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ABSTRACT

Keywords: Ink disease caused by the root-rot pathogen P. cinnamomi (Pc) threatens European sweet chestnut (Castanea sativa

Cas"a“ea. . Mill.) orchards, and growers increasingly graft susceptible C. sativa traditional varieties on Pc-resistant hybrid

gralf: ug“m healing commercial rootstocks. The influence of the scion, the rootstock, and grafting per se on the vegetative budburst,
rcharc

growth, susceptibility to Pc and defence-related hormone profile of Castanea spp. are unknown. In a greenhouse
experiment, these effects were evaluated by reciprocally grafting two Pc resistant C. crenata x C. sativa clones and
two Pc susceptible C. sativa clones. Resistance to Pc and the hormone content of leaves and roots were rootstock-
dependent, and survival rates of susceptible chestnuts strongly increased when grafted on resistant rootstocks.
The scion had no effect on the resistance to Pc and the hormone profile of leaves and roots of grafted trees, but
influenced vegetative budburst and primary growth. Grafting per se increased susceptibility to Pc and altered the
defence-related phytohormone content of trees, especially in resistant rootstocks, but did not influence budburst
and growth of trees. Grafting-induced alteration of the constitutive defense-related hormone profile could
explain the increased susceptibility of resistant rootstocks to Pc. Nine days after infection, a dynamic hormonal
response consisting of decreased jasmonates (JA and JA-Ile) in leaves and increased ABA and JA-Ile in roots was
observed in resistant chestnuts. This is the first study addressing the role of grafting in modulating resistance to

the soil-borne pathogen Pc in chestnut trees.

1. Introduction

Grafting is an old horticultural technique in which two plant tissues
fuse together, establish a vascular continuity and raise a new composite
organism that functions as a whole (Mudge et al., 2009). After grafting,
the upper part or scion of a plant grows on the root system or rootstock
of another plant. Self-grafted plants use to be fully compatible while the
success of grafting different plants (heterografts) diminishes if their
phylogenetic distance increases (Mudge et al., 2009). Agricultural ap-
plications of grafting include vegetative propagation of cultivars, control
of plant size or the use of resistant rootstocks to protect susceptible
cultivars from soil-borne plant pathogens (Mudge et al., 2009; War-
schefsky et al., 2015; Lazare et al., 2021).

One of the most intriguing aspects of grafting is that the
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physiological state of a scion is modulated by the rootstock (Warschef-
sky et al., 2015; Lazare et al., 2021). Rootstocks control the growth, size
and morphology of the grafted scion (Sorce et al., 2002; Hooijdonk et al.,
2011; Tworkoski and Fazio, 2016), determine aboveground resistance to
foliar bacterial and fungal diseases (Russo et al., 2007; Jensen et al.,
2012; Chitarra et al., 2017; Flores-Leon et al., 2021) and modulate
tolerance to drought (Camison et al., 2021; Lopez-Hinojosa et al., 2021).
Conversely, the physiological state of a rootstock can also be influenced
by the grafted scion (Gautier et al., 2020; Camison et al., 2021). How-
ever, little is known about how the scion influences the tolerance of
rootstocks to pathogens as most of studies are addressed from the point
of view of the rootstock influencing the scion (Warschefsky et al., 2015;
Wang et al., 2017; Gautier et al., 2020). A study in eggplant showed that
a susceptible scion increases the susceptibility of a resistant rootstock to
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the soil-borne bacteria Ralstonia solanacearum (Huang et al., 2019).

Mobile endogenous factors including mRNA and phytohormones are
exchanged between the rootstock and the scion across the graft union
thus allowing for long distance communication between both partners
(Aloni et al., 2010; Li et al., 2016; Xia et al., 2018). Phytohormones are
small signalling molecules that regulate gene expression patterns and
coordinate development and defence reactions of plants to abiotic and
biotic stress (Kalantidis 2004; Martin et al., 2010, 2012; Guan et al.,
2012; Wang et al., 2017). The deployment of a fine-tuned immune
response after pathogen attack depends on the maintenance of the plant
hormonal homeostasis by means of the crosstalk between hormone
signalling pathways (Vos et al., 2013).

Grafting involves wounding a plant and this action per se can disrupt
its hormonal balance (Wang et al., 2017). In the same way as pathogens
alter the hormonal profile of infected trees during attack (de Torres
Zabala et al., 2009; Pozo et al., 2015; Camison et al., 2019a), mechanical
damage caused by grafting could also be expected to alter the hormonal
profile of trees (Gainza et al., 2015). The effects of grafting on the
physiology of a tree may also depend on the graft union incompatibility
and wound sealing. It is ignored if the injury caused by grafting may
influence the content of defense-related hormones in trees, and if this
hypothetical shift translates into changes in the phenology, growth and
resistance to pathogens of rootstocks. No studies have addressed how
grafting affects resistance of rootstocks to soil-borne pathogens in trees.

Castanea sativa Mill. (Sweet chestnut, Fagaceae) is an important tree
species in Europe for its edible nuts, and is usually cultivated by grafting
profitable C. sativa cultivars onto hybrid rootstocks resistant to ink dis-
ease (Fernandez-Lorenzo and Crecente-Campo, 2010; Alessandri et al.,
2022). Ink disease in chestnuts is mainly caused by Phytophthora cin-
namomi Rands. (Pc), an invasive soil-borne pathogen widespread
worldwide (Scott et al., 2019). The main strategy to control ink disease
in Europe consists of using resistant rootstocks obtained after crossing
C. sativa with Asiatic C. crenata and C. mollissima species (Alcaide et al.,
2022; Fernandes et al., 2022). At the time grafted chestnuts are planted
in orchards, the graft union is not always sealed. Alternatively, grafting
is performed in the following months after plantation, in early spring or
autumn, coinciding with favourable conditions of Pc-infection. In this
context, information about the effects of grafting, the scion and the
rootstock on the phenology, growth, resistance to Pc and hormone
content of chestnut is lacking. The objective of this work was to test in
chestnut the hypotheses that (i) grafting and (ii) the resistance of the
scion to Pc influence vegetative budburst, growth, resistance to Pc and
the hormone profile of the rootstock. A reciprocal grafting experiment
using Castanea spp. genotypes with contrasted hormone content and
susceptibility to Pc was performed.

2. Materials and methods
2.1. Plant material

Four Castanea spp. genotypes of contrasted susceptibility to Pc were
used. The susceptible C. sativa clones ‘Cs12’ and ‘Cs14’ native to the
North-Atlantic coast of Spain (Galicia) were selected because grafted
well and were characterized in previous studies (Camison et al., 2019a;
Alcaide et al., 2020). The resistant C. sativa x C. crenata hybrid com-
mercial clones ‘111-1’ and ‘PO11’ were selected because they showed a
high degree of compatibility with Iberian traditional varieties of C. sativa
(Cuenca et al., 2018) and are widely used as rootstocks in Spain
(Camison et al., 2019a; Alcaide et al., 2020). In August 2015, the four
genotypes were propagated in vitro according to Vidal et al. (2015) and
grown in a greenhouse in 2-L pots with a mixture of peat, vermiculite
and perlite (1:1:1). In August 2016, plantlets from each clone were
grafted in the main stem by ‘green grafting’ (Cuenca et al., 2018) in a
specialized tree nursery (Grupo TRAGSA-SEPI, Maceda, Spain). Besides
non-grafted controls of each clone, twelve scion/rootstock combinations
were produced, of which four were self-grafts (one per clone,
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Cs12/Cs12, Cs14/Cs14, 111-1/111-1 and PO11/PO11 combinations)
and eight were heterografts from scions and rootstocks of different
susceptibility to Pc (Cs12/111-1, Cs12/PO11, Cs14/111-1, Cs14/PO11,
111-1/Cs12, 111-1/Cs14, PO11/Cs12, PO11/Cs14). Non-grafted con-
trols of each clone were also produced. Because of differences in stem
diameter between plants (stems should be equal in diameter to ensure
fusion of the phloem), grafting heights varied from 23.3 + 7.9 cm in
susceptible rootstocks to 42.2 + 18.2 cm in resistant rootstocks
(Table 1). In October 2016, the plant material was placed in the
greenhouse at the Faculty of Forestry of Plasencia, western Spain
(40°02N, 6°05W; 374 m a.s.l.), fertilized with Osmocote Pro 3-4M
(Osmocote® Pro) at 4 g L™! and grown under optimal watering
conditions.

2.2. Experimental design

In January 2017, 9 to 18 plants (mean = 13.5) from each non-grafted
clone and scion/rootstock combination (total 212 plants) were arranged
in a complete randomized block design of four blocks. The plant mate-
rial was merged into six groups of plants according to the susceptibility
of the scion and the rootstock to Pc (see Table 1 and Fig. 1): S and R
(susceptible and resistant non-grafted controls), S/S and R/R (suscep-
tible and resistant self-grafts), and R/S and S/R (susceptible and resis-
tant heterografts). The different clones were used as replicates. The
experiment was performed in a greenhouse at the Faculty of Forestry of
Plasencia, Spain.

To test if grafting influences the vegetative budburst, growth, resis-
tance to Pc and hormone profile of chestnut plants (first hypothesis), the
self-grafted plant material (S/S, R/R) was compared with non-grafted
plant material (S and R controls, Fig. 1). To test if the scion has an ef-
fect on the resistance to Pc and hormone profile of the rootstock (second
hypothesis), S/S and R/R self-grafts were compared with R/S and S/R
heterografts (Fig. 1).

2.3. Vegetative budburst and plant growth assessment

Vegetative budburst, primary growth and secondary growth were
assessed in all trees of the experiment. Bud development was assessed in
April 2017 as follows (Solla et al., 2015): 1 = dormant buds; 2 = swollen
buds, but scales closed; 3 = bud scales open and extremities of the first
leaf visible at the apex of the buds; 4 = extremities of all leaves out; and
5 = two or more leaves completely expanded. Primary growth of plants
was measured in July 2017, before inoculation, from the graft union to
the tip of the scion. Secondary growth was obtained before inoculation
by differences of stem diameters in January 2017 and July 2017. Stem
diameters were obtained by the average of two measurements made
orthogonally ca. 5 cm from the ground level, where a white stripe in
January was painted. Diameters in July were measured at the stripes.

2.4. Plant resistance to Pc inoculations

In July 6 2017, when the trees were two years old and 108.9 + 35.8
cm in height (Table 1), all the plant material was inoculated with Pc
through the soil infestation method. An aggressive single A2 strain
(coded Ps-1683) isolated from a diseased C. sativa tree in Galicia
(43°18'32""N 8°13'57”’W, northern Spain) was used. The strain was
proven to be highly virulent in C. sativa (Camison et al., 2019a; Alcaide
et al., 2020). The inoculum was prepared according to Jung et al. (1996)
and incubated for 5 weeks in 1-L Erlenmeyer flasks. Soil infestation was
done by mixing 12 ml of the inoculum with the first 3 cm of soil for each
plant (Camison et al., 2019b). After inoculation, the substrate was
moistened by slight watering and the day after, plants were flooded for
48 h in chlorine-free water to encourage the production, releasing and
dispersal of zoospores. Plant mortality was assessed weekly for four
months. At the end of the experiment, in October 2017, Pc was suc-
cessfully re-isolated from inoculated roots.
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Table 1
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Sample size (n), grafting height, tree height, bud development, growth and mortality after inoculation with Phytophthora cinnamomi of the six Castanea spp. scion/
rootstock combinations used in this study. Combinations are formed according to the inherent resistance of the scion and the rootstock to Pc. Accumulated mortality in
each group at the end of the experiment (four months after inoculation) is shown. Values are means + standard deviation of the mean. Different letters indicate
significant differences between groups (P < 0.05; Tukey’s HSD test).

Rootstock Group’ n Grafting height Tree height before Vegetative Primary growth Secondary growth Mortality after
(cm) inoculation (cm) budburst (cm) (%) inoculation (%)
Susceptible S 31 - 97.4 + 33.8 2.6 + 1.6a - 39.6 + 32.0a 83.8
S/S 28 233+79 99.2 + 33.9 3.1+1.1a 68.2 + 33.1a 49.0 + 35.7ab 85.7
R/S 51 24.0+79 95.3 + 35.1 4.7 £ 0.5b 67.1 + 31.5a 68.4 + 46.2b 98.0
Resistant R 33 - 114.8 + 36.6 3.2+ 1.6a - 64.8 + 56.7ab 18.7
R/R 26 37.6 £14.3 125.4 + 31.8 3.2+1.1a 82.5 + 28.2a 74.6 + 41.6b 42.3
S/R 43 42.2 +£18.2 125.5 + 30.5 29+ 1.4a 65.4 £+ 33.8a 73.0 + 39.9b 33.3

1§ and R: susceptible and resistant non-grafted controls; S/S and R/R: susceptible and resistant self-grafts; R/S: resistant scion onto susceptible rootstock; S/R:

susceptible scion onto resistant rootstock.
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Fig. 1. Experimental design to test if grafting (A) and scion (B) have an effect
on the budburst, growth, resistance to Phytophthora cinnamomi (Pc) and the
hormone profile of Castanea spp. grafted trees. Two clones resistant (R) to Pc
and two clones susceptible (S) to Pc were used. Sampling points are indicated
with scissors in days (d) before or after inoculation.

2.5. Hormone profile assessment

Fifteen trees from each of the six groups of plants described in
Table 1 were sampled for hormone content determination. The hormone
and secondary metabolite profiling of 111-1 and Cs14 clones in response
to Pc was described in a previous study (Camison et al., 2019a), thus
hormone assessment was performed in the groups of plants including

this material only. Sampling was performed twice aboveground and
belowground, 5 days before inoculation (July 1 2017) and 9 days after
inoculation (July 10 2017). Aboveground sampling was done by col-
lecting the apex from one fully-developed leaf at the top of the stem.
Belowground sampling consisted of carefully excising five outermost
fine root segments from the root ball of each plant. After collection,
samples were immediately frozen in liquid N and samples from five
different plants within each group were pooled together to get a sample
size of three biological replicates per group of plants. Samples were kept
at -80 °C until freeze drying with a FreeZone 6 Liter Benchtop (Lab-
conco, Kansas City, USA). Samples were then ground in a ball mill
(Mixer Mill MM 400, Retsch, Germany) and passed through a 0.42 mm
screen.

Four plant hormones related to signalling of plant defense against
pathogens, salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA),
and its conjugate (+)-7-iso-jasmonoyl-L-isoleucine (JA-Ile) were deter-
mined. Hormones were extracted from lyophilized powdered plant tis-
sue. 1 ml of 10 % methanol aqueous solution containing a pool of
deuterated and dehydrogenated hormonal internal standards was added
to 50 mg of plant tissue. The mixture was vortexed and incubated at 4°C
for 30 min to allow for samples to rehydrate. After mixing in a mixer mill
with glass beds (30 Hz, 3 min.), samples were centrifuged (13.000 rpm,
30 min, 4°C) and the supernatant was recovered. The pH of the super-
natant was adjusted to 2.5-2.7 with acetic acid and partitioned twice
against diethyl ether. The two organic fractions were joined and
concentrated in a centrifuge evaporator at room temperature until
dryness. Samples were suspended in 1 ml of 10 % methanol aqueous
solution with 0.01 % of HCOOH leading to a final concentration of in-
ternal standards of 100 ng m1~".

Quantification was performed using external calibration curves with
each pure chemical standard. Hormones were chromatographically
separated in an Acquity Ultra Performance Liquid Chromatography
system (UPLC) (Waters, Mildford, MA, USA) equipped with a Kinetex
C18 analytical column (Phenomenex) connected to a triple quadrupole
mass spectrometer (TQD, Waters, Manchester, UK). The chromato-
graphic and mass spectrometry conditions were the same as in Gamir
et al. (2012).

2.6. Data analysis

To assess the effect of grafting and the scion on the phenology and
growth of plants, linear mixed models (LMM) were fitted considering
‘vegetative budburst’, ‘primary growth’ and ‘secondary growth’ values
as dependent variables. To assess the effect of grafting and the scion on
the resistance to Pc of plants, Survival Time Analysis was used (Solla
et al.,, 2011). The Kaplan-Meier estimator was used to obtain plant
survival probabilities over time and statistical differences between sur-
vival curves were tested with the log-rank test. To estimate the effects of
predictors and continuous covariates on survival probabilities of plants,
Cox proportional hazards models were fitted to the survival data. In the
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models used to analyze the effect of grafting, the variables ‘grafting’
(with levels ‘yes’ and ‘no’), ‘rootstock resistance to Pc’ (with levels ‘R’
and ‘S’, i.e. resistant and susceptible, respectively) and their interaction
were considered, while in models to analyze the effect of the scion, the
variables considered were ‘scion resistance to Pc’ (with levels ‘R’ and
‘S”), ‘rootstock resistance to Pc’ and their interaction. In all the above
models, all mentioned variables were fixed factors, ‘block’ was a random
factor, and ‘plant height’ was a covariate.

To assess the effect of grafting and the scion on the hormone profile
of chestnuts before and after challenging plants with Pc, LMM were
used. In these models, ‘SA’, ‘ABA’, ‘JA’ and ‘JA-Ile’ hormones were the
response variables, the effects were the same as described above, and the
fixed factor ‘inoculation with Pc’ (hereafter ‘Pc’ with levels ‘yes’ or ‘no’)
was included. Models were run separately for data of leaves and fine
roots. Differences between means of variables in the study were tested
with Tukey’s HSD tests with the Benjamini-Hochberg P-value correction
to control for the false discovery rate. To identify variation patterns in
the hormone profile of groups of plants, Principal Component Analysis
(PCA) of hormones in leaves and fine roots, before and after Pc inocu-
lation was applied. Statistical analyses were performed in R software
environment version 3.4.2 (R Foundation for Statistical Computing).

3. Results
3.1. Budburst, growth and mortality in response to Pc of chestnut grafts

Grafting had no effect on budburst and secondary growth of plants
(Tables 1 and 2). Cox models indicated that grafting significantly
increased tree mortality due to Pc (Tables 1 and 2; Fig. 2A) and this
effect was stronger in resistant rootstocks than in susceptible rootstocks
(significant ‘grafting’ x ‘rootstock resistance to Pc’ interaction, Table 2;
Fig. 2A). As compared to non-grafted controls, mortality at the end of the
experiment increased by 2 and 125 % in susceptible and resistant self-
grafted rootstocks, respectively. According to a log rank test, survival
probabilities over time of R/R trees were marginally lower than in R
trees (P = 0.069, Fig. 2A).

Vegetative budburst and primary growth were determined by the
scion and the ‘scion resistance to Pc’ x ‘rootstock resistance to Pc’
interaction (Table 3). Resistant scions flushed earlier and grew more in
height than susceptible scions (4.2 vs 3.0 budburst values and 72 vs 66
cm, respectively), and differences increased when a susceptible root-
stock instead of a resistant rootstock was used (4.7 vs 3.1 and 3.2 vs 2.9
values for budburst, and 82 vs 65 and 68 vs 67 cm for height growth,
respectively) (significant ‘scion resistance to Pc’ x ‘rootstock resistance
to Pc’ interaction, Table 3). No effect of the scion and rootstock on
secondary growth was observed (Table 3). Mortality due to Pc of
chestnut heterografts was not affected by the resistance of the scion but
by the resistance of the rootstock (Fig. 2B). R/R and S/R trees had
significantly higher survival probabilities over time than S/S and R/S
trees (Fig. 2B).

3.2. Hormone profiling of chestnut grafts

Grafting affected the content of SA and JA-Ile in chestnut trees
(Table 4). Non-inoculated R/R and S/S trees showed reduced contents of

Table 2
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Fig. 2. Kaplan-Meier survival curves showing survival probabilities after
inoculation with Phytophthora cinnamomi of susceptible (S) and resistant (R)
non-grafted controls, self-grafts (S/S and R/R) (A) and heterografts (R/S and S/
R) (B) of Castanea spp. trees. Different letters indicate significant differences
between survival curves (P < 0.05; log rank test).

leaf SA, although this effect was significant only in R/R trees (significant
‘grafting’ x ‘rootstock resistance’ interaction, Fig. 3A, Table 4). Prior to
inoculation, R/R trees showed increased JA-Ile levels in roots (Fig. 3H)
(significant ‘grafting’ x ‘rootstock resistance’ interaction, Table 4). After
inoculation with Pc, leaf SA content increased only in grafts (significant
‘grafting’ x ‘Pc’ interaction, Table 4; Fig. 3A).

The most relevant effects when assessing the reciprocal influence of
scion vs rootstock in the hormone content of chestnut grafts were
‘rootstock resistance’ and ‘Pc’, but not the ‘scion resistance’ (Table 5).
The rootstock determined the SA, ABA and JA-Ile contents in leaves and
the ABA and JA-Ile contents in fine roots (Table 5). Before inoculation,
leaf JA-Ile levels were highest in scions grafted onto resistant rootstocks
and lowest in scions grafted onto susceptible rootstocks (Fig. 3G). After
inoculation, the increase in the leaf SA levels in grafts was higher in
plants with a resistant rootstock than in plants with a susceptible root-
stock (significant ‘rootstock resistance’ x ‘Pc’ effect, Fig. 3A), and the
‘scion resistance’ did not change the root hormone profile in response to
Pc. There were significant effects of the ‘rootstock resistance’, as the
levels of root ABA and JA-Ile after infection were high and low in grafts
with resistant and susceptible rootstocks, respectively (Fig. 3D, H).

Results of models used to analyze the effect of grafting on the vegetative budburst, growth and mortality after inoculation with Pc of Castanea spp. grafted trees.
Degrees of freedom (df) and F-ratios for the fixed factors are shown. Significant P-values are indicated in bold.

Vegetative budburst Primary growth Secondary growth Mortality
Fixed factors df F P F P F P X2 P
Grafting (G) 1 3.06 0.082 164.6 <0.001 0.5 0.458 8.8 0.009
Rootstock resistance to Pc (Rp.) 1 0.3 0.629 0.8 0.935 1.2 0.378 13.6 <0.001
G x Rpc 1 0.9 0.331 0.5 0.463 0.2 0.619 5.7 0.046
Covariate
Plant height 1 20.8 <0.001 111.6 <0.001 16.9 <0.001 18.5 <0.001
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Table 3
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Results of models used to analyze the reciprocal effect of scion vs rootstock on the vegetative budburst, growth and mortality after inoculation with Pc of Castanea spp.
grafted trees. Degrees of freedom (df) and F-ratios for the fixed factors are shown. Significant P-values are indicated in bold.

Vegetative budburst Primary growth Secondary growth Mortality
Fixed factors df F P F P F P X2 P
Scion resistance to Pc (Spc) 1 27.3 <0.001 5.8 0.017 2.0 0.153 0.9 0.235
Rootstock resistance to Pc (Rpc) 1 1.2 0.381 7.1 0.083 0.1 0.796 30.7 <0.001
Spe X Rpe 1 16.6 <0.001 4.1 0.042 3.0 0.084 1.1 0.123
Covariate
Plant height 1 1.8 0.173 129.6 <0.001 19.0 <0.001 20.2 <0.001
Table 4

Results of models used to analyze the effect of grafting on the hormone content in leaves and fine roots of Castanea spp. grafted trees before and after inoculation with

Phytophthora cinnamomi. Significant P-values are indicated in bold.

SA ABA JA JA-lle

Organ Effect df F P F P F P F P

Leaves Grafting (G) 1 74.0 <0.001 0.1 0.704 0.0 1.000 0.0 0.982
Rootstock resistance to Pc (Rp) 1 6.0 <0.001 0.0 0.997 0.0 1.000 14.7 <0.001
Inoculation with Pc (Pc) 1 0.1 0.661 15.2 <0.01 76.3 <0.001 138.5 <0.001
G % Rpe 1 325 <0.001 2.3 0.142 2.4 0.140 0.8 0.350
G x Pc 1 37.6 <0.001 0.6 0.423 0.0 0.991 21.1 <0.001
Rpe x Pc 1 0.4 0.496 0.5 0.473 0.0 0.985 84.2 <0.001
Rpe X G x Pc 1 5.2 <0.05 8.4 <0.05 2.3 0.143 4.2 <0.05

Fine roots Grafting (G) 1 74.0 <0.001 1.1 0.288 1.0 0.315 27.3 <0.001
Rootstock resistance to Pc (Rp.) 1 6.0 <0.05 7.5 <0.01 17.5 <0.001 10.7 <0.01
Inoculation with Pc (Pc) 1 0.1 0.661 6.2 <0.05 21.8 <0.001 1.7 0.189
G x Rpe 1 325 <0.001 6.1 <0.05 0.4 0.511 4.8 <0.05
G x Pc 1 37.7 <0.001 1.3 0.240 0.7 0.389 0.3 0.568
Rpe x Pc 1 0.4 0.496 0.3 0.547 0.9 0.355 8.2 <0.01
Rpe X G x Pc 1 5.2 <0.05 6.3 <0.05 1.0 0.326 11.4 <0.001

Regardless of the rootstock, the levels of JA and JA-Ile in leaves dropped
almost to zero after infection (significant ‘Pc’ effect, Table 5, Fig. 3E, G).
Hormonal changes induced by grafting and Pc-infection are summarized
in Fig. 4.

3.3. PCA overview of the constitutive and Pc-induced hormonal profiles of
chestnuts

The impact of grafting on the hormonal profile of trees was depen-
dant on the resistance of the rootstock and the organ (Fig. 5A, B). Sus-
ceptible non-grafted and grafted trees (S and S/S) segregated in leaves
due to differences in SA and ABA contents (Fig. 5A). Resistant non-
grafted and grafted trees (R and R/R) segregated in roots due to dif-
ferences in JA and JA-Ile contents (Fig. 5B). PCA also revealed segre-
gation between trees attributable to the resistance of rootstocks to Pc:
contents of JA and JA-Ile in leaves and SA and ABA in roots were
responsible for segregation between susceptible and resistant rootstocks
(Fig. 5A and B). After Pc inoculation, segregation between susceptible
and resistant groups of trees was only observed for fine roots (Fig. 5C
and D), associated to variations in the JA-Ile and ABA content (Fig. 5D).

4. Discussion

4.1. The scion determines vegetative budburst and primary growth, but
does not influence the susceptibility to Pc and hormone profile of grafted
chestnuts

The moment vegetative budburst occurs and its modulation by
grafting practices is relevant for horticulture, especially in orchards
under continental climate because of the high sensitivity of chestnuts to
late spring frosts. Because of their Asian germplasm, resistant hybrid
chestnuts show an earlier budburst, flowering and fruiting phenology
than native C. sativa trees (Serdar et al., 2011; Larue et al., 2021).
Vegetative budburst was affected here by the scion and its interaction
with the rootstock, and R scions grafted on S rootstocks had the earliest

budbreak. In grafted nut trees, budburst phenology is known to be a
complex trait which often depends on specific scion-rootstock combi-
nations (Pica et al., 2021; Vahdati et al., 2021). Results suggest that the
use of Pc resistant hybrid rootstocks does not increase exposure of sus-
ceptible C. sativa scions to late frosts.

Very little is known about size-controlling processes in grafted Cas-
tanea spp. trees. Literature pinpoints the major control of tree height by
rootstocks, but scions are also known to determine tree canopy height
and habit (Sorce et al., 2002; Warschefsky et al., 2015; Tworkoski and
Fazio, 2016). In our experiment, primary growth of grafts was influ-
enced by the scion and not by the rootstock. Similar results were found
by Tworkoski and Fazio (2016) in a greenhouse experiment with
well-known size-controlling apple rootstocks. However, it has been
shown that size-controlling processes of rootstocks take time to occur
and are influenced by growing conditions affecting root development,
different in the greenhouse and in the field, and dependent on the size of
the pot (Tworkoski and Fazio, 2016),

Grafting resistant scions on susceptible rootstocks did not increase
the resistance of plants to Pc and grafting susceptible scions onto resis-
tant rootstocks did not increase the susceptibility of plants to Pc. During
the interaction of trees with the pathogen, the genetic background of the
rootstock prevailed over possible above-ground effects derived from the
scion. This result contrasts with the study by Huang et al. (2019) in
eggplant, where a susceptible scion increased susceptibility of a resistant
rootstock to Ralstonia solanacearum. Our findings demonstrate that
resistance to ink disease in grafted chestnuts requires resistance only in
the rootstock, reasonably because Pc recognition and defense reactions
occur belowground (Redondo et al., 2015; Camison et al., 2019a).

Defense-related phytohormones regulate plant responses to patho-
gens by modulating the expression patterns of transcription factors and
genes encoding for e.g. phytoalexins and pathogenesis-related (PR)
proteins. In this work, the scion had no significant effect on the consti-
tutive and Pc-induced leaf and root hormone profile of trees which was
rather rootstock-dependent. This may explain the lack of effect of the
‘scion resistance’ on the survival of grafted trees when challenged with
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Fig. 3. Salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA)
and jasmonic acid-isoleucine (JA-Ile) contents in leaves (A, C, E,
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Pc. In a previous work (Camison et al., 2019a), we pointed out JA-Ile as a
potential biomarker for Pc resistance in chestnut due to its constitutive
presence in leaves of the 111-1 clone. In the present work, the use of
reciprocal grafts between susceptible and resistant chestnuts demon-
strated that over accumulation of JA-Ile in leaves of the clone 111-1 was
a graft-transmissible trait dependent on the root system.

4.2. Grafting does not affect vegetative budburst and growth, but alters
the susceptibility to Pc and the hormone profile of grafted chestnuts

In the last decades, there has been a significant advance in rootstock
breeding and development of tree nut crops including chestnuts

R RR SR S SIS R/S

(Vahdati et al., 2021) calling to investigate how grafting per se influences
the physiology of rootstocks. We found no significant effect of grafting
on vegetative budbreak and growth of chestnuts. However, in a previous
study we observed a delay in budburst of C. sativa due to grafting
(Camison et al., 2021).

To the best of our knowledge, this is the first report of increased
susceptibility to a soil-borne pathogen in a tree species due to the fact of
being grafted. The graft unions of the chestnut grafts used in this study
were not completely healed at the time of inoculation (Fig. S1), and
therefore incomplete wound healing and vascular discontinuity likely
played a role. This would explain observations of survival failure in
orchards of chestnut trees recently grafted. The incomplete wound
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Results of models used to analyze the reciprocal effect of scion vs rootstock on the hormone content in leaves and fine roots of Castanea spp. grafted trees before and
after inoculation with Phytophthora cinnamomi. Significant P-values are indicated in bold.

SA ABA JA JA-Tle
Organ Effect df F P F P F P F P
Leaves Scion resistance to Pc (Sp) 1 0.6 0.446 1.0 0.313 3.4 0.083 1.3 0.258
Rootstock resistance to Pc (Rpc) 1 37.1 <0.001 45 <0.05 2.6 0.122 40.3 <0.001
Inoculation with Pc (Pc) 1 95.1 <0.001 2.1 0.162 45.3 <0.001 36.6 <0.001
Spe X Rpe 1 0.9 0.343 0.0 0.851 3.3 0.087 1.2 0.279
Spe x Pc 1 2.7 0.113 0.0 0.926 2.0 0.171 2.5 0.131
Rpc x Pc 1 15.4 <0.01 2.0 0.168 2.5 0.132 35.2 0.588
Spe X Rpe X Pc 1 10.0 <0.01 0.5 0.484 3.1 0.095 2.3 0.143
Fine roots Scion resistance to Pc (Sp.) 1 2.0 0.172 0.25 0.615 1.4 0.246 1.0 0.296
Rootstock resistance to Pc (Rp.) 1 29 0.106 35.4 <0.001 0.7 0.394 29.5 <0.001
Inoculation with Pc (Pc) 1 3.6 0.072 40.8 <0.001 1.3 0.266 0.0 0.910
Spe X Rpe 1 0.5 0.811 19.2 <0.001 0.2 0.606 8.4 <0.01
Spc X Pc 1 3.8 0.066 3.2 0.072 0.0 0.816 0.1 0.711
Rpc % Pc 1 0.3 0.541 3.2 0.222 2.2 0.150 3.8 <0.05
Spe X Rpe x Pc 1 0.1 0.744 12.6 <0.001 1.4 0.252 1.9 0.163
grafted resistant rootstocks may increase during the following months
A Grafting effect after grafting.
This study provides evidence for the capacity of grafting to modify
7 7 SA i, the constitutive and Pc-induced defense-related hormone profile of
\ A\ chestnuts. Grafting-induced alterations of the fine-tuned hormonal bal-
Graft union . 1e1s
ance might have affected susceptibility to Pc of chestnut clones. Alter-
S 2R N\ ation of the constitutive hormonal profile by grafting was stronger in
> § roots of resistant trees, which could explain the higher impact of grafting
on survival of resistant chestnuts. Jasmonates (JA and JA-Ile) are
> p JA i induced in plants in response to wounding (Pieterse et al., 2012;
N\ N\ Wasternack and Hause, 2013), and we observed a relevant accumulation
E—— of JA-Ile in fine roots of resistant grafts before inoculation. This is
~ r consistent with the assumption that grafting induces a wounding effect.
R 5\ >\ JA, JA-lle T A recent study (Santolamazza-Carbone et al., 2021) reported the effect

B Grafting + Phytophthora cinnamomi

SA 1
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E—
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Fig. 4. Summary of the hormonal changes induced by grafting and infection
with Phytophthora cinnamomi (Pc) in leaves and fine roots of susceptible (S) and
resistant (R) chestnut grafts. Changes in the constitutive content of hormones
relative to non-grafted controls are depicted in (A), while the hormone response
to infection observed in grafts is depicted in (B). The effect of grafting was
evaluated eleven months after grafting, and the effect of Pc in grafted trees was
evaluated nine days after inoculation. Trends of increasing or decreasing hor-
mone contents in leaves and fine roots are indicated by up and down arrows,
respectively.

healing in the studied plants could induce biochemical changes (e.g.
phenolic content) during the healing process (Irisarri et al., 2015;
Gainza et al., 2015) which could affect the defense responses of chest-
nuts to Pc. Also, vascular discontinuity can hamper transport of water,
nutrients, metabolites and signals throughout the graft (Sorce et al.,
2002; Kalantidis, 2004; Martinez-Ballesta et al., 2010). This result might
suggest that, in Pc-infected chestnut orchards, susceptibility to Pc of

of grafting on the root ectomycorrhizal (ECM) fungal community of the
resistant chestnut clone 111-1. Changes in the ECM colonization rate
and the ECM species composition occurred in the field in grafted clone
111-1. Changes in the microbiome of trees are known to influence the
mortality of trees if soils are infested with Pc (Branzanti et al., 1999;
Corcobado et al., 2015; Ruiz Gomez et al., 2019).

In our study, inoculation with Pc triggered accumulation of SA in
leaves of grafted chestnuts. This resembles Systemic Acquired Resistance
(SAR), a ‘whole plant’ resistance phenotype occurring following a
localized exposure to a pathogen characterized by the accumulation of
SA in remote tissues (Reimer-Michalski and Conrath, 2016). While the
development of SAR correlates to the up-regulation of PR proteins (Fu
and Dong, 2013), it is unknown if the induction of leaf SA by Pc plays a
role in chestnut defence against the pathogen, which deserves further
attention. Serrazina et al. (2015) reported differentially expressed genes
related to SAR in roots of both C. sativa and C. crenata within seven days
after inoculation with Pc.

5. Conclusions

This is the first study addressing the effects of grafting on the hor-
mone profile and resistance to the soil-borne pathogen Pc in chestnut.
Grafting per se increased susceptibility to Pc and altered the hormone
profile of resistant chestnuts. Alteration of the constitutive hormonal
profile by grafting could be mediated by a wounding effect, as grafted
resistant rootstocks showed increased root JA-Ile levels before infection.
Coupled with other factors, alteration of the constitutive hormonal
balance could underlie the increased susceptibility of grafted chestnuts
to Pc. Likely, the grafting effect vary over time and disappear after
complete graft union healing. The scion had no effect on the resistance
to Pc of rootstocks and on the hormone profile of roots of grafted
chestnut trees, and thus resistance to Pc in chestnut is fully dependant on
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Fig. 5. PCA biplots showing the ordination
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the rootstock. Nine days after inoculation, main hormonal changes
associated to Pc infection in grafted resistant chestnuts consisted of
increased levels of SA and decreased levels of JA in leaves, and increased
levels of ABA and JA-Ile in roots.

CRediT authorship contribution statement

A. Solla and M. A. Martin conceived and designed the study; A.
Camison performed the experiment, sampling and greenhouse mea-
surements; P. Sanchez-Bel and V. Flors helped A. Camisén with the

hormone analysis; M. A. Martin, E. Cubera and A. Solla provided fund-
ing; and A. Camison and A. Solla wrote the draft of the paper.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This work was funded by grant AGL2014-53822-C2-1-R from the
Ministerio de Economia y Competitividad (Spain), and the European
Regional Development Fund (FEDER) from the European Union. AC is

PC1 (37.9 %)

supported by a grant ‘Margarita Salas para la formacién de jévenes
doctores’ from the Universidad de Extremadura (Spain). Thanks to
Gerardo Moreno (Universidad de Extremadura) for providing useful
ideas on the experimental design, Paloma Abad-Campos (Polytechnic
University of Valencia) for partially funding the study and providing the
Pc strain and the inoculum, Fernando Silla and Sonia Mediavilla (Uni-
versity of Salamanca) for allowing the use the ball mill, and SCIC staff
(Universitat Jaume I) for their technical assistance.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.scienta.2022.111789.

References

Alcaide, F., Solla, A., Cherubini, M., Mattioni, C., Cuenca, B., Camison, A., Martin, M.A,
2020. Adaptive evolution of chestnut forests to the impact of ink disease in Spain.
J. Syst. Evol. 58, 504-516.

Alcaide, F., Solla, A., Cuenca, B., Martin, M.A., 2022. Molecular evidence of introgression
of Asian germplasm into a natural Castanea sativa forest in Spain. Forestry 95,
95-104.

Alessandri, S., Cabrer, A.M.R., Martin, M.A., Mattioni, C., Pereira-Lorenzo, S.,

Dondini, L., 2022. Genetic characterization of Italian and Spanish wild and
domesticated chestnut trees. Sci. Hortic. 295, 110882.

Aloni, B., Cohen, R., Karni, L., Aktas, H., Edelstein, M., 2010. Hormonal signaling in
rootstock—scion interactions. Sci. Hortic. 127, 119-126.

Branzanti, M.B., Rocca, E., Pisi, A., 1999. Effect of ectomycorrhizal fungi on chestnut ink
disease. Mycorrhiza 9, 103-109.

Camison, A., Martin, M.A., Sanchez-Bel, P., Flors, V., Alcaide, F., Morcuende, D.,
Pinto, G., Solla, A., 2019a. Hormone and secondary metabolite profiling in chestnut
during susceptible and resistant interactions with Phytophthora cinnamomi. J. Plant
Physiol. 241, 153030.


https://doi.org/10.1016/j.scienta.2022.111789
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0001
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0001
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0001
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0002
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0002
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0002
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0003
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0003
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0003
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0004
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0004
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0005
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0005
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0006
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0006
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0006
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0006

A. Camisén et al.

Camisén, A., Martin, M.A., Oliva, J., Elfstrand, M., Solla, A., 2019b. Increased tolerance
to Phytophthora cinnamomi in offspring of ink-diseased chestnut (Castanea sativa
Miller) trees. Ann. For. Sci. 76, 119.

Camisén, A., Martin, M.A., Flors, V., Sanchez-Bel, P., Pinto, G., Vivas, M., Rolo, V.,
Solla, A., 2021. Exploring the use of scions and rootstocks from xeric areas to
improve drought tolerance in Castanea sativa Miller. Environ. Exp. Bot. 187, 104467.

Chitarra, W., Perrone, 1., Avanzato, C.G., Minio, A., Boccacci, P., Santini, D., Gilardi, G.,
Siciliano, L., Gullino, M.L., Delledonne, M., Mannini, F., Gambino, G., 2017.
Grapevine grafting: Scion transcript profiling and defense-related metabolites
induced by rootstocks. Front. Plant Sci. 8, 654.

Corcobado, T., Moreno, G., Azul, A.M., Solla, A., 2015. Seasonal variations of
ectomycorrhizal communities in declining Quercus ilex forests: interactions with
topography, tree health status and Phytophthora cinnamomi infections. Forestry 88,
257-266.

Cuenca, B., Lario, F.J., Luquero, L., Ocana, L., Mandujano, M., 2018. Early grafting of
chestnut by green grafting. Acta Hortic. 1220, 141-148.

De Torres Zabala, M., Bennett, M.H., Truman, W.H., Grant, M.R., 2009. Antagonism
between salicylic and abscisic acid reflects early host-pathogen conflict and moulds
plant defence responses. Plant J 59, 375-386.

Fernandes, P., Colavolpe, M.B., Serrazina, S., Costa, R.L., 2022. European and American
chestnuts: An overview of the main threats and control efforts. Front. Plant Sci. 13,
951844.

Fernandez-Lorenzo, J.L., Crecente-Campo, S., 2010. In vivo serial micrografting of
Castanea sativa in short cycles. Acta Hortic. 866, 291-296.

Flores-Ledn, A., Garcia-Martinez, S., Gonzalez, V., Garcés-Claver, A., Marti, R., Julidn, C.,
Sifres, A., Pérez-de-Castro, A., Diez, M.J., Lopez, C., Ferriol, M., Gisbert, C., Ruiz, J.
J., Cebolla-Cornejo, J., Pico, B., 2021. Grafting snake melon [Cucumis melo L. subsp.
melo var. flexuosus, L. Naudin] in organic farming: Effects on agronomic
performance; resistance to pathogens; sugar, acid, and VOC profiles; and consumer
acceptance. Front. Plant Sci. 12, 613845.

Fu, Z.Q., Dong, X., 2013. Systemic acquired resistance: Turning local infection into
global defense. Annu. Rev. Plant Biol. 64, 839-863.

Gainza, F., Opazo, 1., Munoz, C., 2015. Graft incompatibility in plants: Metabolic changes
during formation and establishment of the rootstock/scion union with emphasis on
Prunus species. Chilean J. Agric. Res. 75, 28-34.

Gamir, J., Pastor, V., Cerezo, M., Flors, V., 2012. Identification of indole-3-carboxylic
acid as mediator of priming against Plectosphaerella cucumerina. Plant Physiol.
Biochem. 61, 169-179.

Gautier, A.T., Cochetel, N., Merlin, 1., Hevin, C., Lauvergeat, V., Vivin, P., Mollier, A.,
Ollat, N., Cookson, S.J., 2020. Scion genotypes exert long distance control over
rootstock transcriptome responses to low phosphate in grafted grapevine. BMC Plant
Biol 20, 367.

Guan, W., Zhao, X., Hassell, R., Thies, J., 2012. Defense mechanisms involved in disease
resistance of grafted vegetables. HortScience 47, 164-170.

Hooijdonk, B., Woolley, D., Warrington, I., Tustin, S., 2011. Rootstocks modify scion
architecture, endogenous hormones, and root growth of newly grafted ‘Royal Gala’
apple trees. HortScience 136, 93-102.

Huang, C., Wang, Y., Yang, Y., Zhong, C., Notaguchi, M., Yu, W., 2019. A susceptible
scion reduces rootstock tolerance to Ralstonia solanacearum in grafted eggplant.
Horticulturae 5, 78.

Irisarri, P., Binczycki, P., Errea, P., Martens, H.J., Pina, A., 2015. Oxidative stress
associated with rootstock-scion interactions in pear/quince combinations during
early stages of graft development. J. Plant Physiol. 176, 25-35.

Jung, T., Blaschke, H., Neumann, P., 1996. Isolation, identification and pathogenicity of
Phytophthora species from declining oak stands. Eur. J. For. Pathol. 26, 253-272.

Jensen, P.J., Halbrendt, N., Fazio, G., Makalowska, I., Altman, N., Praul, C.,
Maximova, S.N., Ngugi, H.K., Crassweller, R.M., Travis, J.W., McNellis, T.W., 2012.
Rootstock-regulated gene expression patterns associated with fire blight resistance in
apple. BMC Genomics 13, 9.

Kalantidis, K., 2004. Grafting the way to the systemic silencing signal in plants. PLoS Biol
2, €224,

Larue, C., Barreneche, T., Petit, R.J., 2021. Efficient monitoring of phenology in
chestnuts. Scientia Horticulturae 281, 109958.

Lazare, S., Cohen, Y., Goldshtein, E., Yermiyahu, U., Ben-Gal, A., Dag, A., 2021.
Rootstock-dependent response of Hass avocado to salt stress. Plants 10, 1672.

Li, G., Ma, J., Tan, M., Mao, J., An, N., Sha, G., Zhang, D., Zhao, C., Han, M., 2016.
Transcriptome analysis reveals the effects of sugar metabolism and auxin and
cytokinin signaling pathways on root growth and development of grafted apple. BMC
Genomics 17, 150.

Lopez-Hinojosa, M., de Maria, N., Guevara, M.A., Vélez, M.D., Cabezas, J.A., Diaz, L.M.,
Mancha, J.A., Pizarro, A., Manjarrez, L.F., Collada, C., Diaz-Sala, C., Cervera Goy, M.
T., 2021. Rootstock effects on scion gene expression in maritime pine. Sci. Rep. 11,
11582.

Martin, J.A., Solla, A., Witzell, J., Gil, L., Garcfa-Vallejo, M.C., 2010. Antifungal effect
and reduction of Ulmus minor symptoms to Ophiostoma novo-ulmi by carvacrol and
salicylic acid. Eur. J. Plant Pathol. 127, 21-32.

Scientia Horticulturae 311 (2023) 111789

Martin, J.A., Solla, A., Garcia-Vallejo, M.C., Gil, L., 2012. Chemical changes in Ulmus
minor xylem tissue after salicylic acid or carvacrol treatments are associated with
enhanced resistance to Ophiostoma novo-ulmi. Phytochemistry 83, 104-109.

Martinez-Ballesta, M.C., Alcaraz-Lopez, C., Muries, B., Mota-Cadenas, C., Carvajal, M.,
2010. Physiological aspects of rootstock—scion interactions. Sci. Hortic. 127,
112-118.

Mudge, K., Janick, J., Scofield, S., Goldschmidt, E.E., Janick, J., 2009. A history of
grafting. In: Horticultural Reviews, 35. John Wiley & Sons, Inc, pp. 437-493.

Pica, A.L., Silvestri, C., Cristofori, V., 2021. Evaluation of phenological and agronomical
traits of different almond grafting combinations under testing in central Italy.
Agriculture 11, 1252.

Pieterse, M.J.C., Van der Does, D., Zamioudis, C., Leon-Reyes, A., Van Wees, S.C.M.,
2012. Hormonal modulation of plant immunity. Annu. Rev. Cell. Dev. Biol. 28,
489-521.

Pozo, M.J., Lopez-Réez, J.A., Azcon-Aguilar, C., Garcia-Garrido, J.M., 2015.
Phytohormones as integrators of environmental signals in the regulation of
mycorrhizal symbioses. New Phytol 205, 1431-1436.

Redondo, M.A., Pérez-Sierra, A., Abad-Campos, P., Torres, L., Solla, A., Reig-
Arminana, J., Garcia-Breijo, F., 2015. Histology of Quercus ilex roots during infection
by Phytophthora cinnamomi. Trees 29, 1943-1957.

Ruiz Gomez, F.J., Navarro-Cerrillo, R.M., Pérez-de-Luque, A., Opwald, W., Vannini, A.,
Morales-Rodriguez, C., 2019. Assessment of functional and structural changes of soil
fungal and oomycete communities in holm oak declined dehesas through
metabarcoding analysis. Sci. Rep. 9, 5315.

Russo, N.L., Robinson, T.L., Fazio, G., Aldwinckle, H.S., 2007. Field Evaluation of 64
apple rootstocks for orchard performance and fire blight resistance. HortScience 42,
1517-1525.

Reimer-Michalski, E.M., Conrath, U., 2016. Innate immune memory in plants. Semin.
Immunol. 28, 319-327.

Santolamazza-Carbone, S., Iglesias-Bernabé, L., Sinde-Stompel, E., Gallego, P.P., 2021.
Ectomycorrhizal fungal community structure in a young orchard of grafted and
ungrafted hybrid chestnut saplings. Mycorrhiza 31, 189-201.

Serdar, U., Demirsoy, H., Demirsoy, L., 2011. A morphological and phenological
comparison of chestnut (Castanea) cultivars ‘Serdar’ and ‘Marigoule’. Austral. J.
Crop Sci. 5, 1311-1317.

Scott, P., Bader, M.K.F., Burgess, T., Hardy, G., Williams, N., 2019. Global biogeography
and invasion risk of the plant pathogen genus Phytophthora. Environ. Sci. Policy 101,
175-182.

Serrazina, S., Santos, C., Machado, H., Pesquita, C., Vicentini, R., Pais, M.S.,
Sebastiana, M., Costa, R., 2015. Castanea root transcriptome in response to
Phytophthora cinnamomi challenge. Tree Genet. Genomes 11, 1-19.

Solla, A., Aguin, O., Cubera, E., Sampedro, L., Mansilla, J.P., Zas, R., 2011. Survival time
analysis of Pinus pinaster inoculated with Armillaria ostoyae: genetic variation and
relevance of seed and root traits. Eur. J. Plant Pathol. 130, 477-488.

Solla, A., Lopez-Almansa, J.C., Martin, J.A., Gil, L., 2015. Genetic variation and
heritability estimates of Ulmus minor and Ulmus pumila hybrids for budburst, growth
and tolerance to Ophiostoma novo-ulmi. iForest 8, 422.

Sorce, C., Massai, R., Picciarelli, C., Lorenzo, R., 2002. Hormonal relationships in xylem
sap of grafted and ungrafted Prunus rootstocks. Sci. Hortic. 93, 333-342.

Tworkoski, T., Fazio, G., 2016. Hormone and growth interactions of scions and size-
controlling rootstocks of young apple trees. Plant Growth Regul 78, 105-119.

Wang, J., Jiang, L., Wu, R., 2017. Plant grafting: how genetic exchange promotes
vascular reconnection. New Phytol 214, 56-65.

Warschefsky, E.J., Klein, L.L., Frank, M.H., Chitwood, D.H., Londo, J.P., Wettberg, E.J.B.,
Mille, A.J., 2015. Rootstocks: diversity, domestication, and impacts on shoot
phenotypes. Trends Plant Sci 21, 418-437.

Wasternack, C., Hause, B., 2013. Jasmonates: biosynthesis, perception, signal
transduction and action in plant stress response, growth and development. An
update to the 2007 review in Annals of Botany. Ann. Bot. 111, 1021-1058.

Vahdati, K., Sarikhani, S., Arab, M.M., Leslie, C.A., Dandekar, A.M., Aleta, N., Bielsa, B.,
Gradziel, T.M., Montesinos, A., Rubio-Cabetas, M.J., Sideli, G.M., Serdar, U.,
Akyiiz, B., Beccaro, G.L., Donno, D., Rovira, M., Ferguson, L., Akbari, M., Sheikhi, A.,
Sestras, A.F., Kafkas, S., Paizila, A., Roozban, M.R., Kaur, A., Panta, S., Zhang, L.,
Sestras, R.E., Mehlenbacher, S.A., 2021. Advances in rootstock breeding of nut trees:
objectives and strategies. Plants 10, 2234.

Vidal, N., Blanco, B., Cuenca, B., 2015. A temporary immersion system for
micropropagation of axillary shoots of hybrid chestnut. Plant Cell Tissue Organ Cult.
123, 229-243.

Vos, LA., Pieterse, C.M.J., van Wees, S.C.M., 2013. Costs and benefits of hormone-
regulated plant defences. Plant Pathol. 62, 43-55.

Xia, C., Zheng, Y., Huang, J., Zhou, X., Li, R., Zha, M., Wang, S., Huang, Z., Lan, H.,
Turgeon, R., Fei, Z., Zhang, C., 2018. Elucidation of the mechanisms of long-distance
mRNA movement in a Nicotiana benthamiana/tomato heterograft system. Plant
Physiol. 177, 745-758.


http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0007
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0007
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0007
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0008
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0008
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0008
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0009
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0009
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0009
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0009
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0010
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0010
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0010
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0010
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0011
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0011
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0012
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0012
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0012
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0013
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0013
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0013
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0014
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0014
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0015
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0015
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0015
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0015
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0015
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0015
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0016
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0016
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0017
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0017
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0017
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0018
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0018
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0018
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0019
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0019
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0019
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0019
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0020
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0020
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0021
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0021
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0021
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0023
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0023
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0023
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0024
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0024
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0024
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0025
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0025
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0026
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0026
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0026
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0026
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0027
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0027
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0028
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0028
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0029
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0029
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0030
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0030
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0030
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0030
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0031
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0031
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0031
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0031
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0032
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0032
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0032
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0033
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0033
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0033
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0034
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0034
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0034
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0036
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0036
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0037
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0037
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0037
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0038
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0038
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0038
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0039
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0039
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0039
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0040
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0040
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0040
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0041
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0041
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0041
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0041
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0042
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0042
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0042
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0043
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0043
http://refhub.elsevier.com/S0304-4238(22)00898-6/opt1A8CbqqNur
http://refhub.elsevier.com/S0304-4238(22)00898-6/opt1A8CbqqNur
http://refhub.elsevier.com/S0304-4238(22)00898-6/opt1A8CbqqNur
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0045
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0045
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0045
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0046
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0046
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0046
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0047
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0047
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0047
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0048
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0048
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0048
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0049
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0049
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0049
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0050
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0050
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0051
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0051
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0052
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0052
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0053
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0053
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0053
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0054
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0054
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0054
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0056
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0056
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0056
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0056
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0056
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0056
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0058
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0058
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0058
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0059
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0059
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0060
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0060
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0060
http://refhub.elsevier.com/S0304-4238(22)00898-6/sbref0060

	Effect of grafting on phenology, susceptibility to Phytophthora cinnamomi and hormone profile of chestnut
	1 Introduction
	2 Materials and methods
	2.1 Plant material
	2.2 Experimental design
	2.3 Vegetative budburst and plant growth assessment
	2.4 Plant resistance to Pc inoculations
	2.5 Hormone profile assessment
	2.6 Data analysis

	3 Results
	3.1 Budburst, growth and mortality in response to Pc of chestnut grafts
	3.2 Hormone profiling of chestnut grafts
	3.3 PCA overview of the constitutive and Pc-induced hormonal profiles of chestnuts

	4 Discussion
	4.1 The scion determines vegetative budburst and primary growth, but does not influence the susceptibility to Pc and hormon ...
	4.2 Grafting does not affect vegetative budburst and growth, but alters the susceptibility to Pc and the hormone profile of ...

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Supplementary materials
	References


