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Rootstocks are used in viticulture to manage plant pests and diseases, particularly phylloxera and root-knot nematodes, and to
improve grape and wine production. A wide range of rootstocks are commercially available, making selecting the optimal
rootstock a difcult decision. In particular, distinct rootstock genotypes may manifest varying degrees of tolerance or resistance to
abiotic stress, necessitating meticulous consideration during the rootstock selection process. Tis article reviews characteristics of
various commercial rootstocks, as well as rootstocks being developed in recent years. Tis review further discusses responses of
rootstocks to drought, soil nutrients, and soil pH. Tis review mainly focuses on infuence of rootstocks on physiology char-
acteristics of grafted scions rather than berry yield and quality. Te breadth of this review benefts both researchers and
practitioners by providing comprehensive summery of rootstocks to inform selection and to guide future research.

1. Introduction

Rootstocks have been developed and utilised in viticulture
since the late 19th century. A wide range of rootstocks have
been developed through the crossbreeding of diferent Vitis
species, with a particular emphasis on phylloxera-resistant
American Vitis species. Te demand for grapevine root-
stocks has driven advancements in grafting and breeding
technologies.

Research has revealed that rootstocks serve not only as
a tool for pest and disease management but also as a crucial
means to enhance grape quality by efectively managing
abiotic stresses, notably drought and salinity tolerance [1–3].
Grapevine varieties used in wine production, as well as fresh
and dried grapes, are predominantly of the V. vinifera
species. Traditionally, grapevines grown on their own roots
are susceptible to drought conditions and tend to accu-
mulate salt when exposed to drought-induced saline stress

[4–6]. Tis susceptibility can lead to reduced yields and
alterations in berry biochemical composition, negatively
impacting the sensory profle of wine [7].

Grafting grapevine scions onto various rootstocks (e.g.,
Paulsen 1103 and Ruggeri 140) can modify the root system
structure [8], maximizing root surface contact with the soil
and enhancing water absorption from deeper soil layers,
thereby increasing drought tolerance [8]. Additionally,
certain rootstocks (e.g., M4) contribute to the drought
tolerance of grafted grapevines by maintaining higher sto-
matal conductance and photosynthesis rates, likely due to
their ability to regulate abscisic acid (ABA) signalling [9].
Tese rootstocks are frequently employed to mitigate the
impact of drought and saline stress.

Research on rootstocks has revealed that grafting scions
onto rootstocks can infuence nutrient uptake. Te content
of various nutrients in the scion, such as potassium (K),
magnesium (Mg), and zinc (Zn), as well as the extent of
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metal chlorosis and toxicity caused by extreme soil pH, can
be afected by the choice of rootstock [10–12]. However, the
regulatory efects of rootstocks on nutrient uptake depend
not only on the type of rootstocks used but also on the
specifc type of scions grafted. In recent years, with the
advancement of genomic sequencing technologies, an in-
creasing number of studies have investigated nutrient uptake
in grapevines through molecular-based research [13–15].
Consequently, a wide range of candidate genes encoding
nutrient absorption and translocation have been identifed,
enhancing our understanding of how rootstocks contribute
to nutrient uptake in grafted vines under diferent soil
conditions. Nevertheless, as of now, the mechanisms re-
sponsible for the regulation of nutrient uptake by grapevine
rootstocks remain not fully understood.

A main challenge with using rootstocks is that diferent
rootstocks exhibit diferent adaptability to a given envi-
ronment. Tis makes it difcult for grape growers to select
the right rootstock for their own purpose. Tis article
summarises the origin, characteristics, and benefts of
existing and new rootstocks. Further, this article reviews
pivotal characteristics inherent to divergent rootstocks af-
fecting the selection of rootstocks in viticulture practice.
Tese attributes encompass the drought tolerance, nutrient
uptake capacity, and pH tolerance.

2. Main Parent Species for Rootstock Breeding
and Existing Types of Rootstocks

2.1. Main Vitis Species for Rootstock Breeding. Nine Vitis
species (Table 1) are commonly used for grapevine rootstock
breeding, including V. vinifera from Eurasia and seven
species from North America.

Originated in Eurasia, V. vinifera is the most cultivated
winegrape species globally. Own-rooted V. vinifera have been
planted for centuries, where its moderate vigour and high
surviving rate in alkaline soil condition make it suitable for
most grape-growing regions around the world [32, 33].
Nevertheless, its limited tolerance to phylloxera (Daktulos-
phaira vitifoliae) and a broad spectrum of nematodes, in-
cluding root-knot nematodes (Meloidogyne incognita,
M. arenaria, M. hapla, and M. javanica), as well as dagger
nematode caused byXiphinema index, has emerged as primary
concerns within the feld of viticulture as previously reviewed
by other researchers [28]. Furthermore, the majority of
V. vinifera varieties are susceptible to infection by grapevine
fanleaf virus, a soilborne Nepovirus transmitted by the dagger
nematode (X. index) that could cause fanleaf disease [34].

Common American Vitis species, particularly V.
rupestris, V. riparia, and V. berlandieri, could either exhibit
phylloxera resistance (preventing the formation of root gall
and avoiding the development of phylloxera to the instar
stage) or show relatively high tolerance to phylloxera in-
festation (mitigating the negative infuences of infestation
such as leaf yellowing, stunted growth, and reduction in fruit
production). Te mechanisms underlying phylloxera re-
sistance within these species, such as the regulation of
polyphenol oxidation and the formation of a corky layer
surrounding phylloxera feeding sites, have been

comprehensively reviewed in prior studies [35]. Te limi-
tations of these American Vitis species have been well
reviewed previously, where both own-rooted V. rupestris
and V. riparia tend to show low to moderate tolerance to
calcareous soils and are prone to be infuenced by lime-
induced chlorosis [28]. Furthermore, V. riparia which
originally inhabited near riverbank or areas with continual
access to water exhibits low tolerance to drought [28]. Tat
limited the application of V. riparia in dry climates. To cope
with these issues, crossbreeding between diferent species of
Vitis has been conducted. To date, numerous rootstocks with
selected traits from parent species have been developed,
while only a few of them have been well investigated and
eventually become commercially available.

2.2. Developing Commercial Rootstocks by Crossbreeding.
Crossbreeding between Vitis species is the predominant
method to develop grapevine rootstocks. To date, a diverse
array of hybrid rootstocks is used in commercial vineyards
worldwide to withstand biotic and abiotic stress (Figure 1).
For instance, several rootstocks that share the common
parentage of V. vinifera, such as Fercal and Georgikon 28,
exhibit and have inherited attributes of low to moderate
vigour, coupled with exceptional tolerance to alkaline soils
[10]. On the contrary, a wide range of V. berlandier-
i×V. riparia hybrid rootstocks, including Kober 5BB, SO4,
and Teleki 5C, inherited moderate to high vigour but less
tolerance to soil alkalinity from their V. berlandieri par-
entage [12]. Several V. berlandieri×V. rupestris hybrids,
such as Paulsen 1103, Richter 99, and Ruggeri 140, also
exhibit relatively high vigour with deeply developed root
system, supporting them to survive extreme heat, drought,
and saline stress [8, 36]. Similarly, several V. champinii
rootstocks, such as Ramsey, have exhibited high vigour. In
fact, 1-year-old Sultana vines grafted onto Ramsey have
demonstrated the development of luxuriant shoots and the
ability to maintain high yields even under saline stress
conditions of up to 3.50 dS/m, in contrast to ungrafted
Sultana vines [5]. Moreover, previous research has indicated
that the adoption of Ramsey rootstocks can signifcantly
boost the yields of grafted scions. Over a two-year obser-
vation period, it was observed that the yield of both
Chardonnay and Shiraz grapes grafted onto Ramsey was
approximately 50% higher compared to those grown on
their own roots when the vines reached 5 years of age [37].
Another V. champinii rootstock, named Dog Ridge, displays
remarkable vigour [38]. Dog Ridge efectively enhances the
productivity of grafted scions, as demonstrated by a one-year
observation showing an approximate 20% increase in the
yields of Tompson Seedless, Flame Seedless, and Kishmish
Chorni grapes (the age of the vines was not specifed) when
grafted onto Dog Ridge compared to vines grown on their
own roots [39]. Oppositely, a few rootstocks, such as 101-14
Millardet et de Grasset (101-14Mgt), 3309 Couderc (3309C),
and Schwarzmann, come from crossbreeding between
V. riparia andV. rupestris.Tese rootstocks generally exhibit
low to moderate vigour and poor root development [40, 41].
Hence, they tend to be susceptible to water stress and should
be used in mild climate with sufcient precipitation.
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Overall, diferent genotypes of rootstocks are designed via
crossbreeding, and the attributes inherent in these rootstocks
are notably shaped by the genetic lineage inherited from their
parent species. Various rootstocks are currently implemented
in viticulture for catering to diferent grape varieties, climate,
and soil conditions, as well as pest and pathogen defence due
to their variance in vigour, phenology performance, and
tolerance to abiotic and biotic stress.

2.3. New Rootstocks. Over the past 10 years, a few new
rootstocks have been developed with the aim of conquering
either abiotic stress or biotic stress (Table 2). Most of these
rootstocks have been examined under experimental con-
ditions and are not in widespread commercial usage.

Several rootstocks are designed for conferring pest re-
sistance to grapevine using diferent parental species. For
instance, one of rootstocks belonging to C series, named C20,
has been proven to be resistant to common genotypes of
phylloxera (G1 and G4) detected in Australia [42]. Meanwhile,
it has also been reported to show resistance to root-knot
nematode M. javanica [42]. Similarly, fve GRN rootstocks
developed byUniversity of California, Davis (UCD), have been
proven to possess resistance to nematode, where formation of
root tip gall or existence of egg was not detected 3months after
exposure to dagger nematode (Xiphinema index) and root-
knot nematode (M. incognita and M. arenaria) [47]. Among
these rootstocks, cross-genus hybrid UCD GRN1 (V. rupes-
tris×Muscadinia rotundifolia) stands out with additional re-
sistance to ring nematode (Mesocriconema xenoplax) and
citrus nematode (Tylenchulus semipenetrans) [47]. Several RS
series rootstocks were developed by Agricultural Research
Service, United States Department of Agriculture (USDA
ARS), and University of California, Riverside (UCR), to
prevent nematode infestation. For instance, both USDA RS-3

(V. champinii× (V. riparia×V. rupestris)) and USDARS-9 (V.
champinii× (V. riparia×V. rupestris)) rootstocks showed re-
sistance to M. incognita and M. javanica [47, 48]. Similarly,
Demko 10-17A (Edna×V. simpsonii) introduced by the
United States Department of Agriculture (USDA) exhibited
resistance to root-knot nematode (M. arenaria) and citrus
nematode (T. semipenetrans) in previous studies [47, 49].

Other newly developed rootstocks are mainly designed
for adapting specifc type of climate and soil conditions. For
example, M1, M3, and M4 rootstocks were recently de-
veloped in Italy for application in typical Mediterranean
climates and they have low to moderate vigour with high
tolerance to drought and heat [44, 45]. Tese M series
rootstocks also show good nutrient uptake ability. Previous
studies found that M1 exhibited high calcium and boron
uptake efciency, while M2 could increase petiole nitrogen,
potassium, and magnesium content of the grafted Cabernet
Sauvignon [45, 46].

Tese breeding eforts possess enormous potential in
adapting to current challenges including spread of pests and
diseases, adaptation to abiotic stress, and plantation in new
grape-growing regions with problematic soil and environ-
mental conditions. Nevertheless, with relatively young age of
these rootstocks, the physiologicalcharacteristics of them
have not been fully unveiled. Continuous studies are needed
to further evaluate the physiology performance, infuence on
berry/wine quality, and durability of these newly developed
rootstocks before they can be released to viticulture industry.

3. Drought Tolerance of Rootstocks

Drought has been considered as a major issue threatening
the growth of grapevine. In a short term of drought, high
evapotranspiration and low soil water availability can
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Merbein 6262

Merbein 5512

Merbein 5489

Rupestris St. George

Börner
161-49 Couderc

Teleki 5C

420A

M2

M3

SO4

Kober 5BB

157-11 Couderc

Georgikon 28

Fercal

41B

M4

Kangzhen 3

Kangzhen 1

Lider 187-24

Lider 116-10

1616 Couderc

V. candicans 

1613 Couderc

Paulsen 775

Paulsen 1045

Paulsen 1103

Richter 99

Richter 110

Ruggeri 140

Rupestris du Lot

Beta
101-14 Mgt

3306 Couderc

Schwarzmann

3309 Courderc

Riparia Glorie

44-53M

Minotaur

Matador

V. champinii 

Ramsey

Dog Ridge

Freedom

RS-3

RS-9

UCD GRN5

UCD GRN2

UCD GRN3

UCD GRN4

Gravesac

1212 Couderc

M1

AxR#1

Fresno 1613-59

V. rufotomentosa 

Harmony

Figure 1: Parentage of common commercial rootstocks. Rootstocks with light blue background ( ) are parent species; rootstocks with cyan
background ( ) are obtained from intraspecies crossbreeding; rootstocks with orange background ( ) are obtained from cross-species
breeding.

4 Australian Journal of Grape and Wine Research



Ta
bl

e
2:

N
ew

ly
de
ve
lo
pe
d
ro
ot
st
oc
ks
.

Ro
ot
st
oc
ks

O
ri
gi
n

Pe
di
gr
ee

Fe
at
ur
es

Re
fe
re
nc
es

C
se
rie

s

C
20

A
us
tr
al
ia

V
.c
ha

m
pi
ni
i×

V
.r
up

es
tr
is

×
V
.r
ip
ar
ia

(i)
M
od

er
at
e
vi
go
ur

[4
2,

43
]

(ii
)
Pe
rf
or
m
s
w
el
li
n
ho

tc
lim

at
e

(ii
i)
Re

sis
ta
nt

to
ph

yl
lo
xe
ra

ge
no

ty
pe

G
1
an
d
G
4∗

(iv
)
Re

sis
ta
nt

to
ro
ot
-k
no

tn
em

at
od

e
M
.j
av
an

ic
a

(v
)
To

le
ra
nt

to
sa
lin

e
st
re
ss

C
11
3

V
.c
ha

m
pi
ni
i×

V
.c
in
er
ea

(i)
M
od

er
at
e
to

hi
gh

vi
go
ur

(ii
)
G
oo

d
pr
od

uc
tiv

ity
(ii
i)
To

le
ra
nt

to
sa
lin

e
st
re
ss

(iv
)
Su

sc
ep
tib

le
to

ph
yl
lo
xe
ra

ge
no

ty
pe

G
1
an
d
G
4∗

C
11
4

V
.c
ha

m
pi
ni
i×

V
.b

er
la
nd

ie
ri

(i)
H
ig
h
vi
go
ur

(ii
)
Pe
rf
or
m
s
w
el
li
n
ho

ta
nd

dr
y
cl
im

at
e

(ii
i)
H
ig
h
pr
od

uc
tiv

ity
(iv

)
M
ai
nt
ai
ns

hi
gh

yi
el
d
un

de
r
de
fc
it
ir
ri
ga
tio

n
(v
)
Re

sis
ta
nt

to
ph

yl
lo
xe
ra

ge
no

ty
pe

G
1
an
d
G
4∗

(v
i)
Re

sis
ta
nt

to
ro
ot
-k
no

tn
em

at
od

e
M
.j
av
an

ic
a

(v
ii)

To
le
ra
nt

to
sa
lin

e
st
re
ss

FB
01
,Z

am
or

17
,a

nd
SZ

F1
0

FB
01

H
un

ga
ry

(V
.r
ip
ar
ia

×
V
.c
in
er
ea
)×

(V
.v

in
ife
ra

×
V
.b

er
la
nd

ie
ri)

(i)
H
ig
h
vi
go
ur

[1
0]

(ii
)
A
de
qu

at
e
ph

os
ph

or
us
,p

ot
as
siu

m
,a

nd
ca
lc
iu
m

up
ta
ke

(ii
i)
To

le
ra
nt

to
so
il
lim

e
an
d
ac
id
ity

Za
m
or

17
(V

.r
ip
ar
ia

×
V
.b

er
la
nd

ie
ri)

×
V
.r
up

es
tr
is

(i)
Lo

w
vi
go
ur

(ii
)
Su

sc
ep
tib

le
to

so
il
lim

e
an
d
ac
id
ity

SZ
F1

0
(V

.r
ip
ar
ia

×
V
.b
er
la
nd

ie
ri

×
V
.v
in
ife
ra
)×

(V
.r
ip
ar
ia

×
V
.c
in
er
ea
)

(i)
M
od

er
at
e
vi
go
ur

(ii
)
M
od

er
at
el
y
to
le
ra
nt

to
so
il
lim

e
an
d
ac
id
ity

(ii
i)
G
oo

d
m
ag
ne
siu

m
up

ta
ke

M
se
rie

s

M
1

It
al
y

[V
.r
ip
ar
ia

×
(V

.v
ul
pi
na

×
V
.r
up

es
tr
is)
]×

V
.b

er
la
nd

ie
ri

(i)
M
od

er
at
e
to

hi
gh

vi
go
ur

[4
4–

46
]

(ii
)
G
oo

d
ph

os
ph

or
us
,p

ot
as
siu

m
,a

nd
ca
lc
iu
m

up
ta
ke

(ii
i)
Re

sis
ta
nt

to
ir
on

ch
lo
ro
sis

M
2

(V
.b

er
la
nd

ie
ri

×
V
.r
ip
ar
ia
)×

(V
.v

in
ife
ra

×
V
.b

er
la
nd

ie
ri)

(i)
G
oo

d
po

ta
ss
iu
m

an
d
m
ag
ne
siu

m
up

ta
ke

ab
ili
ty

(ii
)
Re

sis
ta
nt

to
ir
on

ch
lo
ro
sis

M
3

(V
.b

er
la
nd

ie
ri

×
V
.r
ip
ar
ia
)×

(V
.B

er
la
nd

ie
ri

×
V
.r
ip
ar
ia
)

(i)
Lo

w
to

m
od

er
at
e
vi
go
ur

(ii
)
To

le
ra
nt

to
he
at

an
d
dr
ou

gh
t

M
4

(V
.v

in
ife
ra

×
V
.b

er
la
nd

ie
ri)

×
V
.b

er
la
nd

ie
ri

(i)
Re

sis
ta
nt

to
dr
ou

gh
t

(ii
)
Re

sis
ta
nt

to
so
il
sa
lin

ity

Australian Journal of Grape and Wine Research 5



Ta
bl

e
2:

C
on

tin
ue
d.

Ro
ot
st
oc
ks

O
ri
gi
n

Pe
di
gr
ee

Fe
at
ur
es

Re
fe
re
nc
es

U
CD

G
RN

se
rie

s

U
C
D

G
RN

1

U
ni
te
d
St
at
es

V
.r
up

es
tr
is

×
M
us
ca
di
ni
a
ro
tu
nd

ifo
lia

(i)
Re

sis
ta
nt

to
ro
ot
-k
no

tn
em

at
od

e
(M

.i
nc
og
ni
ta

an
d
M
.a

re
na

ria
),

da
gg
er

ne
m
at
od

e
(X
.i
nd

ex
),
ri
ng

ne
m
at
od

e
(M

.x
en
op
la
x)
,a
nd

ci
tr
us

ne
m
at
od

e
(T
.s
em

ip
en
et
ra
ns
)

[4
7]

U
C
D

G
RN

2
V
.r
uf
ot
om

en
to
sa

×
V
.c
ha

m
pi
ni
i×

V
.r
ip
ar
ia

(i)
Re

sis
ta
nt

to
ro
ot
-k
no

tn
em

at
od

e
(M

.i
nc
og
ni
ta

an
d
M
.a

re
na

ria
)a

nd
da
gg
er

ne
m
at
od

e
(X
ip
hi
ne
m
a
in
de
x)

U
C
D

G
RN

3
V
.r
uf
ot
om

en
to
sa

×
V
.c
ha

m
pi
ni
i×

V
.r
ip
ar
ia

U
C
D

G
RN

4
V
.r
uf
ot
om

en
to
sa

×
V
.c
ha

m
pi
ni
i×

V
.r
ip
ar
ia

U
C
D

G
RN

5
V
.c
ha

m
pi
ni
i×

V
.r
ip
ar
ia

RS
se
rie

s

RS
-3

U
ni
te
d
St
at
es

V
.c
ha

m
pi
ni
i×

(V
.r
ip
ar
ia

×
V
.r
up

es
tr
is)

(i)
M
od

er
at
e
to

hi
gh

vi
go
ur

[4
7,

48
]

(ii
)
Re

sis
ta
nt

to
ro
ot
-k
no

tn
em

at
od

e
(M

.i
nc
og
ni
ta

an
d
M
.j
av
an

ic
a)

RS
-9

(ii
i)
Lo

w
vi
go
ur

(iv
)
Re

sis
ta
nt

to
ro
ot
-k
no

tn
em

at
od

e
(M

.i
nc
og
ni
ta
,M

.j
av
an

ic
a,

an
d
M
.

ar
en
ar
ia
)

U
SD

A
ro
ot
st
oc
k

D
em

ko
10
-1
7A

U
ni
te
d
St
at
es

Ed
na

(A
m
er
ic
a×

M
al
ag
a)

×
V
.s
im

ps
on

ii
(i)

Re
sis

ta
nt

to
ro
ot
-k
no

tn
em

at
od

e
(M

.i
nc
og
ni
ta
,M

.j
av
an

ic
a,

an
d
M
.

ar
en
ar
ia
),
ci
tr
us

ne
m
at
od

e
(T
.s
em

ip
en
et
ra
ns
),
an
d
ro
ot

le
sio

n
ne
m
at
od

e
(P
ra
ty
le
nc
hu

s
vu
ln
us
)

[4
7,

49
]

∗
D
ef
ni
tio

n
of

D
.v

iti
fo
lia

e
ge
no

ty
pe
s
ba
se
d
on

th
e
pa
tte

rn
of

D
N
A

fr
ag
m
en
t
siz

es
at

4
sp
ec
if
c
m
ic
ro
sa
te
lli
te

lo
ci

id
en
tif

ed
by

a
pr
ev
io
us

st
ud

y
[5
0]
.

6 Australian Journal of Grape and Wine Research



signifcantly alter plant physiology, nutrition, and meta-
bolism [51]. For example, the cell metabolism of the plant
will be afected, leading to elevated reactive oxygen species
(ROS) production, which causes oxidative damage of lipids,
proteins, and nucleic acids [52]. In a long term of drought,
consistently low water availability in soil will afect the ef-
fciency of leaching salt from soil and lead to increased saline
stress. Grapevine leaves are unable to maintain high osmotic
potential when exposed to extreme saline stress induced by
drought, resulting in reduction in leaf water content and
increase in the production of active O2 species (AOS) in-
cluding superoxide, hydrogen peroxides, and hydroxyl
radicals [53, 54]. Tis can further infuence leaf cell function
of grapevine, resulting in decreased cell division and at-
tenuated cell expansion and eventually declined plant
growth [55, 56]. Plants have developed an osmotic adjust-
ment system to maintain water absorption from soil to root
in response to water defciency, through the accumulation of
organic osmolytes such as sugars and quaternary ammo-
nium compounds [54]. Tis activity is regulated by several
endogenous hormones, such as ABA and methyl jasmonate
[57]. Own-rooted V. vinifera grapevines (e.g., Cabernet
Sauvignon) regulated ABA synthesis and signalling difer-
ently compared to vines grafted to rootstocks [9].

Adaption of rootstock has become common to alleviate
the issues of drought in vineyards, and diferent rootstocks
have diferent capacities in drought tolerance (Table 3). For
example, several rootstocks including Ramsey, Richter 110,
and Ruggeri 140 are drought tolerant, while rootstocks such
as 101-14 Mgt and Schwarzmann are highly susceptible to
drought [58, 59].

Te drought tolerance capacity of rootstocks can be
attributed to the root depth and architecture. For example,
V. vinifera Merlot grafted to both Ramsey and Richter 110
could develop roots sharply angled to soil surface (>30° at
each root intersection) under drought condition (completely
nonirrigated for 1week) [58]. Tis allows increased contact
between root tissues and soil and therefore improves water
absorption ability [58]. Similarly, the vertically developed
root structure of Paulsen 1103 and Ruggeri 140 has been
previously observed. Grafting both Nerello Mascalese and
Nero d’Avola scions onto these rootstocks signifcantly
increases the number of roots and total root mass in midlevel
and deep soil layers (61–100 cm) compared to ungrafted
vines [8]. Te vertically distributed root system of Paulsen
1103 and Ruggeri 140 facilitates the grafted vine’s ability to
access water and nutrient resources from deeper soil layers,
thereby enhancing its tolerance to water defciency [8, 66].
Another drought-resistant rootstock, SO4, exhibits alter-
ations in its root architecture in response to salinity. A
previous study documented a mortality of thick roots (di-
ameter >1mm) induced by 30mM NaCl in ungrafted SO4
vines. Tis resulted in a signifcantly increased proportion of
thin roots (diameter <1mm) compared to ungrafted Paulsen
1103 and Richter 110 [67]. Consequently, this led to a larger
surface area of the root system, optimizing root-soil contact
and benefting the plant’s ability to cope with salt stress by
enhancing the absorption of water and nutrients [67, 68].
Additionally, an increase in specifc root area (the ratio of

root surface area to root dry mass) has been identifed as
a response of the root system to drought. Specifc root area
was determined by root length, the density of root tissue, and
the diameter of the root cross section, where thin roots
combined with low tissue density could typically result in
high specifc root area [67]. SO4 rootstock demonstrates an
increase in specifc root area when exposed to 30mM NaCl,
primarily due to a signifcant reduction in both root di-
ameter and tissue density [67], where the increase in specifc
root area of SO4 in response to saline stress could limit the
metabolic activity required for the formation and mainte-
nance of root system, allowing efcient root development
with defned metabolic cost [69].

Te mechanism of rootstock tolerating drought is also
closely related to plant hormones. Previous studies suggested
that ABA biosynthesis can be a critical drought tolerance
biomarker in grapevines. Increased transcript levels of ABA-
related genes such as Nine-Cis-Epoxycarotenoid Dioxygenase
3 (NCED3) and NCED5 in the roots of ungrafted Ramsey
after two weeks of water stress (50% relative soil water
content at feld capacity) have been observed previously [61],
which contribute to drought tolerance of grapevines by
maintaining higher stomatal conductance and photosyn-
thesis rate [70]. Meanwhile, ABA perception is mediated by
soluble ABA receptors named pyrabactin resistance/pyr-
abactin resistance-like/regulatory components of ABA re-
ceptors (PYR/PYL/RCAR), which are ABA-binding
proteins. Te structure of PYR/PYL/RCAR protein will
change slightly after binding with ABA, which further
provides a platform for ABA to interact with the ABA
signalling proteins, such as ABI1 and ABI2 [71]. Relative
expression of RCAR genes including RCAR1, RCAR3, and
RCAR6 was considerably higher in the roots of ungrafted
drought-tolerant Ramsey rootstocks compared to that of
drought-susceptible rootstock Riparia Gloire after being
exposed to drought environment (50% relative soil water
content at feld capacity) for two weeks [61]. A similar result
was reported in another study investigating the drought
tolerance of grafted Cabernet Sauvignon [9], where twelve
days of water defciency by progressively reducing the water
supply down to 30% of soil feld capacity resulted in sig-
nifcantly increased expression of VviNCED3, as well as two
protein phosphatase 2C genes (VviPP2C4 and VviPP2C9)
responsible for ABA signalling in the roots of Cabernet
Sauvignon grafted to 101-14 Mgt, M4, and autografted
Cabernet Sauvignon. Notably, in the same study, scion
grafted to drought tolerance rootstock M4, which main-
tained high leaf water potential and stomatal conductance,
showed less ABA-related gene expression compared to
autografted Cabernet Sauvignon [9]. Tat is likely because
M4 rootstock could satisfy the water demand of the grafted
scion even under water defciency condition, thus requiring
less extent of ABA-mediated responses. Apart from ABA,
certain cytokinins such as zeatin riboside and iso-
pentenyladenosine also contribute to moisture absorption of
grapevine in drought condition, as these phytohormones
could stimulate xylem fbre diferentiation and increase
hydraulic conductivity [72]. A previous study reported high
shoot tip zeatin riboside concentration in Cabernet
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Sauvignon grafted to Ruggeri 140 compared to that grafted
to 101-14 Mgt and Malegue 44-53 (44-53M) under both
drought (completely nonirrigated for 1week) and adequate
water supply conditions (regular irrigation to maintain the
soil close to 100% feld capacity), which explained the rel-
atively higher drought tolerance of Ruggeri 140 [73].

4. Soil Nutrient Availability and
Rootstock Selection

Soil nutrients are important for grapevine health. Tey are
involved in the balance of plant cell osmotic pressure,
support of energy, formation of proteins, activation of en-
zymes, and formation of cell structure [74, 75]. Diferent
rootstocks exhibit variation in nutrient uptake capacity and
regulate the balance of nutrients in grapevine [10]. In this
section, efect of grafting scions to diferent rootstocks in
response to nutrient defciency/toxicity will be reviewed.

4.1. Potassium. Potassium (K) is responsible for enzyme
activation and stomatal activity in plants. It can bind py-
ruvate kinase for catalysis, thus converting phosphoenol-
pyruvate (PEP) and adenosine diphosphate (ADP) to
pyruvate and ATP in the glycolytic pathway [76]. Similarly,
potassium ions act as catalytic metal ions of asparaginase, an
important enzyme responsible for nitrogen transport and
storage [74]. Terefore, inadequate potassium in grapevines
could suppress protein biosynthesis even with sufcient
nitrate supply, which may further afect cell division and
elongation [77].Te role of potassium in regulating stomatal
activity is well studied, where potassium ion fows in or out
of guard cells surrounding the stomata in response to water
supply. Tis changes the morphology of guard cells, which
control the open and closure of stomata [78, 79]. In the case
of potassium defciency, the potassium ion efux in guard
cells would reduce and potassium ion-related stomatal ac-
tivity would be attenuated considerably. Tis results in
delayed response to water defciency, unnecessary loss of
water vapor, and increased consumption of D-glucose via
photosynthesis processes [78]. Potassium defciency is
a common issue for grapevines, especially during anthesis
and veraison [80]. Te main reason of this is the low
availability of potassium in soil. Over 98% of potassium in
soil is nonexchangeable potassium or soil mineral such as
feldspar andmica, which cannot be utilised by plants directly
[79]. Only 1-2% of potassium in the soil is biologically
available, which can be acquired by plant roots through
difusion or via specifc high-afnity K+ transporters/K+

uptake permeases/K+ transporters (HAK/KUP/KT) [81, 82].
Nevertheless, in certain regions, such as Sunraysia and
Riverland in Australia, excessive potassium uptake has been
witnessed due to high soil potassium content, which leads to
increased berry pH (>3.8) and could negatively afect wine
quality [83].

Adaption of selected rootstocks can manage potassium
uptake (Table 4). Certain rootstocks, such as Dog Ridge,
Freedom, St. George, and Harmony, have outstanding po-
tassium uptake capacity. Previous study showed that

Cabernet Sauvignon grafted onto these rootstocks had
signifcantly higher concentrations of petiole potassium
compared to that grafted to Paulsen 1103 and 101-14 Mgt
[84]. Another rootstock, named Freedom, is the ofspring of
two open-pollinated parents Fresno 1613-59 and Dog Ridge
[106]. Its good potassium uptake capacity is likely due to the
high genetic similarity to Dog Ridge, where their commonly
shared parent species V. champinii rootstocks is known for
enhancing potassium uptake [22]. St. George and Harmony
have also exhibited good potassium absorbing and trans-
porting abilities. Shiraz vines grafted onto both of these
rootstocks exhibited consistently high petiole potassium
content over fve consecutive growing seasons when com-
pared to ungrafted Shiraz vines [97]. On the contrary, for
regions sufering from excessive soil potassium, a few
rootstocks includingMerbein 5489 andMerbein 5512 can be
used to reduce absorption of potassium, predominately due
to their low vigour and limited root development [107]. Both
rootstocks have been proven efective to reduce potassium
accumulation in the petioles of Cabernet Sauvignon scion
and to increase berry acidity compared to ungrafted vines
[94]. Controversial roles of the SO4 rootstock in managing
grapevine potassium uptake have been reported. While
grafting Shiraz onto SO4 resulted in a reduction in petiole
potassium content [97], a higher potassium concentration
was observed in both young (10 apical leaves) and mature
leaves of V. vinifera L. cv. Negrette grafted onto SO4
rootstocks compared to those grafted onto 101-14 Mgt and
3309C [108]. Tese fndings suggest that the infuence of
rootstocks on modifying nutrient uptake can occasionally be
specifc to certain scion varieties.

Grapevines can regulate potassium uptake through the
modulation of K+ transporter/high-afnity K+/K+ uptake
(HAK/KUP/KT) family [109–111]. Two potassium trans-
porters belonging to the KUP/KT/HAK family, namely,
VvKUP1 and VvKUP2, were previously isolated from V.
vinifera berries [111]. Teir expression in the green cane,
seeds, fowers, and berries of Shiraz supported the accu-
mulation of potassium in the berries [111]. Similarly, an-
other study on table grapes suggested that the expression of
VvKUP1 and VvKUP2 in both the roots and shoots of
Chawga (V. vinifera L.) signifcantly increased in response to
50mM NaCl, resulting in a rapid increase in potassium
accumulation in the roots and shoots two weeks after ex-
posure to saline stress [109]. It should be noted that diferent
rootstocks may exhibit variations in the transcriptional
abundance of the KUP/KT/HAK family genes. Tus,
comparing the expression of VvKUP1 and VvKUP2 in
various rootstocks should be considered for future studies.

4.2. Sodium. Sodium ions (Na+) engage in the photosyn-
thesis of C4 plants by promoting the conversion of pyruvate
into phosphoenolpyruvate, and this mechanism is not ob-
served in C3 plants including grapevines [112]. Sodium ions
can act as osmolyte together with potassium ions in
grapevines. Sodium ions maintain extracellular osmotic
pressure, while potassium ions accumulate in the vacuole of
plant cells to balance the intracellular osmotic pressure
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[113]. However, when the concentration of potassium ions is
low, sodium ions could fow into cell vacuoles and substitute
potassium ions to balance intracellular osmotic pressure and
thus maintain the basic physiological functions of plants
under potassium defciency [114]. Te most commonly
found problem with sodium in vineyard is high sodium
stress. High sodium stress could exacerbate potassium ho-
meostasis disorders in plants, where sodium ions could afect
the afnity of potassium ion transporters. Tis could further
alter potassium-related physiological activities discussed in
previous section [115].

Rootstocks could be used to address the challenges of soil
salinity (Table 4). Some commercial rootstocks can tolerate
sodium stress by limiting the uptake of sodium from the soil
as well as restraining the transport of sodium to the leaves.
For example, the concentration of sodium ions in trunk
wood was signifcantly lower in Shiraz scions grafted onto
Ruggeri 140 and 101-14 Mgt in comparison to ungrafted
vines [3]. In the same study, grafting both Chardonnay and
Shiraz to Ramsey and Ruggeri 140 considerably alleviated
the loss of yield caused by salinity compared to that on
ungrafted vines, suggesting their higher salt tolerance [3].

Briefy, the mechanisms of salinity tolerance in plants
encompass tissue tolerance (the ability of plants to withstand
high salt ion concentrations within the plant), osmotic
tolerance (the capacity of plant roots to endure osmotic
stress induced by soil salinity), and ion exclusion achieved
through the regulation of membrane proteins with ion
transport activity [116]. Notably, signifcant research eforts
have been dedicated to investigating the molecular regula-
tion associated with ion exclusion. For example, the role of
HKT genes in managing salt tolerance has been widely
studied in various plants such as cucumber and seepweeds
[117, 118]. HKT family genes including VvHKT1, VvHKT2,
VvHKT3, VvHKT4, and VvHKT5 have also been identifed
in grapevine [13, 14]. Higher expression of the VvHKT1 and
VvHKT2 in A15 and A17 rootstocks leads to increased
sodium retention in the root zone and lower sodium con-
centrations in petioles and blades compared to that of SO4
[13]. C-repeat binding factor/dehydration responsive ele-
ment binding protein 1 (CBF/DREB1) genes also play im-
portant roles in salt stress management. Overexpression of
VrCBF1 and VrCBF4 isolated from V. riparia can increase
the survivability of A. thaliana Col-0 exposed to drought-

Table 4: Extreme soil pH tolerance and micronutrient absorption capacity of diferent rootstocks.

Rootstocks
Soil acidity 

tolerance

Soil lime 

tolerance

Soil micronutrient absorption ability
Reference

N Ca K Na P Mg Zn

101-14 Millardet et de Grasset [3, 45, 84–88]

1212 Couderc [3, 86]

1616 Couderc [89]

3309 Couderc [84]

41 B Millardet et de Grasset [84, 88, 90, 91]

420A [84, 92, 93]

44-53 M [84]

Börner [94]

Dog ridge [84]

Fercal [10, 12, 95, 96]

Freedom [84, 97]

Georgikon 28 [10]

Gravesac [84, 98]

Harmony [97]

Kober 5BB [10, 12, 98, 99]

Merbein 5489 [94]

Merbein 5512 [94]

Paulsen 775 [100, 101]

Paulsen 1103 [3, 5, 45, 67, 84, 86, 87, 90, 92–94, 97, 98, 102–104]

Ramsey [3, 5, 86, 97, 105]

Richter 99 [97]

Richter 110 [67, 84, 85, 90, 94, 98]

Riparia Gloire [84, 88, 102]

Ruggeri 140 [86, 90, 94, 97, 105]

Schwarzmann [3, 86]

St. George [3, 84, 86, 97]

SO4 [12, 67, 84, 85, 88, 92, 97, 99, 104]

Teleki 5C [12, 99]

Data retrieved from previous research on grafted grapevines. Diferent colours stand for diferent levels of ability: ( ) low; ( ) medium; ( ) high; ( )
very high; ( ) data not available.
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induced saline stress [119]. Tis may explain why Cabernet
Sauvignon grafted to several descendants of V. riparia, in-
cluding Börner and Freedom, exhibited enhanced Na+ ex-
clusion ability and lower sodium content in the petiole [84].
However, to further understand the mechanism of salinity
tolerance by grafted rootstocks, the expression of VrCBF1
and VrCBF4 in scion leaves under saline stress needs to be
compared among diferent rootstocks. Grapevine Na+/H+

exchanger (NHX) family is also involved in salt tolerance,
where upregulated expression of VvNHX1 and VvNHX2 in
the leaves of ungrafted Cabernet Sauvignon 200mM NaCl
condition was observed [120]. Among NHX family,
VvNHX1 is a cation-proton antiporter localised in vacuolar
membranes of berry and plays an important role in inducing
tonoplast internalisation of sodium, which could reduce the
damage caused by excess sodium ion to organelles and
cellular metabolism [121, 122]. To date, the investigation on
VvNHX family genes was mainly focused on ungrafted
grapevines, whereas future studies can compare the ex-
pression of these genes in diferent grafted rootstocks and
examine their efects in managing ion transport activity to
better understand their role in salinity tolerance.

4.3. Chloride. In addition to sodium, chloride is a major
mineral contributing to soil salinity. Chloride-induced sa-
linity can lead to reduction in stomatal conductance and
photosynthesis of grapevine along with increased shoot
chloride content and leaf burn [123, 124]. A few rootstocks
can be used to mitigate chloride-induced saline stress.
Previous study showed that Rupestris St. George is efective
in reducing chloride absorption, where chloride concen-
trations in laminae of Shiraz and Chardonnay grafted to
Rupestris St. George were consistently lower compared to
vines grown on own roots over 7 years of observation [125].
Ruggeri 140 and M4 are also tolerant to saline stress
[2, 7, 124]. Te physiological performance of these root-
stocks, including leaf area index, leaf expansion rate, leaf
water potential, net CO2 assimilation, and stomatal con-
ductance, was less infuenced by saline stress compared to
other rootstocks, such as 101-14 Mgt and Merbein 6262
[7, 124].

Te mechanisms of rootstocks tolerating chloride-
induced salinity have not been fully understood, but
a few genes diferently expressed under saline stress have
been identifed in grapevine [2]. Higher expression of
VvNAXT1 that encodes nitrate excretion transporter in
grapevine was found in the roots of Ruggeri 140 compared to
K51-40 (a rootstock with high chloride concentration in
shoot), and its expression was further upregulated in Ruggeri
140 when rooted leaves (established from cuttings and
maintained in a glasshouse for 3weeks to develop roots)
were cultured in 50mM chloride ions for 4 days [2]. Sim-
ilarly, the abundance of VvSLAH3,a gene encoding plasma
membrane-localised Slow Anion Channel 1 protein, was also
higher in the roots of Ruggeri 140 compared to K51-40 [2]. A
previous study on Arabidopsis suggested that the coex-
pression of SLAH1 and SLAH3 in xylem-pole pericycle cells
played a regulatory role in facilitating NO3− translocation to

the shoot in response to high Cl− stress [126]. Eight NPF
genes exhibited signifcant diferential expression between
Ruggeri 140 and K51-40, whereas whether these genes
contribute to the Cl− tolerance of Ruggeri 140 remains
unclear [2]. Terefore, further investigation is required to
elucidate the roles of these genes in regulating saline tol-
erance in grapevines and provide insight into breeding
saline-tolerant rootstocks.

4.4. Phosphorus. Phosphorus is an essential macronutrient
for plants including grapevines. Te roles of phosphorus in
constituting plant cell membrane, nucleic acids, and various
energy-supportive compounds, such as adenosine tri-
phosphate, have been well reviewed previously [127, 128].
Despite the high phosphorus content in soil, the bioavailable
inorganic phosphate (PO4

3−, HPO4
2−, and H2PO4

−) only
presents in a small proportion. Te predominate organic
phosphorus source in soil, inositol hexaphosphate, cannot
be utilised by grapevines unless it is converted to immobile
forms such as H2PO4

− and HPO4
2− [129]. In addition, in-

organic phosphate can form ion pairs or complex species
with calcium or magnesium, making it more difcult for
roots to absorb [130].

Some rootstocks can be used to mitigate phosphorus
defciency (Table 4). High concentrations of inorganic
phosphorus could usually be detected in the petioles of
Flame Seedless, Tompson Seedless, Superior Seedless, and
Red Globe grafted to Ramsey compared to same scions
grafted to nine other studied rootstocks, including Freedom,
Harmony, St. George, SO4, 1613C, Paulsen 1103, Richter 99,
Richter 110, and Ruggeri 140 [131]. Likewise, Richter 110
and 41B Millardet et de Grasset (41B) can also tolerate
phosphorus defciency, where higher petiole phosphorus
concentrations have been observed in Cabernet Sauvignon
grafted to these rootstocks compared to other rootstocks
such as Millardet et de Grasset 420A (420A) and 44-53M
[84]. Both Richter 110 and 41B share the same parent species
V. berlandieri from which they may inherit the trait [84].

Excessive phosphorus content in soils can be another
problem afecting the growth of plants [132]. Te ideal soil
phosphorus ion concentration for growth of majority high
phosphorus demanding plants is 5 to 60 μM, where excessive
phosphorus may lead to zinc and iron defciencies, which
can subsequently afect protein synthesis and result in iron
defciency-induced leaf chlorosis [29, 133]. Rootstock can be
used to limit phosphorus uptake from soil (Table 4).
Freedom is one of the best rootstocks to limit phosphorus
uptake. Te petiole phosphorus concentration of Flame
Seedless and Tompson Seedless vines grafted to Freedom
was signifcantly lower than same scions grafted to 3309C,
Richter 99, and SO4 [131]. Similarly, Riparia Gloire, 44-53M,
and 420A can limit phosphorus uptake by grapevine, and the
petiole phosphorus contents of Cabernet Sauvignon grafted
to these rootstocks were signifcantly lower compared to
those grafted to Richter 110 and Dog Ridge [134].

Te mechanism for rootstocks to regulate phosphorus
content is complicated and not fully understood. In general,
phosphorus uptake not only is determined by the rootstocks
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used but also depends on the scions grafted. A recent study
compared the phosphorus uptake ability of diferent scion-
rootstock combinations under low or high phosphorus
supply [15]. Tis study highlighted that the scion could exert
long-distance regulation of rootstock responses to low
phosphorus condition, including the expression of Inorganic
Phosphate Transporter 1 genes (PHT1) and Purple Acid
Phosphatase genes (PAP). Inorganic Phosphate Transporter
1 family proteins are responsible for the uptake of inorganic
phosphorus in roots, while acid phosphatases are re-
sponsible for catalysing the hydrolysis of organic phos-
phorus to inorganic phosphorus in soil [135]. Under high
nitrogen condition, transcription of PHT1.3b and PHT1.4d
was afected by both scion and rootstock, while PHT1.4awas
only afected by scion [15]. Furthermore, signifcant elevated
transcription of PHT1 genes (PHT1.3a-b, PHT1.4a-d) was
observed in all scion-rootstock combinations under low
phosphorus supply compared to that under high phos-
phorus condition. Similar to PHT1 genes, the transcript
abundance of PAP genes was higher under low nitrogen
supply than that in high nitrogen condition. Elevated
transcription of PAP10 was observed in scion/rootstock
combinations of Paulsen 1103 grafted to Paulsen 1103 and
Pinot Noir grafted to Paulsen 1103 than that with Paulsen
1103 and Pinot Noir scions grafted to Pinot Noir rootstock
under low nitrogen supply, while the abundance of PAP12
transcripts was higher in both scions grafted to Pinot Noir
rootstock than those grafted to Paulsen 1103 under high
nitrogen supply [15]. Tis suggested that the genetic vari-
ation in shoot-borne signals can regulate root response to
diferent phosphorus supply conditions and the impacts of
rootstocks on phosphorus uptake should not be studied
alone [15]. Instead, both scion-root interaction and the
level of nitrogen supply should be taken into consider-
ation. In addition, grapevine rootstocks could infuence
rhizosphere microbes. For example, a previous study
unfolded that Paulsen 1103 could signifcantly increase
the relative abundance of Pseudomonadaceae compared
to other rootstocks, including Kober 5BB, 161-49 Cou-
derc, and Ruggeri 140 [136]. Inoculation with several
strains belonging to Pseudomonadaceae, especially
Pseudomonas putida RC06 and Pseudomonas putida
FA19d, to rhizosphere soil could result in an increased
content of phosphorus in the leaves of grafted vines [137].
In summary, rootstocks can be used to overcome both
phosphorus defciency and phosphorus toxicity. Further
research on the molecular mechanisms is required to
better explain how grapevine rootstocks regulate phos-
phorus uptake and translocation.

4.5. Magnesium. Magnesium is an essential component of
chlorophyll and as such contributes to photosynthetic CO2
assimilation. In the photosynthesis process, magnesium
binds to both catalytic chaperone Rubisco activase and the
side chain of carbamylated Rubisco, promoting CO2 as-
similation [138]. Reduced CO2 assimilation in grapevines
caused by a lack of magnesium stimulates ROS generation in
cells, increases oxidative stress, and causes severe cell
damage [139, 140]. Terefore, it is essential to ensure

adequate magnesium uptake to maintain the health of
grapevines.

Diferent rootstocks have altered magnesium uptake
capacities (Table 4). A previous study found that Richter 110
could reduce magnesium uptake of the grafted vines, where
both Xinomavro and Chardonnay grafted to Richter 110
showed considerably low magnesium content in leaf com-
pared to same grapevine scions grafted to 41B, Paulsen 1103,
and Ruggeri 140 [90]. Likewise, Freedom, Ramsey, and SO4
also have a tendency to restrict magnesium uptake in
grapevines. In a 5-year observational study, Shiraz vines
grafted onto these rootstocks exhibited signifcantly lower
petiole magnesium content compared to ungrafted vines
[97]. Paulsen 1103, 3309C, and Ruggeri 140 exhibit good
magnesium absorption ability and tolerate low magnesium
concentrations in the soil [90, 108, 141]. Tese rootstocks
respond quickly to increased oxidative stress induced by
magnesium insufciency and produce higher concentrations
of carotenoids and certain anthocyanins such as pelargo-
nidin (3-O-(6-O-malonyl)-β-D-glucoside) compared to SO4
rootstock [141]. In addition, stronger tolerance of Paulsen
1103 to magnesium defciency-induced ROS is also
supported by the higher abundance of molybdenum co-
factor (Moco) in roots, where several Moco-dependent
enzymes including sulfte oxidase, sulfte reductase, and
xanthine dehydrogenase are capable of sulfte [142] and
hydrogen peroxide [143] detoxifcation. Paulsen 1103
attenuates magnesium defciency-induced oxidative stress
by downregulation of a Respiratory burst oxidase protein
D (RBOH D) transcript in roots, which is involved in
reactive oxygen intermediate production in grapevine
[141, 144]. Another mechanism infuencing magnesium
uptake is the MRS2/MGT gene family which encodes
transporters in grapevine roots [141]. Expression of both
AtMRS2-4/AtMGT6 and AtMRS2-7/AtMGT7 was re-
sponsible for Mg2+ uptake under a magnesium defciency
environment in Arabidopsis [145, 146] and a similar
mechanism may be present in grapevines, which needs to
be further validated.

4.6. Zinc. Zinc is recognised as a crucial micronutrient for
grapevines, as it facilitates the formation of auxin, which, in
turn, supports the development and elongation of shoots and
internodes [147, 148]. Additionally, zinc bindswith awide range
of proteins to regulate the immune responses of plants [149].
For example, a zinc fnger protein needs at least one zinc ion to
stabilise the secondary and tertiary molecular structure [150].

Zinc defciency may afect the grapevine structure, devel-
opment, and disease resistance. Zinc toxicity is another relevant
situation. Soil zinc concentration above 80mg/kg can cause
problems, where high level of zinc content in the shoot may
inhibit electron transfer in photosynthesis and reduce the
biosynthesis of chlorophyll and eventually result in decreased
leaf area and pruning mass of grapevines [92, 93]. Te phe-
nomenon of zinc toxicity has gained increased attention in
recent years, and its infuence may be more severe than zinc
defciency, especially in vineyards using zinc-based fungicides
[151].
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A few studies have compared zinc uptake ability of
grapevine rootstocks (Table 4). Rootstocks SO4 and 420A
showed superior capacity of zinc uptake in low zinc soils
(20–40mg/kg), and zinc concentrations in the roots and
shoots of these rootstocks were signifcantly higher
compared to Paulsen 1103 [93]. Te canopy size and dry
weight of scions grafted to SO4 and 420A rootstocks were
approximately 1-2 times higher than those grafted to
Paulsen 1103 and IAC313 rootstocks in low zinc soil [151].
Paulsen 1103 is a good candidate for high zinc conditions;
for example, high soil zinc content (80–160mg/kg soil)
had limited infuence on the mass of root and scion of
own-rooted Paulsen 1103 [151]. Te variance of zinc
tolerance among diferent rootstocks is not fully un-
derstood but could possibly be related to the expression of
zinc-regulated transporter/iron-regulated transporter
protein (ZIP) gene family responsible for regulating zinc
uptake, transportation, and homeostasis in grapevine
[152]. A previous study noticed that upregulated ex-
pression of VvZIP2, VvZIP6, VvZIP7, and VvZIP13 could
be observed in the leaf of “Merlot” (V. vinifera L.) at both 4
and 10 days after treated by zinc spray (2880mg/L). Tis
supported zinc translocation within entire plant and
prevented excessive zinc accumulation in plant [153].
Noticeably, in the same study, zinc stress-induced ex-
pression of VvNRAMP3 has also been observed [153].
NRAMP is a multimetal transporter located in the vac-
uolar membrane. It is involved in zinc detoxifcation,
despite its mechanism remaining unclear [154]. Expres-
sion of zinc uptake-related genes in grapevine can also be
afected by ABA, where elevated expression of VvZIP2,
VvZIP6, and VvZIP7 in the roots of “Merlot” was induced
by application of 10 μM ABA to rhizosphere soil [153].
However, whether ABA accumulation can directly afect
zinc uptake and translocation remains uncertain due to
the controversial role of in ABA in regulating plant growth
and shaping root structure [155, 156].

To better examine the role of ABA in zinc uptake by
grapevine rootstocks, future studies are recommended to
evaluate the zinc status in diferent organs of grafted
grapevines in response to the exogenous application of
ABA. Furthermore, whether diferent grapevine root-
stocks could express genes related to ABA biosynthesis
and ABA perception diferently under zinc defciency
environments remains a promising area to explore further
upon if the mechanisms of ABA regulating zinc uptake are
fully understood.

4.7. Nitrogen. Nitrogen is essential for grapevines and is
needed for the biosynthesis of proteins, chlorophyll,
phytohormones, and nucleic acids [157]. Uptake of ni-
trogen from soil is strongly correlated to its content in
the soil, where insufcient yeast assimilable nitrogen
(YAN) (<150 mg/L) caused by nitrogen defciency in soil
would hinder the initiation of yeast fermentation
winemaking [43]. Oppositely, excessive YAN in berries
can lead to residual nitrogen during primary fermenta-
tion, which encourages microbial instability that speeds

up yeast fermentation and increases the risk of micro-
organism spoilage [158, 159]. Furthermore, high YAN
may result in formation of undesirable haze and thiols in
the wine [160].

Grapevines can utilise nitrate and ammonium as ni-
trogen sources and convert these inorganic nitrogen forms
into glutamine [161]. Plants actively uptake nitrate through
a proton/nitrate-coupled mechanism primarily mediated by
low-afnity transport systems and high-afnity transport
systems [102]. Both of these systems can be induced in
grapevines within 24 hours in response to increased nitrate
availability [162].

Rootstocks, on the other hand, can modify nitrate uptake
by either enhancing the kinetics or regulating the intensity of
the high-afnity transport system induction response
[157, 163]. Tese efects can be particularly pronounced in
Pinot Noir grafted onto Riparia Gloire. In this case, the
expression of two genes that regulate the high-afnity nitrate
transporter, named VitviNRT2.4A and VitviNRT3, in root
tips signifcantly increased in response to 0.5mM Ca (NO3)2
after 10 days of nitrogen starvation, in comparison to the
same scion grafted onto Paulsen 1103 [102]. Similarly, an
increase in the expression of VitviNRT2.4A, VitviNRT3, and
another gene named VitviNAXT, which encodes nitrate
excretion transporter1, was also observed in the roots of
Chardonnay and Sauvignon Blanc grafted onto Kober 5BB
[157] and Corvina grafted onto SO4 [162] during their
recovery from nitrogen defciency. Te responsiveness of
rootstocks to nitrogen availability may also be infuenced by
the accumulation of free amino acids in root tips [102]. Free
amino acids accumulated within 24 hours after nitrate in-
duction in Pinot Noir scion grafted to Riparia Gloire, leading
to elevated expression of VitviGS2, an ortholog encoding
Glutamine synthetase in root tips, thus enhancing nitrogen
assimilation [102]. Likewise, previous research on ungrafted
M4 rootstock revealed that the abundance of several proteins
involved in the biosynthesis of methionine, isoleucine, and
serine increased signifcantly in roots in response to 10mM
NO3- for 30 hours [164]. Tat further supports the role of
free amino acid accumulation in managing nitrogen uptake
and may explain why several nitrogen uptake supporting
rootstocks, such as SO4 [165] and Riparia Gloire [166], have
higher expression of genes encoding nitrate reductase, ni-
trite reductase, and glutamine synthetase isoform 1. On the
contrary, 420A has been proven efective to reduce nitrogen
uptake of the grafted Cabernet Sauvignon scion, suggesting
a proper candidate for vineyards with high soil organic
nitrogen content [160].

4.8. Other Nutrients. In addition to the nutrients above,
other macro- and micronutrients such as boron, calcium,
and selenium can infuence the growth of grapevines.

Boron is an essential nutrient responsible for forming
borate-diol ester bonds that link two rhamnogalacturonan II
(RGII) chains, a plant cell wall pectic polysaccharide [167].
Specifcally, in grapevines, boron is associated with grape-
vine fowering, fruit ripening, and fruit yield [168]. A de-
fciency in boron may lead to impaired pollen tube growth
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and, ultimately, the development of shot berries (seedless
and small in size) [169]. Efective boron absorption abilities
are evident in several rootstocks, including 101-14 Mgt,
Paulsen 1103, Richter 99, Ruggeri 140, and Schwarzmann
[170, 171]. Tese rootstocks could be used to alleviate the
symptoms of boron defciency, likely due to the expression
of NIP5;1, a boric acid channel, and BOR1, a boric acid/
borate exporter that localises to the plasma membrane in
these rootstocks [172, 173], and further investigation is
required to validate this hypothesis. On the contrary, boron
toxicity, which frequently occurs in sedimentary soils, is
another issue afecting grapevine physiology. Excessive
boron uptake could result in the accumulation of boron in
grapevine leaves, inducing oxidative stress and lipid per-
oxidation, which would, eventually, cause membrane
damage [174]. A previous study investigated the response of
grafted grapevines to boron toxicity, where V. vinifera L. cv.
Kalecik Karasi grafted to Kober 5BB showed increased su-
peroxide dismutase (SOD) and catalase activities in leaves in
response to 30mg/kg soil boron content [174]. Tis in-
dicated that grafted grapevine could display a defensive
mechanism to protect plant cell against boron toxicity-
induced oxidative stress. However, such a mechanism
could be afected by the variety of scion grafted. For instance,
Merlot grafted to Paulsen 1103 exhibited more severe leaf
burns, higher boron accumulation in leaf, and signifcantly
lower SOD activity in leaf compared to Sangiovese grafted to
same rootstock when treated by 30mg/kg boron in the soil,
suggesting its poor tolerance to boron stress [175]. Limited
studies compared the antioxidant activities of diferent
grapevine rootstocks against boron toxicity, which can be
considered in future studies.

Te nutritional role of soil calcium for grapevine health
remains controversial. Calcium can regulate chloroplast
stroma function and thylakoid assembly in grapevines, and
calcium enrichment could inhibit plant absorption of
magnesium and potassium [176, 177]. Diferent genotypes of
rootstocks can confer diferent efects in calcium absorption
and translocation to grapevine. For example, increased
calcium content in shoots and leaves was observed in Merlot
grafted to rootstock 101-14 Mgt [171]. Similarly, a higher
calcium content in the leaves of both Xinomavro and
Chardonnay grafted onto Paulsen 1103, in comparison to
scions grafted onto 41B and Ruggeri 140, was previously
observed [90]. Nevertheless, the mechanism infuencing
calcium uptake by diferent grapevine rootstocks remains
unclear.

Selenium is a micronutrient contributing to drought
tolerance of grapevine. For example, foliar application of
5–10mg/L selenium could increase the accumulation of
osmolytes in the leaves of V. vinifera L. cv. Sultana and
upregulate antioxidant activity in grapevine leaves under
saline stress [178]. Previous study suggested that grapevine
cultivar “Chambourcin” grafted to 3309C had slightly
higher selenium concentration in leaves compared to vines
grafted to Paulsen 1103, SO4, and ungrafted grapevines
[179]. One of the possible mechanisms by which grafted
rootstocks afect selenium status is the regulation of sali-
cylic acid synthesis and accumulation in plants. Te role of

salicylic acid in managing selenium uptake and trans-
location in grapevine has been examined previously, where
selenium contents in the roots, stems, leaves, and shoots of
seedless “Summer Black” grapes increased signifcantly
after spraying salicylic acid to the leaves at 200mg/L [180].
Another study noticed that grafting Cabernet Sauvignon to
diferent rootstocks, including Riparia Gloire de Mont-
pellier and Paulsen 1103, could result in diferent ex-
pression of three genes responsible for the synthesis and
degradation of salicylic acid in shoot apex zones [181].
Nevertheless, limited research compared salicylic acid
content level among diferent grafted rootstocks. Future
study can investigate this topic to reveal the relationship
between selenium uptake and endogenous hormone pro-
duction by grafted rootstocks. However, one of the chal-
lenges future studies on phytochemistry may face is
distinguishing the direct infuence of rootstocks on root-
derived salicylic acid, which afects the absorption of nu-
trients by root systems, from the indirect infuence of
shoot-derived hormones that afect the nutrient status in
plants.

5. Soil pH and Rootstock Selection

Soil pH can afect the growth of grapevine by infuencing the
availability of nutrients and thus modifying their uptake
efciency. Soil pH may also infuence the rhizosphere
microbiome community and therefore have other efects on
the health of grapevines. Generally, the optimum soil pH for
grapevine is between 6.0 and 7.0, while acidic and alkaline
soil may have diferent impacts on plant growth.

5.1. Acidic Soil. Te accessibility of several nutrients varies
with soil pH. When soil pH is lower than 5.5, the ability of
roots to take up phosphorus, potassium, and magnesium
reduces dramatically [182]. In contrast, the availability of
aluminium increases at low soil pH, where excess protons
(H+) release Al3+ fromAlOH2+, Al (OH)2+, Al (OH)3, and Al
(OH)4− [183]. Excessive uptake of aluminium at low soil
pH is associated with inhibition of intercellular transport of
micronutrient ions and attenuated elongation of roots and is
therefore toxic for plants [184, 185]. Te availability of
manganese also increases in acidic soil, and the efciency of
roots in uptake of manganese maximised at around pH 4.5
[186]. Excessive manganese can become toxic due to the
accumulation of manganese oxides, oxidised phenolic
compounds, and ROS in cell walls, which cause damage to
chlorophyll [187, 188], whereas prolonged exposure to
manganese toxicity can result in the chlorosis and necrosis of
leaves [188].

Rootstocks perform diferently in responding to exces-
sive soil acidity (Table 4). Several rootstocks, such as Fercal
and Gravesac, have previously demonstrated exceptional
tolerance to soil acidity (pH 4.9) [10]. In comparison to
Kober 5BB, these own-rooted Fercal and Gravesac main-
tained relatively higher shoot and leaf mass after being
planted in acidic soil for 3months [10], likely inheriting the
trait from their parent species, V. berlandieri.
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Research on the mechanism of grapevine rootstocks
tolerating low pH condition is limited. It is possible that the
NHX antiporter plays an important role. Six NHX anti-
porters genes have been identifed in grapevine
(VvNHX1–6), where VvNHX1 is the dominant one and
responsible for the homeostasis of monovalent cations,
pH regulation, and salt tolerance [121] but has not been
extensively characterised. NHX antiporters have been better
studied in other plants. In rice for example, HtNHX1 and
HtNHX2 overexpression line showed higher growth rate
compared to wild type under two stress conditions: 100 μM
AlCl3 for 3 days, or soil acidity (pH 4.5) for 30 days, sug-
gesting that expression of bothHtNHX1 andHtNHX2 could
enhance rice tolerance to acid soil and subsequent Al3+ stress
induced by low soil pH [189].HtNHX1, in particular, located
in plant cell tonoplast, is more capable of driving cytosolic
K+ to fow into cell vacuoles, where K+ could exchange
excessive H+ and alleviate damage caused by extreme acidity.
On the other hand, HtNHX2 is mainly located in cell
endosome, which can promote luminal pH homeostasis of
the endomembrane system.Tis further results in stimulated
secretion of the membrane and cell wall material to the cell
surface and apoplast, thus increasing tolerance of plants to
acidic soil-induced Al3+ stress [189, 190]. Expression of
HtNHX1 in rice can also stimulate citrate secretion of roots
under stress of 100 μMAlCl3 for 1 day [189], where secretion
of citrate and other organic acids for chelating Al3+ in
rhizosphere zone is a major mechanism of Al3+ de-
toxifcation [191, 192]. With the presence of similar anti-
porter in grapevine roots, similar mechanisms may exist.
Due to the limited understanding of VvNHX family genes in
diferent genotypes of grapevine rootstocks, further in-
vestigation is recommended to compare the expression of
VvNHX family genes in various rootstocks in response to
extreme soil acidity. Tis will help better understand the
mechanisms by which VvNHX family genes are involved in
the tolerance of low soil pH environments by rootstocks.

5.2. Alkaline Soil. High pH of soil (above 7.5) is mainly
caused by high lime (calcium carbonate) content and can
result in oxidation of Fe2+ ions, thus lowering availability of
iron [193]. Lack of iron in grapevines can lead to leaf
chlorosis as well as poor canopy structure [194].

A few rootstocks can tolerate alkaline soils (Table 4). For
instance, rootstocks Fercal and Georgikon 28 maintain high
shoot, leaf, and root biomass when exposed to an alkaline
soil environment (pH 8.49) for 3months [10]. Fercal is
a good candidate suitable for divergent extreme soil
pH conditions, at both low and high pH. A previous study on
Pinot Gris suggested that vines grafted onto Fercal exhibited
an increase in stomatal conductance in response to high
pH conditions (pH 9), along with enhanced plant water-use
efciency compared to the same scion grafted onto Paulsen
1103. Tis response appears to represent a specifc strategy
employed by the rootstock to promote nutrient mass-fow,
consequently augmenting mineral acquisition capacity [11].
Furthermore, the observed increase in root mass in Pinot
Gris grafted onto Fercal under pH 9 conditions suggests

a mechanism contributing to improved nutrient uptake
capacity and enhanced root exploration in alkaline soil
conditions [11]. Te mechanism of Fercal rootstock toler-
ating high pH calcareous soil has also been explained in
another previous study, where own-rooted Fercal main-
tained high iron and chlorophyll contents in grapevine
leaves, under the iron defciency (9mg/L iron chelates) and
heavy bicarbonate (840mg/L NaHCO3) compared to
Richter 99 and 1613C [195]. Tis suggested the role of Fercal
in alleviating bicarbonate-induced iron defciency under
high pH calcareous soil condition [195]. In the same study,
the researchers mentioned that the tolerance to bicarbonate-
induced iron defciency may be physiologically related to
iron uptake strategy I, where the plasma membrane H+-
ATPase from plant roots caused acidifcation of the rhizo-
sphere, which increased the solubility of Fe3+ and promoted
the uptake of iron by roots [195]. Similarly, Teleki 5C and
Paulsen1103 were also reported to tolerate alkaline soil and
have been applied in Czech Republic to overcome chlorosis
induced by calcareous soils [12]. Both rootstocks share
a proportion of V. berlandieri pedigree, where V. berlandieri
is known as a key species for the breeding of soil lime-
tolerant rootstocks [196].

Soil lime-induced iron defciency can stimulate phos-
phoenolpyruvate carboxylase (PEPC) activity in soil lime-
tolerant rootstock [197]. PEPC is involved in the tri-
carboxylic acid cycle in roots and can facilitate the pro-
duction of various organic acids such as citric and malic
acids [198, 199]. Secretion of organic acids from root to soil
may adjust soil pH and increase iron availability, which has
been considered as a common way to achieve alkaline soil
tolerance [198]. Two genes encoding PEPC named PEPC3-1
and PEPC3-2 and 2 PEPC kinases genes named PEPCK1-1
and PEPC1-2 have been identifed from grapevines. Sig-
nifcant increased expression of these genes was observed in
rootstock A15 (V. amurensis×V. berlandieri×V. riparia)
when exposed to NaHCO3-induced alkalinity, resulting in
stimulated biosynthesis of oxaloacetate and its downstream
products, oxalate and malate [200]. A similar mechanism
was also noticed in soil lime-tolerant rootstock Ruggeri 140,
where microcuttings (a stem cutting technique which uses
cuttings from the juvenile mother plants) of Ruggeri 140
showed signifcantly higher H+ extrusion from the roots and
root H+ release activity compared to Ramsey, along with
enhanced root ferric chelate reductase activity under iron-
defcient condition [105]. Conversely, iron defciency caused
a signifcant decrease in phosphoenolpyruvate carboxylase
(PEPC) and malate dehydrogenase activity in own-rooted
101-14 Mgt, a typical soil lime-susceptible rootstock [85].
Rootstocks can also modify root exudates in response to
lime-induced iron defciency. In the case of microcuttings of
Ruggeri 140, several primary metabolites in root exudates,
especially L-glutamate and maltose/sucrose, signifcantly
reduced after being exposed to iron defciency for 3 hours
[105]. Tis reduction in root exudates at the rhizosphere
supports the reabsorption of amino acids and other com-
ponents by rootstocks, along with the release of antimi-
crobial metabolites. Tese actions reduce microbial
competition for the iron mobilised by root activities

Australian Journal of Grape and Wine Research 15



[105, 201]. Iron defciency can also lead to a decrease in the
concentrations of salicylic acid, p-coumaric acid, cafeic acid
ethyl ester, cafeic acid 4-O-glucoside, apigenin 6-C-glu-
coside, isoxanthohumol, and wighteone in root exudates
from Ruggeri 140 [105]. However, the roles of these com-
pounds in regulating soil alkaline stress remain unclear, and
genes responsible for their biosynthesis and metabolism in
grapevine roots have not been well-reported previously.
Future studies are required to compare the composition of
root exudates from diferent rootstocks in response to soil
lime-induced iron defciency and to investigate the mech-
anisms by which these compounds contribute to soil lime
tolerance in grapevine rootstocks.

6. Conclusion

Rootstocks have been used in almost all grape-growing
countries due to their advantages in managing abiotic and
biotic stress and improving berry production and quality.
Commercial rootstocks are obtained from crossbreeding
between Vitis species, and many rootstocks share similar
genetic background and therefore characteristics. Consid-
erations related to the management of abiotic stress factors
play an important role in the selection of rootstocks for
viticultural production. In particular, the disparate capac-
ities of rootstocks in mitigating water stress necessitate
thoughtful decision making in accordance with the specifc
conditions prevailing in the vineyard. Moreover, meticulous
attention to the soil profle within the vineyard, encom-
passing parameters such as soil pH and nutrient availability,
is critical for rootstock selection.

Tere are clear research gaps in the following areas: (1)
new rootstocks should be developed to address emerging
challenges, such as new phylloxera genotypes, and their
performance should be evaluated; (2) the mechanism of how
rootstocksmanage biotic and abiotic stress at molecular level
is not well explored; (3) the role of hormones secreted by
rootstocks in managing stress and nutrient uptake should be
investigated; (4) the efects of rootstocks in managing berry/
wine composition need to be further reviewed; and (5) future
studies should focus on the interaction between rootstocks
and soil microbiome and investigate how they can con-
tribute to the growth of grapevines.
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Additional Points

Highlights. (i)Te review summarises characteristics of main
grapevine rootstocks. (ii) Tis review evaluates tolerance of
diferent grapevine rootstocks to water stress. (iii) Tis re-
view compares nutrient uptake capacity of diferent
grapevine rootstocks. (iv)Tis review discusses the tolerance
of rootstocks to soil acidity and soil lime.
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[12] P. Pavloušek, “Preliminary results of tests of grapevine
rootstocks resistance to lime-induced chlorosis,” Acta
Universitatis Agriculturae et Silviculturae Mendelianae
Brunensis, vol. 56, no. 2, pp. 299–302, 2014.

[13] Q. Fu, Y. Tan, H. Zhai, and Y. Du, “Evaluation of salt re-
sistance mechanisms of grapevine hybrid rootstocks,” Sci-
entia Horticulturae, vol. 243, pp. 148–158, 2019.

[14] Y. Wu, S. W. Henderson, S. Wege et al., “Te grapevine NaE
sodium exclusion locus encodes sodium transporters with
diverse transport properties and localisation,” Journal of
Plant Physiology, vol. 246-247, Article ID 153113, 2020.

[15] A. T. Gautier, I. Merlin, P. Doumas et al., “Identifying roles
of the scion and the rootstock in regulating plant devel-
opment and functioning under diferent phosphorus sup-
plies in grapevine,” Environmental and Experimental Botany,
vol. 185, Article ID 104405, 2021.

[16] B. I. Reisch, C. L. Owens, and P. S. Cousins, “Grape,” in Fruit
Breeding, pp. 225–262, Springer, Berlin, Germany, 2012.

[17] M. Padgett-Johnson, L. E. Williams, and M. A. Walker,
“Vine water relations, gas exchange, and vegetative growth of
seventeen Vitis species grown under irrigated and non-
irrigated conditions in California,” Journal of the American
Society for Horticultural Science, vol. 128, no. 2, pp. 269–276,
2003.
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[26] B. Köse, “Phenology and ripening of Vitis vinifera L. and
Vitis labrusca L. varieties in the maritime climate of Samsun
in Turkey’s Black Sea Region,” South African Journal for
Enology and Viticulture, vol. 35, no. 1, pp. 90–102, 2016.

[27] Z. X. Jin, T. Y. Sun, H. Sun, Q. Y. Yue, and Y. X. Yao,
“Modifcations of “Summer Black” grape berry quality as
afected by the diferent rootstocks,” Scientia Horticulturae,
vol. 210, pp. 130–137, 2016.

[28] A. Rahemi, J. C. D. Peterson, and K. T. Lund, Grape
Rootstocks and Related Species, Springer International
Publishing AG, Berlin, Germany, 2022.

[29] W. Zhang, X. X. Chen, Y. M. Liu, D. Y. Liu, X. P. Chen, and
C. Q. Zou, “Zinc uptake by roots and accumulation in maize
plants as afected by phosphorus application and arbuscular
mycorrhizal colonization,” Plant and Soil, vol. 413, no. 1-2,
pp. 59–71, 2017.
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[165] C. P. Lang, G. Bárdos, N. Merkt, and C. Zörb, “Expression of
key enzymes for nitrogen assimilation in grapevine rootstock
in response to N-form and timing,” Journal of Plant Nu-
trition and Soil Science, vol. 183, no. 1, pp. 91–98, 2020.
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ogous expression of phosphoenolpyruvate carboxykinase
and phosphoenolpyruvate carboxylase on organic acid
production in Aspergillus carbonarius,” Journal of Industrial
Microbiology and Biotechnology, vol. 42, no. 11, pp. 1533–
1545, 2015.

[200] G. Xiang, W. Ma, S. Gao, Z. Jin, Q. Yue, and Y. Yao,
“Transcriptomic and phosphoproteomic profling and me-
tabolite analyses reveal the mechanism of NaHCO3-induced
organic acid secretion in grapevine roots,” BMC Plant Bi-
ology, vol. 19, no. 1, p. 383, 2019.

[201] P. Marschner, D. Crowley, and Z. Rengel, “Rhizosphere
interactions betweenmicroorganisms and plants govern iron
and phosphorus acquisition along the root axis–model and
research methods,” Soil Biology and Biochemistry, vol. 43,
no. 5, pp. 883–894, 2011.

Australian Journal of Grape and Wine Research 23




