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Abstract
& Key message Increased tolerance to Phytophthora cinnamomi was observed in small-sized offspring of ink-diseased
chestnut trees, suggesting that a virulent pathogen can trigger a defence response of trees in the subsequent generation.
Increased tolerance to water stress was not observed in offspring of chestnut trees.
& Context In sweet chestnut (Castanea sativaMiller), P. cinnamomi Rands is responsible for the widespread and destructive ink
disease.
& Aims We investigated if the susceptibility of C. sativa to water stress and P. cinnamomi depends on the health status of mother
trees.
& Methods Plants were grown from seeds collected from healthy and ink-diseased chestnut trees. Leaf wilting after drought
exposure and plant mortality after pathogen inoculation were assessed.
& Results Offspring of ink-diseased trees had poorer performance in plant height and root biomass than offspring of healthy trees,
with allocation of biomass to seeds mediating this effect. Leaf wilting due to water stress was similar in offspring of healthy and
P. cinnamomi-infected trees. However, increased tolerance to P. cinnamomi was observed in small-sized seedlings, suggesting
that tolerance in C. sativa may involve growth costs. This is the first report of increased tolerance to P. cinnamomi in plants
germinating from a diseased tree.
&Conclusion The results suggest that an invasive pathogen can regulate the performance and prime a defence response of a forest
tree species in the subsequent generation, and generate conflicting selection pressures related to plant size.

Keywords Tree regeneration .Maternal effects . Invasive pathogen . Priming . Stress memory

1 Introduction

Phytophthora cinnamomi Rands is responsible for ink disease
in Castanea dentata (Marsh.) Borkh. (USA) and C. sativa
Mill. (Atlantic areas of Europe), leading to extensive mortality
of chestnut trees (Vettraino et al. 2005; Gonthier and Nicolotti

2013; Jung et al. 2018). Infected chestnuts initially show
small-sized chlorotic foliage, followed by defoliation and
dieback, eventually resulting in whole crown dieback and tree
mortality (Phillips and Burdekin 1982; Jung et al.
2018; Camisón et al. 2019). Symptoms are caused by extensive
root loss and necrosis in the inner bark of main roots and collar.
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Castanea sativa is a highly valued multipurpose tree native to
Europe, where it covers 2.5 million ha, including cultivated
orchards and wild forests with high biodiversity (Ciordia et al.
2012; Conedera et al. 2016). In Spain, it is probably the most
culturally valued tree, but soils of nearly all C. sativa forests are
infested by P. cinnamomi (Paloma Abad-Campos, unpublished
results). The hybrid P. × cambivora, associated with ink disease
in central and southeast Europe (Vettraino et al. 2005), has not
been reported in Spain.

Long-term persistence of C. sativa depends on the success
of tree regeneration. In areas where P. cinnamomi is present, it
is likely that this invasive pathogen will modulate current and
future forest dynamics of C. sativa forests. Chronic presence
of Phytophthora spp. constrains tree regeneration at different
stages, reducing seed production in infected mother trees,
influencing seed germination and causing plant mortality in
infested soils (Martín-García et al. 2015; Jung et al. 2018).
Moreover, if exposed to drought, young C. sativa seedlings
suffering root rot caused by Phytophthora spp. will probably
be less competitive than non-susceptible species. In drought-
prone areas of the Mediterranean basin such as southern and
central Spain, climate change is causing temperature rise and
water stress events in C. sativa stands (Ciordia et al. 2012;
Camisón et al. 2020). Combined effects of infested soils and
water deprivation could further limit the success of C. sativa
regeneration in the understory. In this context, it is crucial to
understand the differences in performance between offspring
of weakened, infected mother trees and offspring of
non-infected trees. Infections in the mother tree during seed
development may alter the fitness of seedlings subjected to
P. cinnamomi, water stress and other plant competitors.

The high genetic diversity in C. sativa (Martin et al. 2010;
Cuestas et al. 2017; Martín et al. 2017), reflected in within- and
among-population variation in traits of adaptive significance
associated with tolerance to Phytophthora sp. (Robin et al.
2006; Santos et al. 2015; Alcaide et al. 2020) and water stress
(Pliura and Eriksson 2002; Ciordia et al. 2012; Alcaide et al.
2019), suggests that the species is highly adaptable to
environmental changes. Phenotypic plasticity for adaptation
can also be achieved through transmitted maternal effects
(Marshall and Uller 2007). Epigenetics is the study of heritable
phenotypic changes that do not involve alterations in the DNA
sequence. Maternal effects are a subcategory of
transgenerational epigenetics and are defined as the influences
of maternal environment, phenotype and/or genotype on
offspring phenotypes, independently of the offspring genotypes
(Ho 2014). Although the response of germination and seedling
phenology to maternal temperatures has been studied in Pinus
pinaster and Populus nigra (Zas et al. 2013; Dewan et al.
2018), the influence of the health status of forest trees on
offspring has only been addressed in P. pinaster (Vivas et al.
2013, 2014a, 2014b). It was recently reported that maternal
environments with low water availability produced

Eucalyptus seedlings with more efficient water use than
maternal environments with high water availability (Vivas
et al. 2019). Repeated exposure of trees to stress may cause
transcriptional memory in a process known as ‘priming’
(D’Urso and Brickner 2017; Mauch-Mani et al. 2017).
Transcriptional memory implies that stress-responsive genes
are influenced by a stress experience and show differential
expression in response to stress repetition. However, evidence
for transgenerational passage of acquired resistance to stress is
sparse (Avramova 2019).

We hypothesised that ink disease in C. sativa trees
influences offspring performance and susceptibility to water
stress and P. cinnamomi. The first objective of this study was
to compare, in a common garden experiment, morphological
traits of seedlings obtained from healthy mother trees with
those of seedlings obtained from P. cinnamomi-infected
mother trees. The second objective was to assess tolerance
to water stress and P. cinnamomi in offspring of healthy and
diseased mother trees. The third objective was to quantify
expression of three genes related to ink-disease resistance
(Cast_Gnk2-like, Cast_SAP11 and Cast_MYB44) in offspring
of healthy and diseased mother trees in response to water
stress and P. cinnamomi.

2 Materials and methods

2.1 Plant material

Plant material came from the C. sativa forest in Hervás,
Extremadura region, southwest Spain (40° 15′ N, 5° 52′ W;
805 m a.s.l.). The Hervás chestnut forest has a Mediterranean
climate (MAT = 14.9 °C; P = 1004.7 mm) and is currently
threatened by severe drought episodes (e.g. total precipitation
in 2015 and 2017 was 410 and 550 mm, respectively) and the
occurrence of several Phytophthora species, thus providing an
ideal test-bed for studying global change factors affecting
offspring (Pazianoto et al. 2019) . In October 2015, isolations
from the rhizosphere of four healthy and four symptomatic
trees (Fig. 1) suggested that symptomatic trees were infected
by P. cinnamomiwhereas no P. cinnamomiwas detected in the
soil under healthy trees. Occurrence of P. cinnamomi was
assessed by taking fine roots and soil 2–3 m from the trunks,
at depths of 10–40 cm from 2 cardinal points. Roots were
plated on Petri dishes containing NARPH selective medium,
and the soil was baited using leaflets of Quercus suber and
Granny Smith apples, following conventional methods (Jung
et al. 1996; Mora-Sala et al. 2018).

Three non-infected (asymptomatic) and three P. cinnamomi-
infected (symptomatic) C. sativa trees were selected (Table 1).
Trees were > 50 m apart to prevent healthy trees from sharing
parts of their rhizosphere with infected trees. They were located
close to a stream bank where soil and light conditions were
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favourable for growth. Trees were ~70 years old and had similar
height and basal diameter (ca. 20 m and 80 cm, respectively).
Infected trees showed typical symptoms of ink disease (Vettraino
et al. 2005), including branch dieback, reduced shoot growth and
reduced leaf and nut size (Table 1).

To determine whether offspring of healthy and
P. cinnamomi-infectedC. sativa trees have different biological
performance when exposed to stress, a greenhouse experiment
with 1-year-old seedlings was performed. The greenhouse is
located at the Faculty of Forestry in Plasencia, University of
Extremadura, Spain (40° 02′ N, 6° 04′ W; 374 m a.s.l.). In
November 2015, nuts from selected mother trees were hand
collected from the ground and stored in a cold chamber at 4 °C

for 2 weeks. Nuts were immersed in water to determine their
viability and those that floated were discarded as non-viable.
Viable seeds were immersed in a fungicide solution (2 g L−1

Thiram 80GD, ADAMA Inc., Spain) for 10 min and rinsed,
then stratified in moistened blond peat (Pindstrup Mosebrug
Inc., Spain) for 1 month at 4 °C (Soylu et al. 1999).Most seeds
germinated during stratification.

2.2 Experimental design and treatments

In January 2016, stratification ended and nuts were individually
sown in 48-cell rigid plastic root trainers (cells 330 mL in vol-
ume; 18 cm high, 5.3 × 5.3 cm upper surface) containing sand

Fig. 1 Healthy, non-infected (a)
and symptomatic Phytophthora
cinnamomi-infected (b) Castanea
sativa trees used to assess biolog-
ical performance of offspring.
Hervás forest, Extremadura re-
gion, SW Spain

Table 1 Main characteristics of
Castanea sativa mother trees free
of Phytophthora cinnamomi
infection (healthy) or infected
with P. cinnamomi (Pc). Different
lowercase letters indicate signifi-
cant differences between values
within trees, while different up-
percase letters indicate significant
differences between mean values
within groups of trees according
to their health status (ANOVA,
p < 0.05)

Status Mother tree Branch
diebacka (%)

Current year shoot
growthb (cm)

Leaf mass per areac

(g cm−2)
Seed weightd (g)

Healthy 1 0 25.0 65.9 6.4 ± 0.15 c

2 0 10.5 71.0 6.4 ± 0.14 c

3 0 19.0 99.0 11.1 ± 0.27 e

Mean 0.0 A 18.2 B 78.6 B 7.9 B

Pc-infected 4 70 4.1 50.7 2.4 ± 0.08 a

5 50 3.5 66.4 8.2 ± 0.30 d

6 40 1.8 71.5 4.3 ± 0.20 b

Mean 56.6 B 3.1 A 62.8 A 4.9 A

a Percentage of dead branches visually estimated for each mother tree in October 2015
bMeasurements were carried out in October 2015 on four terminal shoots per mother tree (N, S, E andW sides of
the tree) at approx. 2.5-m height
c Leaves from four terminal shoots per mother tree (N, S, E and W sides of the tree) at approx. 2.5-m height were
oven dried at 60 °C for 48 h and weighed. Before drying, leaves were scanned (n ~ 60)
d Individually assessed in 120 nuts per tree. Coefficients of variation in seed weight from healthy and Pc-infected
trees were 33.9 and 61.3%, respectively
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and peat (1:3, pH 6). Earlier research by Cubera et al. (2012)
showed that this pot size would provide oak seedlings with
unrestricted root growth during treatments. Plants were
arranged following a split-plot random design replicated in five
blocks, with treatments acting as the main factor (three
categories: control, water stress and P. cinnamomi infection;
whole plots) and health status of mother trees as the split factor
(two categories: asymptomatic and symptomatic, as shown in
Fig. 1; split plots). In all five blocks, health status of mother
trees was represented in each whole plot by eight individuals
from each of the three mother trees selected. One block
consisted of three root trainers, with each root trainer receiving
a different treatment. Individuals were randomly positioned
within each block and treatment. In total, 720 plants were
distributed over 5 blocks × 3 treatments × 2 health statuses of
mother trees × 3 progenies × 8 individuals. The term progeny
will be further used to refer to half-sib plants sharing the same
mother tree. Plants were kept in natural daylight under
greenhouse shade that reduced solar radiation by 50% and hand
watered to field capacity every 4 days until they were well
established.

When plants were 5 months old and about 10 cm in height,
five root trainers were left as controls, five were subjected to
water stress and five were infested with P. cinnamomi. Water
stress consisted of watering plants to field capacity every
10 days. The remaining plants were watered to field capacity
2 days per week. Soil moisture was checked in four cells per
block and treatment using a TDR 100 soil moisture meter
(Spectrum Technologies Inc., Plainfield, Illinois, USA) and
12-cm-length rods, and plant gas exchangewas assessed using
a portable differential infrared gas analyser (IRGA) (LCi,
ADC Bio Scientific Ltd., UK) (Alcaide et al. 2019).
Measurements confirmed significant differences in soil water
content and stomatal conductance between control and water
stressed plants (results not shown). Watering treatments lasted
1 month.

A single P. cinnamomi A2 strain isolated from roots of a
Quercus ilex tree in Valverde deMérida, SW Spain (38° 55′N,
6° 11′ W; Corcobado et al. 2013), and highly virulent to
seedlings of Q. ilex (Corcobado et al. 2017) and C. sativa
was used. Inoculum was prepared following the procedure
described by Jung et al. (1996). Briefly, a mix of 500 cm3 fine
vermiculite, 40 cm3 oat grains and 350 ml multivitamin juice
broth (200 mL/L juice, 800 mL/L distilled water with 3 g/L
CaCO3) was autoclaved twice in 1-L Erlenmeyer flasks.
Individual plugs of P. cinnamomi were then added to the
flasks containing the medium and incubated at 20 °C for
5 weeks. Soil was infested in May 2016, using a spoon to
carefully mix 12 mL inoculum into the first 3 cm soil of each
plant. After inoculation, plants were watered slightly and
flooded the following day with chlorine-free water to
stimulate sporangia production and zoospore release and
spread. To prevent cross-contamination of plants within

blocks, all root trainers were individually placed in large
plastic boxes (58 cm × 38 cm × 40 cm, 88 L in volume). In
September 2016, P. cinnamomi was successfully re-isolated
from root samples collected from inoculated plants only,
following the method of Martín-García et al. (2015).

2.3 Plant measurements and plant performance

Nuts were individually weighed before sowing, and radicle
length was individually measured in nuts starting to germinate
(53.1% of total nuts). Radicle length was interpreted as a
proxy of time to germinate, and short (if any) and long radicles
were assumed to indicate late and early seed germination,
respectively. Time to emerge of first leaves was assessed
weekly. Plant height was measured before inoculation and at
the end of the experiment, on 30 September 2016. After water
stress treatment, the percentage of foliage showing wilting
was visually estimated using a 5% interval. After inoculation
treatment, plant mortality was assessedweekly for 2.5months.
At the end of the vegetative period in all control plants, height,
stem diameter and biomass were assessed. Plants were
destructively sampled and oven dried at 60 °C for 48 h and
their above- and belowground biomass were determined.
Roots were separated into fine (diameter < 2 mm) and coarse
(diameter ≥ 2mm) (Cubera et al. 2012), usually corresponding
to secondary and tap roots, respectively. Before drying, leaves
were scanned at 300 × 300 dpi resolution and the area of each
leaf was determined using ImageJ 1.x software (Schneider
et al. 2012). Leaf mass per area (g cm−2) was calculated for
each seedling by dividing leaf dry weight by foliar area.

2.4 Gene expression analysis

We selected genes Cast_Gnk2-like, Cast_SAP11 and
Cast_MYB44 for expression analysis because they have been
reported to be associated with expression of resistance to
P. cinnamomi in Castanea spp. and Castanea hybrids
(Serrazina et al. 2015; Santos et al. 2017) (Table SM1). To
compare gene expression in response to treatments, progenies
from healthy mother trees (numbers 1 and 3) and from
P. cinnamomi-infected mother trees (numbers 4 and 6) were
selected at random and three seedlings per progeny and
treatment were sampled. Gene expression analysis included
36 plants corresponding to 2 health status of mother trees × 2
progenies × 3 treatments (control, water stress and
P. cinnamomi infection) × 3 seedlings. Sampling times were
chosen based on the literature (Serrazina et al. 2015; Redondo
et al. 2015; Camisón et al. 2020). Samples were taken 15 days
after water stress started and 2, 4 and 7 days after inoculation.
About 3–4 fine roots per plant were excised, washed with water
and immediately submerged in RNAlater® (R0901 – Sigma-
Aldrich®) to prevent RNA degradation.
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Total RNA was isolated using two modifications to the
protocol developed by Chang et al. (1993): samples were
incubated for 10 min instead of 15 min, and one-third instead
of one-fourth of volume of LiCl 8 M was added, with a final
concentration of 750 mM. RNA integrity and concentration
were assessed by loading samples into an Agilent 2100
Bioanalyzer (Agilent Technologies, Inc.). cDNA synthesis
was performed with an iScript cDNA Synthesis kit
(Bio-Rad) using 200 ng total RNA in a 20-μl total volume
and incubating samples in a PCR thermocycler for 5 min at
25 °C, 30 min at 42 °C and 5 min at 85 °C. Primers for target
genes and Actin-7, chosen as housekeeping gene (Table SM1),
were designed with Primer 3 (Untergasser et al. 2012) and the
following settings: product size 80–150 bp, primer size
18–25 bp, primer Tm 57–62 °C, primer GC content 40–60%
and Max 3′ self complementarity 2 bases. Three technical
replicates consisting of 20 μL volume were used for each
biological sample. Real-time PCR reactions were performed
by mixing 1 μL non-diluted template cDNA, 0.25 pM of each
primer and 1X SSoFast EvaGreen reactionmixture (Bio-Rad).
For negative controls, 1 μL nuclease-free water was used
instead of template cDNA. Primer efficiency was assessed
by including one standard curve for each gene in the assay.
The PCR conditions were 2 min at 90 °C followed by 40
cycles of 5 s at 95 °C, 10 s at 60 °C for annealing and 30 s
at 72 °C. After amplification, melting curve analysis was
carried out for each gene to check gene-specific amplification.
Relative gene expression was calculated using the ΔΔCT
method (Livak and Schmittgen 2001).

2.5 Statistical analysis

Plant tolerance to water stress was assessed by comparing ‘leaf
wilting’ (continuous variable indicating wilting intensity from 0
to 100%) in offspring of healthy mother trees with ‘leaf wilting’
in offspring of ink-diseased mother trees. A linear mixed model
was performed using ‘leaf wilting’ as the dependent variable,
‘health status of mother tree’, ‘block’ and ‘health status of
mother tree × block’ as the fixed factors, ‘mother tree’ (nested
within ‘health status of mother tree’) as a random factor, and
‘seed weight’, ‘radicle length’, ‘time to emerge’ and ‘plant
height’ as covariates. Means of leaf wilting among progenies
were compared using the linear mixed model.

Plant tolerance to P. cinnamomi was assessed by comparing
‘time to death’ (survival time since inoculation) in offspring of
healthy mother trees with ‘time to death’ in offspring of
ink-diseased mother trees. To analyse ‘time to death’ of plants
and determine seedling survival probabilities, the
Kaplan–Meier estimate was used (Solla et al. 2011). To test
for statistical differences between survival probabilities of
progenies, the log rank test was used.

Survival analysis does not account for the effect of contin-
uous covariates on survival probabilities. A first approach to

take ‘plant height’ into account consisted of dividing seedlings
into offspring 1–10 cm tall from healthy mother trees (n = 23),
offspring 1–10 cm tall from P. cinnamomi-infected mother trees
(n = 43), offspring > 10 cm tall from healthy mother trees (n =
54), and offspring > 10 cm tall from P. cinnamomi-infected
mother trees (n = 41). A second approach to assess whether
‘seed weight’, ‘radicle length’, ‘time to emerge’ and ‘plant
height’ covariates influenced offspring susceptibility to
P. cinnamomi consisted in using a Cox proportional hazards
model which was fitted to the survival data (Zhang 2016).
Cox regression estimates how plant survival is affected by
several effects relative to a control group (offspring of
non-infected mother trees). The measure of effect is the hazard
ratio, which is the risk of failure or the probability of suffering
mortality. The effects ‘health status of mother tree’, ‘seed
weight’, ‘radicle length’, ‘time to emerge’, ‘plant height’ and
the interactions of these effects were included in the model. The
autocorrelation between seedlings of the same mother tree was
accounted for by estimating ‘robust standard errors’ for the
model’s coefficients. Automatic stepwise variable selection
based on the Akaike information criterion was applied to
identify the most relevant effects. The significance of the Cox
model was evaluated by the likelihood ratio test and the Wald
statistic, while the explanatory power of the model was
evaluated using the C-statistic and R2.

All data were checked for normality and homoscedasticity by
applying the Shapiro-Wilk and Bartlett tests, respectively.
Differences between means of phenotypic traits and ‘seed weight’
ofmother trees (Table 1) were analysed byANOVA. Fisher’s least
significant difference (LSD)was used in post hoc tests. To identify
differences in gene expression either between offspring of healthy
and P. cinnamomi-infected trees or between control and treated
seedlings, the Mann-Whitney test was used. Relations between
the early performance of seedlings and the time to death,
parameters were examined using Pearson correlation coefficients
within seedlings from healthy and P. cinnamomi-infected mother
trees. All statistical analyses were performed in R software
environment version 3.4.2 (R Foundation for Statistical
Computing, http://www.R-project.org). Functions in the
‘survival’ version 2.41-3 (Therneau 2015) and ‘survminer’ version
0.4.0.999 (Kassambara and Kosinski 2017) packages were used
for survival time analysis and optimal cut point calculations,
respectively, and the ‘agricolae’ package was used for comparison
of means between groups.

3 Results

3.1 Plant performance in offspring of healthy
and P. cinnamomi-infected trees

Severe infection of adultC. sativa trees byP. cinnamomi did not
delay or reduce seed germination rate (Table 2). However,
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offspring of healthy trees were significantly taller than offspring
of P. cinnamomi-infected trees (p < 0.001; Table 2). The tallest
and smallest progenies belonged to the mother trees with the
heaviest and lightest seeds (Tables 1 and 2). At the end of the
vegetative period, seedling performance was strongly
influenced by health status of mother trees (Table 2).

Correlation analysis after merging data of plants from mother
trees with the same health status showed that ‘seed weight’ was
correlated to ‘plant height’, ‘stem diameter’ and woody biomass
of C. sativa seedlings (p < 0.05; Table 3). Contrary to
expectation, negative correlations between ‘plant height’ and
‘radicle length’ (p < 0.05) and positive correlations between
‘plant height’ and ‘time to emerge’ (p< 0.001) were observed,
indicating that taller plants were obtained from seeds germinating
and emerging late (Table 3). Most correlations were substantially
conditioned by health status of mother tree (Table 3).

3.2 Offspring response to water stress

Unstressed control plants did not wilt. In response to water
stress treatment, offspring of P. cinnamomi-infected trees
wilted similar to offspring of healthy trees (16.7 vs 18.9%;
p > 0.05; Table 2). According to the linear mixed model used,
the only factors explaining variability in ‘leaf wilting’ were
‘seed weight’ (F = 9.1, p = 0.002) and ‘plant height’ (F = 51.0,
p < 0.001) (Table SM2). Pearson correlation analysis with
values of all seedlings showed that ‘leaf wilting’ did not
correlate to ‘seed weight’ but did correlate to ‘time to emerge’

(r = − 0.14, p = 0.011), ‘plant height’ (r = − 0.30; p < 0.001),
‘biomass of fine roots’ (r = − 0.25, p < 0.01) and ‘biomass of
tap roots’ (r = − 0.15; p < 0.05).

3.3 Offspring response to P. cinnamomi

Plant mortality due to P. cinnamomi was similar in offspring
of healthy and P. cinnamomi-infected trees (Fig. 2a, Table 2).
However, the group of plants 1–10 cm tall fromP. cinnamomi-
infected trees died less and more slowly than the other groups
of plants (Fig. 2b). Cox proportional hazards model
(p < 0.001, R2 = 0.13, concordance = 63.6%) showed that the
risk of plants dying on inoculation was significantly
influenced by ‘health status of mother tree’ (if infected by
P. cinnamomi), ‘radicle length’ and the ‘health status of
mother tree (if infected by P. cinnamomi) × plant height’
interaction (Table 4). Offspring had on average 85% lower
risk of dying if germinated from P. cinnamomi-infected
instead of from healthy mother trees. A 1 mm increase in
radicle length increased the daily probabilities of death in
offspring of both healthy and P. cinnamomi-infected trees by
3%. The Cox model predicted survival probabilities of 52%
for short and 22% for tall offspring from P. cinnamomi-
infected trees, and 22% for short and 28% for tall
offspring from healthy trees.

Higher variability in response to P. cinnamomi was
observed in offspring of P. cinnamomi-infected trees than in
offspring of healthy trees. Pearson correlation analysis

Table 2 Early performance traits (±se) in Castanea sativa seedlings
from healthy and Phytophthora cinnamomi (Pc)-infected mother trees,
and leaf wilting and mortality values after water stress and Pc treatments,
respectively. Seedlings from the untreated control treatment did not wilt
or die. Different lowercase letters indicate significant differences between

values within progenies, while different uppercase letters indicate
significant differences between mean values within groups of progenies
according to the health status of their mother trees (linear mixed model,
p < 0.05)

Mother tree Offspring (n ≈ 120) Control treatment (n ≈ 40) Water stress
treatment
(n ≈ 40)

Pc treatment
(n ≈ 40)

Status # Germination
rate (%)

Time to
emerge
(days)

Plant
heighta

(cm)

Woody
biomassb

(g)

Fine root
biomassb (g)

Leaf mass
per areab

(g m−2)
Leaf wiltingc

(%)

Plant mortalityd (%)

Healthy 1 83 41 ± 2.3b 10.1 ± 0.4b 1.9 ± 0.17b 0.32 ± 0.21b 8.02 ± 0.52b 13.7 ± 4.0a 80

2 58 36 ± 3.3b 8.7 ± 0.6b 2.0 ± 0.23b 0.24 ± 0.15ab 7.41 ± 0.42ab 34.4 ± 8.7b 75

3 82 40 ± 3.6b 12.5 ± 0.5c 2.5 ± 0.21b 0.30 ± 0.18b 7.50 ± 0.35ab 17.3 ± 3.9ab 78

Mean 75A 39 A 10.1 B 2.1 B 0.29 B 7.6 B 18.9 A 78 A

Pc-infected 4 93 24 ± 1.3a 5.9 ± 0.2a 1.2 ± 0.09a 0.17 ± 0.09a 6.27 ± 0.19a 16.5 ± 3.8ab 76

5 83 39 ± 2.4b 10.1 ± 0.5b 2.0 ± 0.22b 0.26 ± 0.19ab 7.38 ± 0.43ab 20.2 ± 4.8ab 75

6 50 50 ± 5.0b 8.7 ± 0.6b 1.2 ± 0.21a 0.21 ± 0.12ab 7.53 ± 0.45ab 10.7 ± 4.9a 60

Mean 75A 35 A 7.9 A 1.4 A 0.21 A 6.7 A 16.7 A 71 A

aMeasured before treatments. Significantly related to stem diameter (r = 0.68, p < 0.001; data not shown)
bAssessed in untreated plants at the end of the vegetative period
c Assessed 1 month after water stressed treatment started
dAssessed 2.5 months after inoculation
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confirmed the negative relation between ‘time to death’ and
‘radicle length’ in both groups of offspring (p < 0.05). In
offspring of P. cinnamomi-infected trees only (Fig. 3), ‘time
to death’ was related to ‘plant height’ (r = − 0.19, p = 0.002).

3.4 Gene expression

In response to water stress treatment, no significant differences
of gene expression between offspring of healthy and

P. cinnamomi-infected mother trees were observed (results not
shown). At day 15 after water stress had started, only gene
Cast_SAP11was significantly more expressed in water stressed
than in control plants (5.2- vs 0.3-fold, respectively, p = 0.0021,
t test).

Gene expression was constant over time in non-inoculated
control plants (Fig. 4). Two days after inoculation (dai), gene
expression did not differ between control and inoculated
plants (Fig. 4). At four and seven dai, theCast_Gnk2-like gene

From Pc-infected mother trees (n=84)
From healthy mother trees (n=77)

1-10 cm tall from Pc-infected trees (n=43)

1-10 cm tall from healthy trees (n=23)
> 10 cm tall from healthy trees (n=54)
> 10 cm tall from Pc-infected trees (n=41)

a

a

b

a

a
a

Fig. 2 Estimated survival
probabilities of Castanea sativa
seedlings after Phytophthora
cinnamomi inoculations
considering health status of
mother trees (a) and both health
status of mother trees and
seedling height (b) as grouping
variables. Seedlings germinated
from healthy and Phytophthora
cinnamomi (Pc)-infected mother
trees. A p value is provided for the
global log rank test, with different
letters indicating significant
differences between survival
curves (p < 0.05) according to the
log rank test

Table 3 Pearson values from individual correlations among early
performance variables in Castanea sativa seedlings from healthy (above
the diagonal) andPhytophthora cinnamomi-infected (below the diagonal)

mother trees. Asterisks indicate levels of significance at *p < 0.05,
**p < 0.01 and ***p < 0.001; ns = not significant

Seed weight Radicle length Time to emerge Plant height Woody biomass Taproot biomass Fine root
biomass

Leaf mass
per area

Seed weight X ns ns 0.42*** 0.53*** 0.46*** ns ns

Radicle length − 0.28** X − 0.23** − 0.26** ns ns ns ns

Time to emerge 0.21** − 0.56*** X 0.29*** ns ns ns ns

Plant height 0.50*** − 0.35*** 0.28*** X 0.38** ns ns ns

Woody biomass 0.60*** ns ns 0.69*** X 0.90*** 0.24* ns

Taproot biomass 0.60*** ns ns 0.59*** 0.94*** X 0.25* ns

Fine root biomass 0.35** ns ns 0.49*** 0.62*** 0.59*** X ns

Leaf mass per area 0.47* − 0.38* ns ns 0.46* 0.47* 0.40* X
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was more expressed in inoculated plants than in controls
(Fig. 5a). Expression levels of Cast_SAP11 peaked at four
dai in inoculated plants (Fig. 5b) and Cast_MYB44 was not
regulated in response toP. cinnamomi (Fig. 5c). No significant
differences were observed in gene expression between

offspring of healthy and P. cinnamomi-infected mother trees
(Fig. 5).

4 Discussion

4.1 Seed weight and offspring of ink-diseased
chestnuts

The performance of young trees is genetically determined, but
also can be altered by hardening practices (Villar-Salvador
et al. 2012) and unfavourable scenarios experienced by the
mother trees (Vivas et al. 2013, 2014a, 2014b). The present
study shows that P. cinnamomi infection of chestnuts inhibits
early growth of offspring. It also confirms that plant growth
inhibition is mediated by seed size–dependent mechanisms,
probably involving allocation of biomass to seeds (i.e. seed
provisioning) (Shi et al. 2019). The morphological traits most
affectedwere plant height and root biomass. In several studies,
including this one, plant height and root biomass were directly
dependent on seed mass (Çiçek and Tilki 2007; Ramírez-
Valiente et al. 2009) and seed mass was directly influenced
by environmental factors experienced by mother trees (Vivas
et al. 2013). Large seedlings are better able to acquire and
retain resources than their smaller counterparts, therefore
enhancing survival chances, growth, and reproductive
opportunities and success (Ramírez-Valiente et al. 2009;
Younginger et al. 2017).

Seed size variability, found to be higher in Phytophthora-
infected than in healthy mother trees, was also higher in mother
trees of P. pinaster growing under unfavourable than under
favourable conditions (Zas et al. 2013). The high variation in
traits in the offspring of P. cinnamomi-infected mother trees
may be a consequence of the high and significant variation in

Table 4 Parameters of the Cox
regression model used to analyse
survival data in the offspring of
Castanea sativa trees after
artificial inoculations with
Phytophthora cinnamomi. The
reference group was the offspring
of healthy mother trees.
Likelihood ratio test (7 df) =
21.79; p = 0.0013

Effect Estimate Hazard ratiob

(± robust SE)
95% confidence
interval

Z score p value

Health status of mother tree
(Pc-infected)

− 1.78 0.15 ± 0.53 0.05, 0.44 − 3.47 < 0.001

Seed weight − 0.00 0.99 ± 0.01 0.93, 1.03 − 0.24 0.816

Radicle length 0.03 1.03 ± 0.00 1.02, 1.04 4.93 < 0.001

Time to emerge 0.00 1.00 ± 0.00 0.99, 1.01 0.92 0.352

Plant height − 0.02 0.97 ± 0.03 0.91, 1.03 − 0.84 0.390

Health status of mother tree
(Pc-infected) × plant heighta

0.11 1.12 ± 0.02 1.06, 1.17 4.58 < 0.001

Health status of mother tree
(healthy) × plant height

− 0.02 0.97 ± 0.02 0.92, 1.02 − 1.00 0.311

a The only significant interaction
bNon-significant values or ratios = 1 indicate no effect on plant survival; significant ratios < 1 indicate plant
survival increases due to the effect; significant ratios > 1 indicate plant survival decreases due to the effect. The
effect of a variable on plant survival (%) in relation to the reference group can be obtained as (1 − hazard ratio) ×
100
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Fig. 3 Relations between ‘time to death’ and ‘plant height’ of Castanea
sativa seedlings after Phytophthora cinnamomi inoculations in offspring
of healthy, non-infected (a) and symptomatic P. cinnamomi-infected (b)
mother trees. Vertical lines separate seedlings 1–10 cm tall from seedlings
> 10 cm tall
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traits in infected mother trees. Increased seed size variability
could be considered an adaptive response because a wide
range of phenotypes is produced in a given unfavourable
environment. However, the low variability in seed size and
other traits in offspring of the most symptomatic chestnut (tree
4, smallest seeds) suggests inability to adapt (Kleunen and
Fischer 2005) and few chances for competition and

establishment. This is in agreement with the existence of seed
resource-dependent thresholds which, once exceeded, strong-
ly limit phenotypic plasticity within a progeny (Kleunen and
Fischer 2005).

4.2 Similar tolerance to water stress in offspring
of chestnuts irrespective of the health status
of mother trees

Seedlings of ink-diseased trees wilted similar to seedlings of
healthy trees, and gene expression analysis was consistent
with this result. In consequence, P. cinnamomi infection in
C. sativa does not contribute to the inheritance of dehydration
stress memory. Stress memory may increase a plant’s survival
chances by improving its tolerance abilities and may provide a
mechanism for adaptation (Avramova 2019). Priming with
mild drought during the flowering stage was shown to be
effective in reducing the impact of subsequent severe terminal
drought stress in Oryza sativa (Bahuguna et al. 2018).
Drought priming in parental plants was recently reported to
induce drought tolerance in offspring (Wang et al. 2018; Vivas
et al. 2019). In our study, the reduced root water uptake
capacity often associated to ink disease (Maurel et al. 2001;
Dinis et al. 2011; Camisón et al. 2019) combined with the low
precipitation in 2015 at the seed collection site were not
enough to induce drought-priming in offspring of C. sativa.

The role of ‘seed weight’ and ‘plant height’ mediating
tolerance to water stress can be explained by the higher root
biomass and thus higher water uptake ability in taller plants
germinating from the heavier seeds (Ramírez-Valiente et al.
2009; Cubera et al. 2012). Interestingly, leaf mass per area
was lower in offspring ofP. cinnamomi-infected than of healthy

Fig. 4 Relative expression of Cast_Gnk2-like (a), Cast_SAP11 (b) and
Cast_MYB44 (c) genes in offspring of Castanea sativa not inoculated
(white bars) and inoculated (black bars) with Phytophthora cinnamomi
(n = 3 plants). Observe differences in scale. Asterisks indicate significant
differences (p < 0.05) between mean values on the same date

ns

ns
ns

Offspring of healthy mother trees

Offspring of Pc-infected mother trees

level
noisserpxe

evitale
R

Fig. 5 Relative expression of Cast_Gnk2-like, Cast_SAP11 and Cast_
MYB44 genes in offspring of healthy and Phytophthora cinnamomi
(Pc)-infected Castanea sativa trees (n = 3 plants). Ns indicates non-
significant differences between means
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trees (Table 2). Low leaf mass per area (or high specific leaf
area) is usually associated to species with low tolerance to
drought, which produce ‘cheap’ leaves as long as the season
is favorable (Lopez-Iglesias et al. 2014).

4.3 Increased tolerance to P. cinnamomi in small
seedlings from ink-diseased chestnuts

Candidate gene expression patterns in response to P. cinnamomi
were similar in offspring of healthy and P. cinnamomi-infected
trees. However, small plants from P. cinnamomi-infected mother
trees showed increased tolerance to further infection by
P. cinnamomi, irrespective of seed weight. A recent study
reported reduced and delayed mortality of Q. ilex seedlings if
less virulent Phytophthora species were inoculated before more
virulent Phytophthora species (Corcobado et al. 2017). Small
chestnuts plants could have been primed for resistance (Ashraf
et al. 2018), probably by elicitins and effector molecules released
by P. cinnamomi during root infection (Osswald et al. 2014), but
this needs further investigation. Active adaptive plasticity of
plants in response to the environment requires a specific signal
perception-transduction system that moulds plant development
and influences next generations (Kleunen and Fischer 2005;
Mauch-Mani et al. 2017). Infection by P. cinnamomi in
C. sativa is perceived via pathogen recognition proteins that are
coded by several defence genes (Santos et al. 2017). After
recognition, transcriptional reprogramming in the host may
directly provide the tree with pathogen-specific cues that may
be transmitted to seeds, resulting in transgenerational phenotypic
plasticity in offspring.

Chestnut seedlings that invested fewer resources in growth
and attained less biomass died later than their taller counterparts.
This was consistently observed through Pearson’s correlation,
Cox proportional hazards model and survival analyses, and
could suggest a growth-defence trade-off that occurred only in
offspring of P. cinnamomi-infected mother trees. This trade-off
is in agreement with ecological theories on plant defence, e.g.
the resource availability hypothesis (RAH) and the growth
development balance hypothesis (GDBH), which indicate that
plant defences involve growth costs, especially in resource-
limited environments (Ferrenberg et al. 2015; Moreira et al.
2015). We did not assess fitness in offspring but morphological
traits related to competitive abilities of plants (Younginger et al.
2017) and ‘survival’ of plants to two different stresses. Studies
that use close proxies to fitness (e.g. survival) are expected to
show stronger effect sizes than studies using simplistic single
traits (Uller et al. 2013).

Several circumstances suggest that the three P. cinnamomi-
infected mother trees used were not tolerant to ink disease: (i)
there is no evidence ofC. mollissima andC. crenata germplasm
in Hervás forest, in contrast to other forests in northern Spain
(Alcaide et al. 2020) in which genes from Asiatic germplasm
confer resistance to P. cinnamomi in offspring; (ii) inoculation

with P. cinnamomi of progenies from 16 additional mother
trees, selected in Hervás at random, resulted in circa 100% of
seedlingmortality (Alcaide et al. 2020); and (iii) in spring 2019,
tree 4 was almost dead and tree 6 was dead.

Table 2 shows relevant heterogeneity inmean height of the six
progenies used, and when assessing adaptive plasticity in
offspring, it may occur that seedling height could be confounded
with parent effects. However, ‘plant height’ was included as a
covariate in the linear mixed and Cox models. When addressing
differences in survivorship between short and tall seedlings, only
offspring of trees 5 and 6 contributed to these differences.
Offspring of tree 4 did not significantly contribute to differences
in survivorship between short and tall seedlings probably
because plants were homogeneous in height (standard error
was 0.2 vs 0.5 and 0.6 in offspring of trees 5 and 6, respectively),
and probably because tree 4 was severely damaged by
P. cinnamomi. Tree 4 had the highest branch dieback and the
lowest leaf mass per area values of all Pc-infected trees, and their
nuts were stunted probably as a consequence of severe ink
disease damage (Phillips and Burdekin 1982). A hypothetical
schematic diagram of what may have occurred in offspring of
C. sativa trees is represented in Fig. 6. Nuts from trees 1, 2 and 3
were not primed, small-size offspring of trees 5 and 6 showed
increased tolerance toP. cinnamomi at a cost of plant growth, and
offspring of tree 4 exceed the threshold for a beneficial effect of
priming as a consequence of intense damage.

More mother trees and more tree species should be used to
confirm hypothetical Fig. 6. Moreover, in this study, the use of
more mother trees or clonally replicated material would have
properly allowed distinguishing heritable genetic variation
frommaternal environmental effects. Unfortunately, seedlings
used for gene expression analysis were tall in height, which
could explain the lack of differences of gene expression
between offspring of healthy and P. cinnamomi-infected trees.
Further studies on gene expression patterns would require
consideration of plant size. The use of a single and highly
virulent isolate of P. cinnamomi also limits the conclusions
that can be derived from our work. Further studies onmaternal
effects would require the use of several isolates including
some of low virulence in order to capture greater sensitivity
from the offspring.

4.4 Ecological consequences

How can previous findings betransferred toC. sativa forests? In
forests where P. cinnamomi is absent, C. sativa is able to
regenerate and reach the main canopy under closed overstories
(Camisón et al. 2015; Silla et al. 2018). Our findings suggest
that in Phytophthora-infested sites, C. sativa trees will generate
small seeds whose viability is not affected by the health status
of mother trees. Small seeds are usually associated with early
emergence (Solla et al. 2011; Pc-infected mother tree 1), giving
the added advantage of seeds being less exposed to soil-borne
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pathogens like Phytophthora spp. (Martín-García et al. 2015).
In Phytophthora-infested sites, sexual regeneration may be
dominated by small-sized primed seedlings, which respond
better than larger conspecifics to P. cinnamomi in the short
term. However, small-sized C. sativa seedlings will not
maintain their competitive ability over other forest species,
because of reduced access to light, water and nutrients.
Small-sized C. sativa seedlings with fine roots partially killed
by P. cinnamomi will probably not survive summer drought
unless they are able to develop a deep tap root for vertical
water exploration. Previous assumptions should be taken with
caution forC. sativa and validated by long-term assessment of
seedlings (from healthy and ink-diseased mother trees) grown
in the field.

5 Conclusion

Offspring of ink-diseased chestnut trees had poorer performance
in plant height and root biomass than offspring of healthy
chestnut trees. This effect was probably mediated by seed
size–dependent mechanisms involving seed provisioning.
Phytophthora cinnamomi infection in chestnut did not contribute
to the inheritance of dehydration stress memory. However, small
plants of offspring of ink-diseasedmother trees showed increased
tolerance to P. cinnamomi. Increased tolerance was not mediated
by seed size and was probably a consequence of seed priming

during fruit development. The results suggest that the impact of
P. cinnamomi on C. sativa forests may generate conflicting
selection pressures related to plant size, constraining regeneration
success at the seedling stage.
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