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Abstract—The paper studies population structure and genetic
variability of Armenian cultivated and wild grapevines. Ar-
menian grapevine genetics is shown to be different from the
worldwide population. Further, the study considers powdery
mildew disease, as some Armenian wild samples have shown
to be resistant to the disease. By conducting GWAS on the
wild Armenian samples, the study reveals new genetic markers
that are significantly associated with powdery mildew disease
resistance.
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I. INTRODUCTION

The cultivated grapevine (Vitis Vinifera) has been used by
humans over centuries. It is an important crop not only for
its agricultural and economical significance, but also for its
socio-cultural impact. Because of grapevine’s long standing
relationship with humans, studying the crop’s genetic struc-
ture and diversity can reveal hidden patterns of cultivation
and dissemination in the past. According to a recent study,
grapevine has been domesticated as early as 11,000 years ago
concurrently in Western Asia (today’s Lebanon area) and the
Caucasus (today’s Georgia, Armenia) [1]. This finding has
increased the interest of investigating grapevine samples from
these areas.

Analyzing the genetics of the grapevine however not only
can elucidate past events but also can point to ways of
making the future of agriculture more sustainable and of more
high quality. Various fungal diseases have been hindering the
quality and quantity of the grapevine yield, fruit and wine.
The main approach of fighting these diseases has been the
usage of fungicides. It is approximated that around 70% of
agrochemicals used in the European Union are related to
viticulture, with the primary purpose of controlling downy
and powdery mildews. However, the overuse of the fungicides,
besides being expensive, can negatively affect human health
and the environment [2]. Finding resistance-related loci in the
DNA of grapevines and applying interbreeding or genetic engi-
neering according to the findings, would be a more beneficial
and eco-friendly solution to the problem of fungal diseases.
Thus, finding novel resistance loci is of high interest. It can
be done by studying genetically distinct populations of the
grapevines.

One of the most impactful diseases of Vitis Vinifera is
powdery mildew. The biotrophic fungus Erysiphe necator is
responsible for causing powdery mildew. It can result in a

decrease in cluster weight, delayed fruit ripening, and reduced
rates of photosynthesis and transpiration. Moreover, powdery
mildew causes metabolic reprogramming in its host, which
impacts primary metabolism [3]. Most commercially used
cultivated crops are susceptible to this disease which has
resulted in the overuse of pesticides and its negative conse-
quences discussed above. Previous studies have found two
main gene families that showed association with resistance to
powdery mildew, namely Run (Resistance to Uncinula necator)
and Ren (Resistance to Erysiphe necator). The resistance
provided by these gene families is linked to the presence
of the loci, as there are currently no single genes that can
offer strong genetic resistance on their own [3]. One of the
commonly used methods to identify genomic variants, across
the whole genome, which are associated with the desired
complex phenotype, e.g. resistance to disease, is genome-wide
association studies (GWAS) [4].

In one of the possible regions of origin of the cultivation
of grapevine, Armenia, wild varieties of the grapevine show
considerable genetic diversity [5]. Interestingly, some wild
crops in Armenia have shown resistance to powdery mildew,
which indicates the presence of genetic variations responsible
for the resistance. In our study, we have used GWAS to
identify specific genomic regions or potential genetic mark-
ers associated with resistance to powdery mildew. We have
described 7 single nucleotide polymorphisms (SNPs), which
have significantly higher allele frequency in the resistant
samples, compared with the controls. The findings can be
useful in future implementations of interbreeding or genetic
engineering, aiming to make crops of better quality.

In short, the study analyzes genetic variability of Arme-
nian grapevines in comparison to the worldwide accessions,
analyzes genetic structure within the Armenian grapevine
population and identifies genetic markers that are associated
with powdery mildew disease.

II. MATERIALS AND METHODS

A. Data

In the main study, the whole genomes of 160 Armenian
and 943 worldwide grapevine accessions were analyzed, which
were taken from the publication of Y. Dong et al. [1]. The
Armenian samples were collected from different regions of
Armenia including Aragatostni, Ararat Valley, Vayots Dzor,
Syunik, Tavush. 72 samples refer to wild vine (V. vitis



Arm78Arm22Arm86Arm84Arm87Arm91Arm38Arm75Arm37Arm80Arm94Arm72Arm23Arm93Arm74Arm79Arm29Arm42Arm20Arm24Arm15
Arm8Arm33
Arm2

Arm49
Arm19
Arm9
Arm55
Arm77
Arm12
Arm39
Arm35
Arm82
Arm13
Arm5
Arm57
Arm44
Arm95
Arm66
Arm47
Arm60
Arm31
Arm88
Arm83
Arm67
Arm51
Arm41
Arm25
Arm65
Arm27
Arm81
Arm11
Arm50
Arm1
Arm4
Arm7
Arm90
Arm92
Arm34
Arm53
Arm45
Arm58
Arm52
Arm6
Arm14
Arm40
Arm36
Arm32
Arm21
Arm54
Arm63
Arm62
Arm26

Arm56

Arm61

Arm43

Arm10

Arm85

Arm70

Arm28

Arm68

Arm69

Arm64
VA1

Arm73

VA32

VA37

VA26

VA36

VA22
VA5
VA3
VA4

VA16

VA25

VA39

VA23

VA15

VA14

VA2

VA24

VA3
1

Arm
71

VA3
4

VA7
6

VA6
5

VA7
5

VA7
3

VA7
2

VA7
4

VA6
4

VA7
7

VA4
2

VA8

VA3
3

VA7

VA1
3

VA1
2

VA1
1

Arm
89

VA6
2

VA5
3

VA
52

VA
51

VA
58

VA
59

VA
46

VA
57

VA
30

VA
29

VA
17

VA
18

VA
19

VA
20

VA
63

Ar
m4
8

Ar
m3
0

VA
28

Ar
m7
6

VA
38

VA
35

VA
71

Ar
m5
9

VA
54

VA
67

VA
68

VA
66

VA
48

VA
41

VA
40

VA
60

VA
47

Ar
m1
8

VA
44

VA
43

VA
56

VA
45

VA
10

VA
55

Ar
m
3

B0
0E
RS
7

B0
0E
RC
G

B0
0E
R0
C

B0
0E
R5
E

B0
0E
R0
7

B0
0E
R5
5

B0
0E
QZ
2

B0
0E
RS
6

B0
0F
QH
0

B0
0E
QZ
D

B0
0F
6P
F

B0
0E
RA
B

B0
0F
QG
W

B0
0E
R0
D

B0
0E
RB
P

B0
0E
QX
T

B0
0E
R2
T

B0
0E
QZ
K

B0
0E
Q
ZJ

B0
0E
R7
N

B0
0E
R8
I

B0
0E
Q
ZR

B0
0E
Q
ZX

B0
0E
R1
S

B0
0E
R0
3

B0
0E
Q
ZV

B0
0F
6O
3

B0
0E
R4
S

B0
0E
I4
U

B0
0E
RS
1

B0
0E
Q
YX

B
00
F6
PD

B
00
EI
4W

B
00
ER
02

B
00
EQ
ZA

B
00
ER
9S

B
00
ER
8Q

B
00
EQ
ZE

B
00
ER
7X

B
00
ER
0L

B
00
EQ
YP

B
00
ER
SC

B
00
ER
0G

B
00
EQ
Z3

B
00
EQ
XE

B
00
ER
A
E

B
00
ER
A
4

B
00
ER
8C

B
00
E
R
0K

B
00
E
R
0O

B
00
E
R
0B

B
00
E
Q
ZI

B
00
E
R
C
2

B
00
E
R
S
F

B
00
E
R
78

B
00
E
R
S
I

B
00
E
R
0F

B
00
E
R
39

B
00
F6
P
2

B
00
E
Q
Y
W

B
00
E
Q
ZC

B
00
17
5C

B
00
E
Q
Z8

B
00
F6
Q
C

B
00
E
Q
ZL

B
00
E
R
0M

B
00
F6
P
7

B
00
E
Q
ZS

B
00
E
R
9M

B
00
E
R
C
K

B
00
E
R
93

B
00
E
R
2K

B
00
F
Q
G
9

B
00
F
6Q
O

B
00
E
R
A
I

B
00
E
R
8M

B
00
E
Q
Z
0

B
00
F
6Q
P

B
00
F
6Q
J

B
00
E
R
C
T

B
00
E
R
09

B
00
E
R
A
C

B
00
E
Q
Z
B

B
00
E
Q
Y
Y

B
00
E
R
Q
X

B
00
E
R
7L

B
00
F
6Q
M

B
00
E
R
8K

B
00
E
R
C
6

B
00
E
R
00

B
00
E
R
06

B
00
F
6O
Y

B
00
E
R
C
S

B
00
E
Q
Z
Y

B
00
F
6O
O

B
00
E
R
S
J

B
00
E
Q
U
3

B
00
E
R
A
A

B
00
E
R
B
W

B
00
E
R
01

B
00
E
Q
T
R

B
00
E
R
8L

B
00
E
Q
X
G

B
00
E
R
8R

B
00
E
Q
Z
Q

B
00
E
R
9T

B
00
E
R
8Z

B
00
E
R
11

B
00
E
Q
X
K

B
00
E
Q
X
1

B
00
F
Q
IG

B
00
D
W
X
T

B
00
C
W
9C

B
00
E
JK
P

B
00
F
Q
IH

B
00
E
R
5L

B
00
F
Q
J6

B
00
F
Q
H
P

B
00
F
Q
IU

B
00
F
Q
H
9

B
00
E
JJ
W

B
00
E
R
4J

B
00
F
Q
G
K

B
00
E
Q
X
U

B
00
F
Q
H
1

B
00
F
Q
G
S

B
00
E
Q
Z
M

B
00
E
R
B
S

B
00
E
R
3B

B
00
F
Q
G
I

B
00
F
Q
G
4

B
00
E
Q
X
S

B
00
E
R
1C

B
00
F
6O
W

B
00
F
6O
X

B
00
E
I5
B

B
00
F
6P
X

B
00E

R
1Y

B
00E

Q
Z
P

B
00F

Q
G
D

B
00E

I55
B
00E

Q
Z
G

B
00E

J
K
V

B
00F

Q
F
5

B
00E

R
5N

B
00F

Q
G
B

B
00F

Q
G
L

B
00E

JL
E

B
00F

6P
O

B
00E

Q
Z
7

B
00F

Q
G
F

B
00F

6P
P

B
00E

R
5Y

B
00E

R
0Y

B
00E

R
1W

B
00E

Q
Z
1

B
00F

Q
G
6

B
00E

Q
S
Z

B
00E

Q
Z
H

B
00174Y

B
00E

R
12

B
00E

Q
X
A

B
00E

Q
TA

B
00F

Q
G
Z

B
00F

6O
R

B
00E

R
Q
2

B
00E

R
C
D

B
00E

R
A
R

B
00E

R
S
G

B
00C

W
9D

B
00E

R
8T

B
00E

R
0J

B
00F

Q
JF

B
00E

I5C
B
00E

R
9E

B
00E

R
8B

B
00E

Q
T
Y

B
00E

R
9F

B
00E

R
84

B
00174W

B
00F

6Q
N

B
00E

R
38

B
00F

6O
Z

B
00F

6Q
L

B
00F

6R
E

B
00E

R
B
0

B
00E

R
A
3

B
00E

R
A
1

B
00E

R
2A

B
00F

6Q
R

B
00F

6Q
H

B
00E

R
1I

B
00E

Q
Z
W

B
00E

R
8W

B
00E

R
7T

B
00E

R
97

B
00E

R
B
1

B
00E

R
5G

B
00E

Q
U
F

B
00E

R
6Q

B
00E

R
C
Q

B
00E

R
0V

B
00E

Q
V
L

B
001759

B
00E

R
1D

B
00E

R
0Z

B
00E

R
53

B
00E

R
5V

B
00C

W
9E

B
00F6P

3
B
00E

R
5F

B
00F6P

0
B
00E

Q
X
M

B
00E

Q
TI

B
001756

B
00E

R
C
U

B
00E

R
91

B
00E

R
R
Y

B
00E

Q
S
I

B
00E

Q
U
2

B
00E

Q
S
D

B
00E

Q
U
1

B
00E

Q
S
C

B
00E

R
M
4

B
00E
Q
S
F

B
00E
Q
Z9

B
00F6O

4
B
00ER

7Z
B
00ER

C
A

B
00ER

0X
B
00EQ

TT
B
00ER

14
B
00EQ

TH
B
00ER

3I
B
00ER

18
B
00F6O

C
B
00ER

6P

B
00EI5J

B
00F6O

G

B
00EQ

SY

B
00ER

R
3

B
00EQ

TS

B
00EQ

T8

B00EQ
T7

B00EQ
T0

B00F6O
E

B00F6O
B

B00F6P4

B00ER1L

B00F6O
2

B00F6O
D

B00EQ
T1

B00F6O
5

B00ER0E

B00ERPT

B00EQZZ

B00ER7A

B00ERQH

B00EQXV

B00ERBM

B00F6O0

B00ERSK

B00ERRC

B00EQSJ

B00EQSE

B00EQX7

B00EQSS

B00ER9W

B00EQU6

B00F6PR

B00EQSN

B00EQST

B00EQTP

B00FQGO

B00EQTJ

B00EQTQ

B00ERRW

B00F6PQ

B00ERPC

B00F6P1

B00ER8U

B00EQTO

B00F6OQ

B00EQXH

B00EQX2

B00F6NT

B00F6OF

B00EQZF

B00EQXC

B00EQSL

B00ER7V

B00F6OM

B00ERR0

B00ERSH

B00F6P6

B00F6ON

B00ERCI

B00EQT3

B00ERD2

B00ERRM

B00EQXN

B00EQXP

B00ERA2

B00EQSP

B00ER95

B00EQTB

B00ERPX

B00EQSH

B00EQT5

B00EQSU

B00EQTC

B00ERPQ

B00ER7Y

B00EQX6

B00ERR6

B00ER9V

B00EQU8

B00ER7Q

B00ER8N

B00EQSG

B00ER7S

B00EQU5

B00EQT2

B00EQTU

B00EQTM

B00EI5M

B00ER2E

B00ERCL

B00ER6N

B00EQSV

B00EQT6

B00EQSQ

B00EQTG

B00F6P8

B00ERZG

B00ERAM

B00EQTN

B00ER9Q

B00ER7C

B00ERPS

B00ER7R

B00ERQG

B00ERCN

B00ER7U

B00ERRB

B00ER5H

B00EQTL

B00ERQS

B00ER3W

B00ER7E

B00ERAT

B00EQVJ

B00ER8J

B00EQVG

B00ER0U

B00ER5B

B00EQVY

B00ER3Y

B00F6P9

B00EQXJ

B00EQVP

B00ERC4

B00ERPW

B00EQVK

B00ER65

B00ER2O

B00EQVF

B00ER5S
B00ER8X
B00F6O6
B00ER3S
B00ER58
B00EQXI
B00EQVZ
B00ERQ0
B00EQX0
B00ERRD
B00EQUW
B00ERPY
B00ERPF
B00F6OL
B00ER7K
B00ER72
B00EQTZ
B00EQTK
B00ER1V
B00ERPV
B00EQV5
B00EQXQ
B00ER9G
B00EQUI
B00ERAK
B00EJLB
B00ERA8
B00EQUZ
B00ERD7
B00EQX8
B00ER2P
B00ER15
B00ER5I
B00EQVH
B00ERB

RB00EI5D
B00F6N

NB00ER6
LB00F6O
UB00EQ
V8B00EI4
LB00ER
D1B00ER
BXB00EQ
UHB00EQ
VNB00ER
6VB00ER
3QB00E

I4RB00F
6QEB00E
QV7B00E
R49B00E
R1PB001
755B00E
RD6B00E
QV9B00E
QUXB00E
I4JB00E
R33B00E
QV4B00

EQU
MB00

ERC
5B00

EQV
MB00

EQU
VB00

EI4OB00
ERR

2B00
EQV

SB00
EI4NB00
F6O

KB00
EQY

ZB00
ER3

6B00
ER2

XB00
EQX

XB00
EQV

CB00
ER9

OB00
EQ
X9B00

EQ
VIB00

ER
PRB00

ER
5UB00

EQ
UYB00

ER
A6B00

ER
69B0

0ER
SEB0

0ER
RGB0

0F6
O7B0

0C
W9
F

B0
0E
R6
2

B0
0E
R1
K

B0
0E
QV
3

B0
0E
R2
W

B0
0F
6N
W

B0
0E
R4
V

B0
0E
QX
4

B0
0F
6N
X

B0
0E
R1
X

B0
0E
RA
Z

B0
0E
QX
D

B0
0F
6P
H

B0
0E
JL
Q

B0
0E
RC
R

B0
0E
R8
Y

B0
0F
6P
I

B0
0E
QV
V

B0
0E
R8
V

B0
0E
QU
U

B0
0F
QJ
O

B0
0E
QV
T

B0
0E
R8
0

B0
0E
QU
E

B0
0E
RS
2

B0
0E
RD
5

B0
0F
QI
Q

B0
0E
JL
2

B0
0E
R5
X

B0
0E
QV
R

B0
0E
QV
U

B0
0E
QV
E

B0
0E
R9
H

B0
0E
QU
C

B0
0E
QU
O

B0
0F
6O
9

B0
0E
RD
9

B0
0E
R9
2

B0
0E
QU
T

B0
0F
6P
A

B0
0E
RS
0

B0
0F
QH
T

B0
0F
6N
S

B0
0E
QV
W

B0
0E
JL
H

B0
0F
QJ
4

B0
0F
QH
N

B0
0F
QJ
I

B0
0F
QF
D

B0
0F
QF
6

B0
0F
QH
W

B0
0F
Q
IN

B0
0F
Q
FN

B0
0E
I4
P

B0
0E
JL
L

B0
0E
R4
A

B0
0E
R6
U

B0
0F
Q
JK

B0
0E
Q
UL

B0
0E
RA
7

B0
0E
Q
VX

B0
0F
Q
HG

B0
0E
RJ
2

B0
0E
R
PN

B
00
ER
PM

B
00
EQ
VB

B
00
EI
4Q

B
00
ER
R
1

B
00
EQ
U
D

B
00
ER
A
O

B
00
EQ
XW

B
00
ER
6M

B
00
EI
4M

B
00
EQ
X3

B
00
FQ
H
V

B
00
EQ
SM

B
00
FQ
I3

B
00
EQ
VA

B
00
FQ
I9

B
00
ER
PU

B
00
EQ
V
O

B
00
E
R
98

B
00
E
R
1J

B
00
FQ
H
Q

B
00
F6
O
H

B
00
E
R
7B

B
00
E
JL
6

B
00
E
R
A
9

B
00
E
JL
J

B
00
FQ
IY

B
00
FQ
F9

B
00
E
R
5K

B
00
E
R
96

B
00
E
JK
A

B
00
E
JK
E

B
00
E
JK
7

B
00
FQ
H
F

B
00
E
JL
3

B
00
FQ
H
M

B
00
E
Q
S
O

B
00
E
JK
B

B
00
FQ
I2

B
00
FQ
H
Z

B
00
E
JL
0

B
00
E
JK
9

B
00
FQ
IB

B
00
E
R
5J

B
00
E
JL
G

B
00
F
Q
I4

B
00
F
Q
I7

B
00
E
JK
L

B
00
F
Q
IM

B
00
F
Q
IT

B
00
E
JL
F

B
00
F
Q
J1

B
00
F
Q
H
I

B
00
F
Q
H
A

B
00
E
JK
8

B
00
F
Q
G
U

B
00
F
Q
G
H

B
00
E
JL
8

B
00
F
Q
G
J

B
00
E
R
0I

B
00
E
R
7D

B
00
E
R
13

B
00
F
6P
L

B
00
E
JL
7

B
00
F
Q
G
C

B
00
E
JK
3

B
00
F
Q
H
5

B
00
F
Q
G
N

B
00
F
Q
G
X

B
00
F
Q
F
X

B
00
F
6O
S

B
00
F
Q
IX

B
00
F
Q
IE

B
00
F
Q
J9

B
00
F
Q
54

B
00
E
JK
6

B
00
F
Q
F
W

B
00
F
Q
IA

B
00
E
Q
Z
O

B
00
E
JL
C

B
00
F
Q
F
U

B
00
F
6O
T

B
00
F
6N
R

B
00
F
Q
G
A

B
00
F
Q
E
Z

B
00
E
R
4M

B
00
F
Q
F
G

B
00
F
Q
F
M

B
00
F
Q
F
K

B
00
F
Q
F
I

B
00
E
R
3A

B
00
F
Q
F
O

B
00
F
Q
H
L

B
00
F
Q
JD

B
00
F
Q
JE

B
00
F
Q
F
E

B
00
F
6O
J

B
00
E
R
4K

B
00
F
Q
JC

B
00
F
Q
JH

B
00
F
Q
H
R

B
00
E
R
A
J

B
00
E
J
K
G

B
00
F
Q
J2

B
00
F
Q
J5

B
00
F
Q
F
2

B
00
F
Q
G
GB

00E
R
0H

B
00E

J
K
R

B
00F

Q
J0

B
00F

Q
F
Z

B
00F

Q
IZ

B
00E

J
K
F

B
00E

Q
T
F

B
00F

Q
IP

B
00F

Q
G
M

B
00E

JL
S

B
00E

JJS
B
00F

Q
IC

B
00F

Q
IV

B
00E

Q
Z
N

B
00F

Q
I1

B
00F

Q
H
7

B
00F

Q
I0

B
00F

Q
F
C

B
00F

Q
F
B

B
00F

Q
F
0

B
00F

Q
H
X

B
00F

Q
I5

B
00F

Q
H
K

B
00E

Q
U
P

B
00E

Q
U
K

B
00E

Q
U
R

B
00F

Q
JM

B
00E

R
19

B
00E

R
52

B
00F

Q
ID

B
00E

R
3T

B
00F

Q
JN

B
00F

Q
J3

B
00E

R
6C

B
00F

6N
Q

B
00F

Q
IL

B
00E

R
9R

B
00F

Q
J7

B
00F

Q
F
7

B
00F

Q
H
B

B
00F

6O
I

B
00E

R
D
A

B
00E

R
D
4

B
00E

Q
V
0

B
00E

JK
I

B
00E

R
5A

B
00E

Q
V
1

B
00E

R
5R

B
00E

Q
V
2

B
001754

B
00F

Q
JA

B
00E

JK
M

B
00E

R
5T

B
00E

JL
A

B
00E

Q
U
N

B
00F

Q
IR

B
00E

Q
U
S

B
00E

Q
V
D

B
00E

R
A
F

B
00F

Q
JB

B
00E

R
A
0

B
00E

R
6E

B
00E

I5N

B
00E

Q
X
O

B
00E

R
A
H

B
00E

R
4W

B
00E

R
7I

B
00E

Q
T9

B
00E

Q
TX

B
00FQ

G
2

B
00E

R
5O

B
00E

JK
1

B
00FQ

J8

B
00E

R
P
O

B
00E

R
2Y

B
00E

R
6I

B
00E

R
5Z

B
00E

R
2G

B
00E

R
08

B
00E

Q
Y
T

B
00E

Q
Y
U

B
00E

R
2B

B
00E

R
04

B
00E

Q
X
R

B
00E

R
6K

B
00E

R
6B

B
00E

R
1O

B
00E
R
B
V

B
00E
R
3G

B
00ER

9X

B
00ER

60

B
00ER

1E

B
00EQ

YQ

B
00EJK

4

B
00ER

C
P

B
00ER

B
2

B
00ER

0N

B
00ER

88

B
00ER

16

B
00ER

1U

B
00F6PE

B
00ER

4Z

B
00ER

9A

B
00ER

2I

B
00F6O

P

B
00ER

1Q

B00ER
94

B00EQ
YR

B00F6O
V

B00ER05

B00F6NZ

B00ER30

B00EQ
XF

B00F6O
1

B00ERQ
M

B00ER3R

B00FQ
G
P

B00ERC8

B00F6NV

B00F6PC

B00EQZU

B00EQXL

B00FQG7

B00F6P5

B00ER7O

B00FQIO

B00ER9Y

B00ER3E

B00EJKS

B00EJL9

B00ER7G

B00EQYS

B00ERBU

B00F6PJ

B00EQU4

B00F6OA

B00EQXB

B00FQG3

B00ERPI

B00ER3C
B00ER32

B00ER6A

B00ERQU
B00ER35
B00FQF1

B00F6PG
B00F6PN
B00ERS5
B00ER9J

B00EQW1
B00ERPZ
B00F6PM
B00ERRS
B00F6PK
B00ER85
B00F6O8

B00FQG1
B00F6PB

B00FQGV
B00EQTD
B00ER6H
B00ER28

Region

Armenia

Balk

EMCA

Iber

Itap

Magh

MFEAS

unknown

NEWO

RUUK

WCEUR

Fig. 1: Phylogenetic tree of worldwide accessions. The blue coloured cluster indicates the Armenian accessions. Label colors
indicate different countries, green marks Armenia, etc.

ssp. sylvestris) , 84 samples to cultivated vine (V. vitis ssp.
vinifera) and 4 to cross/hybrid of wild and cultivated vine.
Genomic sequences were obtained by pair-end sequencing of
the samples on a Illumina NovaSeq 6000 device. The raw
reads were aligned to the PN40024 (12X.2 assembly) reference
genome. The final genotype data in VCF format consisted of
more than 15 million SNPs.

The 63 wild armenian samples were phenotyped empirically
to be resistant or non-resistant to powdery mildew. The pheno-
typing was confirmed by REN1 resistance locus SSR markers.
21 wild samples were phenotyped to be resistant case samples,
while 42 were non-resistant and used as control samples.

B. Data Preprocessing

In order to perform further analysis, genotype data of wild
samples were preprocessed. At first, only biallelic SNPs were
selected. Then additional filters were applied for the SNPs with
the PLINK tool (version 1.9) [6], which allows to manipulate
and to analyze thousands of genomic markers. The following
parameters were used: SNPs and samples with missing geno-
type rates (mind and geno) higher than 0.2 were removed,
SNPs with minor allele frequency (maf) smaller than 0.05 and

P value larger than 1e-6 for the genotypic chi-squared test
of Hardy-Weinberg Equilibrium (hwe) were removed. Then,
the samples which deviated more than 3 standard deviations
from the heterozygosity rate mean were also removed. The
final genotype data of wild Armenian accessions included
12,657,999 SNPs and 63 samples.

C. Population Structure Analysis

Phylogenetic trees were constructed with the neighbor join-
ing method by VCF-kit tool implemented in python [7].
Principal Component Analysis (PCA) was carried out with the
PLINK tool and visualized in R [6]. The genomic structure of
the wild grape population was obtained with ADMIXTURE
tool and visualized in R [8].

D. Genome-wide association study

GWAS analysis was performed only for 63 wild samples,
with the consideration of 2 groups; 21 case samples, which
are phenotypically resistant to powdery mildew and 42 control
samples, which can be affected by this disease. GWAS was
performed with the GAPIT package in R [9].



Fig. 2: Phylogenetic tree of the Armenian population of wild, cultivated and cross/hybrid accessions.

III. RESULTS AND DISCUSSION

A. Population Structure Analysis
First, a phylogenetic tree of the whole genome sequences

of accessions collected worldwide was constructed (Fig. 1). It
showed that accessions from Armenia form a distinct cluster,
meaning that Armenian accessions are genetically similar
to each other and clearly differentiate from the worldwide
samples. These results imply that it is important to look
for genetic markers in Armenian samples, as they will most
probably be unique and novel.

The zoomed in phylogenetic tree of only Armenian samples
was constructed, which showed that wild and cultivated vari-
eties strongly fall into different clusters (Fig. 2). This shows
that the cultivation process strongly modified the genome of
the wild ancestor grapevines. Thus, GWAS should be restricted
to the wild samples as one distinct population and the wild
samples shouldn’t be used with cultivated samples in the
association models.

Further, we have assessed the population structure of the
wild Armenian samples using PCA and ADMIXTURE meth-
ods, to account for hidden substructures that can influence
GWAS analysis. The PCA analysis indicates four distinct
clusters (Fig. 3.A). ADMIXTURE captured more of the pop-
ulation’s structure and showed 7 clusters that were consistent

over k=3,4,5,6 (Fig. 3.B). The K=6 solution divides the popu-
lation into clusters dominated by red, yellow, green, mixture,
blue, dark blue and pink components (from the left to the
right), which represent the different ancestral populations that
contribute to the sample’s genetic makeup. Interestingly, the
three clusters at the left enrich resistant accessions while the
four clusters to the right enrich non-resistant ones. Note that
we identified overall seven clusters where one is a composite
one.

B. GWA Studies

To identify genetic variants that are associated with the
binary trait of being or not being resistant to powdery mildew
disease Genome-Wide Association Study (GWAS) was con-
ducted with 63 Armenian wild grapevine samples that have
passed genotype and phenotype quality checks. GWAS is
a type of study that analyzes a large number of genetic
variants across the entire genome to identify which variants
are more common in samples with the trait than in those
without it. There were different statistical models used to find
the SNPs associated with resistance, namely General Linear
Model (GLM), Mixed Linear Model (MLM) and Settlement of
MLM Under Progressively Exclusive Relationship (SUPER).
Association results are visualized by Manhattan Plots (Fig. 4).



Fig. 3: Genomic variability of Armenian wild grapes. A) PCA plot of Armenian wild grapevine genomes. By blue are coloured
resistant samples against powdery mildew, by red: non-resistant ones. B) Admixture plot of Armenian wild grapes. Each row
corresponds to k=2...6. Each bar corresponds to one sample, the labels of the samples are given on the bottom of the plot.
Labels of resistant samples are coloured with blue, while non-resistant ones’ are colored with red.



Fig. 4: Manhattan (left part) and QQ (right part) plots of GLM, MLM and SUPER association models. Black horizontal lines
indicate Bonferroni adjusted −log10 suggestive significance threshold of 5.

To account for population stratification, Q-matrix for K=6
from ADMIXTURE analysis was used as a covariate in the
models, as the matrix captured more clusters of structural dif-
ferences (7 clusters) in the wild population than the Principal
Component Analysis (4 clusters).

QQ plots were used to evaluate the models, which showed
that SUPER model is performing poorly and is giving many
false positive results (Fig. 4).

SNPs were identified to be significantly associated with
Powdery Mildew resistance in the models, using the −log10
p-values that are greater than the widely accepted Bonferroni-
adjusted suggestive significance threshold of 5. There were 7
common significant SNPs in the models. Two most significant
SNPs common in the models, with both p-values equal to 5.7e-
07 in MLM and 6e-07 in GLM, are located on chromosome 18
at positions 26,090,136bp and 26,090,162bp respectively. Next
three common significant SNPs, with p-values equal to 1.0e-
06, 3.4e-06 and 5.3e-06 in MLM and 6.3e-07, 1.0e-06, 2.5e-
06 in GLM, are located on the 13th chromosome at positions
12,090,103 bp, 17,657,771 bp and 17,657,967 bp, respectively
(Tab.1).

C. Gene Mapping

Two significant SNPs on chromosome 13 are located in
the intergenic region, which corresponds to the previously
identified resistance REN1 locus on chromosome 13 ranging
from 16,690,324 bp to 18,130,936 bp. Moreover, 21 SNPs in
MLM and 31 SNPs in GLM in the top 100 significant SNPS
are in the REN1 locus. These results suggest novel markers in
the form of the significant SNPs for the REN1 resistance locus.

TABLE I: SNPs significantly associated with resistance

SNP chr position p-value(GLM) p-value(MLM)

1 18 26090136 6.015895e-07 5.699882e-07
2 18 26090162 6.015895e-07 5.699882e-07
3 13 12090103 6.255398e-07 1.0385e-06
4 13 17657771 1.000623e-06 3.396800e-06
5 13 17657967 2.482198e-06 5.322627e-06
6 16 13425481 8.231431e-06 8.637895e-06
7 2 16974620 1.759501e-06 9.159964e-06

The significant SNPs on chromosome 18,16 and 2 suggest
possible novel resistance loci.

IV. CONCLUSION

The study showed that Armenian grapevines are distinct
from the worldwide grapevine population and present an
isolated population. Taking account the population structure
of armenian grapevines, GWAS analysis of wild armenian
grapevines found 2 new SNP markers for previously found
resistance locus on chromosome 13 and identified possible
new resistant loci on chromosomes 18, 16 and 2. Future work
may include other models to verify the results, affirming the
results experimentally and finding new biological functional
interpretations of these loci. The study highlights the im-
portance of analyzing the genetic information of Armenian
grapevine accessions and how they can offer novel and unique
genetic markers.
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