relation 

to those of other genomoviruses available in the GenBank database 

(downloaded 1 Feb 2020). The tree was rooted with Rep amino acid 

sequences from the family Geminiviridae. Branches with < 0.8 aLRT 

support have been collapsed. The tree is further demarcated by the 

source from which sequences were obtained: Actinopterygii (n = 18), 

Arachnida (n = 13), Aves (n = 113), Embryophyte (n = 116); envi-

ronmental (n = 20), Gastropoda (n = 6), Insecta (n = 44), Leotiomy-

cetes (n = 1), Mammalia (n = 155), and Reptilia (n = 28)
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The inferred Rep proteins encoded by the PaGmVs all 

contain the conserved motifs necessary for endonuclease 

and helicase activity (Table 1) that are present in most 

other evolutionarily related Rep proteins. The genome 

sequences of the PaGmVs share >63.3% pairwise identity 

with other genomoviruses. The Rep amino acid sequence 
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Fig. 2  A. Summary table of the number of viruses identified in this study (highlighted in red font) in relation to those from other sample sources 

and their genus assignments. B. Bipartitite plot of the host/virus species associations inferred using R with the bipartite graph package [8]
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of the PaGmVs share >63.7% identity with those of other 

genomoviruses, while those of their CPs share >37.9% iden-

tity (Supplementary Table 1).

This study further highlights the broad diversity of 

genomoviruses that are associated with plants. Before this 

study, no viruses in the genera Gemykroznavirus, Gemy-

gorvirus, Gemyduguivirus or Gemykibivirus had been 

found associated with plants. Our research has identified 

six species of Gemykroznavirus, eight species of Gemygor-

virus, nine species of Gemyduguivirus, and 17 species of 

Gemykibivirus associated with plants (Fig. 2). Additionally, 

the 37 gemykoloviruses identified here demonstrate that 

plant-associated viruses are the predominant members of 

this genus (Fig. 2). Although there are no confirmed hosts 

for any of the genomoviruses discovered here, it is likely 

that they infect fungi that are associated with the plants from 

which they were obtained, but it is also possible that they 

infect both fungi and their plants hosts. It is probable that 

additional diverse plant-associated genomoviruses will be 

identified, especially given the close association between 

plants and fungi. Furthermore, it is also likely that multi-

partite genomo-like viruses will be identified that are simi-

lar to the tripartite ssDNA virus recently reported infecting 

Fusarium graminearum, whose Rep shares 24-33% amino 

acid sequence identity with genomovirus Reps [17].
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