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Plants draw from various genetically controlled defenses to protect against
herbivores and pathogens. The efficacy of alternative defenses can vary
with the biology and phylogeny of the enemy. Dryocosmus kuriphilus, an
invasive gall maker native to China, has become one of the main pests of
chestnut trees around the world. We studied genetic variation in resistance
and susceptibility to D. kuriphilus within a replicated blocked planting of 12
chestnut genotypes established in Galicia, Spain in 2004. We found very
high genetic variation in susceptibility to D. kuriphilus. We evaluated if the
variation was due to host selection by the wasp, differential efficacy of
inducible defenses in the trees, or variability in susceptibility of the plant
to manipulation by the gallmaker. We assessed host selection by counting
number of eggs laid by females in tree buds and comparing preferences
with phytochemistry. We also measured inducible changes in phytochemistry
within and around galls, gall physical characteristics, parasitism, and insect
fitness. The effective defense mechanisms in resistant genotypes involved (1)
hypersensitive reactions to eggs or neonates within buds and (2) early precise
abscission of nascent galls from expanding leaves. Surprisingly, the genetic
resistance to D. kuriphilus of the chestnut genotypes we tested was not related
to phenols, terpenes, and primary nutrition.

Asian chestnut gall wasp, Castanea, defensive patterns, Dryocosmus kuriphilus, gall
abscission, hypersensitive reaction, secondary metabolites
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Introduction

Plants protect themselves against insects and pathogens with
a combination of chemical and physical barriers, which are
either constitutive or induced by the insect or pathogen attack
(Karban and Baldwin, 1997; Wagner et al., 2002; Franceschi
et al., 2005; Barto et al., 2008).

Physical defenses are made of structural elements that
provide toughness or thickness to the tissues and may
involve waxes, trichomes, spines, thorns, and lignification.
Chemical defenses can include secondary metabolites, such as
terpenes, tannins, and phenolic compounds (Azarkan et al,
2004; Van Zandt and Agrawal, 2004), and defensive proteins
(Swapan and Muthukrishnan, 1999; Ekramoddoullah et al,
2000; Lombardero et al,, 2016). Secondary metabolites can affect
herbivorous insects and pathogens directly, through antifeedant
and toxic effects, or indirectly, through the attraction of natural
enemies (Pearce, 1996; Wagner et al., 2002; War et al., 2012).

Some induced plant defenses serve to limit the extent of
damage by an attacking enemy (Franceschi et al,, 2005). One
class is known as hypersensitive response (HR) (Fernandes,
1998), which have been recognized as a plant defense
mechanism since the early 20th century (Ward, 1902). HR is
characterized by a genetically controlled progression of cell
death in the host tissue at the point of infection (Dangl and
Jones, 2001; Bleiker and Uzunovic, 2004). The process typically
involves production of reactive oxygen species that kill the host
cells and (often) the invading organisms. HR have been most
frequently described for fungi, bacteria, and viruses (Franceschi
et al,, 2005), but have also been reported for some insects
with particularly intimate relationships with host tissue, such
as leaf miners and gall makers (Fernandes, 1990; Walling, 2000;
Ollerstam et al., 2002; Kaloshian, 2004).

Another localized inducible defense is the production of
histological defensive structures such as cork layers beyond the
infection point, abscission layers between diseased and lignified
healthy areas, and tyloses in xylem vessels (Agrios, 2005; Park
and Kim, 2019). Abscission is a cell separation process by which
plants can drop some of their organs. It is the consequence of
a breakdown in adhesion between highly differentiated cells at
the site of organ shedding (the abscission zone, Roberts et al.,
2002). The abscission zone marks the line beyond which all
of the more distal cells and tissue will be separated from the
plant (Patterson, 2001). Abscission of infested leaves, fruits,
or seeds is common (Boucher and Sork, 1979; Strauss and
Zangerl, 2002) and is considered especially effective against
insects with low mobility (Faeth et al,, 1981; Stiling et al., 1991;
Connor and Taverner, 1997). For instance, in Rhus glabra leaf
abscission is ten times higher on leaves infected by the gall
maker Melaphis rhois (Homoptera: Aphididae) than on ungalled
leaves (Fernandes, 1999) and premature acorn abscission had
negative consequences for Curculio elephas Gyll. (Coleoptera:
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Curculionidae) by reducing larval size (Bonal and Muioz,
2008).

Generally, these defensive reactions are regulated by three
phytohormones; jasmonic acid (JA) and ethylene (ET) tend to
elicit defenses against herbivores and necrotrophic pathogens
(Kessler and Baldwin, 2002; Thaler et al., 2012), whereas salicylic
acid (SA) is mainly involved in defense against phloem-sap-
sucking insects and biotrophic pathogens (Spoel et al., 2007;
Zhang et al, 2009). SA plays an important role regulating
programmed cell dead (Vlot et al., 2009).

Galling insects are defined by their capacity to modify plant
physiology such that there is regulated development of complex
gall structures in the plant tissue (Harper et al,, 2004). Gall
tissues then provide food and physical protection for the larvae
developing within them (Cornell, 1983; Price et al., 1987; Stone
and Schonrogge, 2003; Bailey et al., 2009).

The ovipositing females of galling insects have been reported
to select host plants based on plant morphology, phenology,
vigor (Anderson et al., 1989; Eliason and Potter, 2000; Pires and
Price, 2000; Yukawa, 2000), and chemistry (Abrahamson et al,,
2003; Naidoo et al,, 2018). Host chemistry is also important
for larval performance and can trigger host shifts (Rehill and
Schultz, 2012; Kot et al., 2018).

Inducible defenses in plants are thought to be especially
important for galling insects because of their intimate
relationship with plant tissue (Cornell, 1983; Hartley, 1998;
Abrahamson et al, 2003). HR has been described as a
common resistance strategy against gall-inducers (Fernandes,
1990; Abrahamson et al., 1991; Fernandes et al., 2000; Fernandes
and Negreiros, 2001). The sessile habit of the galls may also
provide opportunity for the host plant to respond with a
premature abscission of galled leaves although this mechanism
is less studied (Williams and Whitham, 1986; Fernandes et al,,
2008). Some insect species appear to adaptively induce gall
abscission when their feeding is completed, but an early gall
abscission can cause larval mortality (Fernandes et al., 2008).

Galling insects benefit from controlling both the physical
and chemical aspects of the plant tissue within which they
reside, as they can manipulate plant defenses to their own
advantage (Schultz, 1988; Hartley, 1998; Oliveira et al,, 20165
Kot et al, 2018). However, inducible changes in plant tissue
within developing galls can work for or against the galling insect;
patterns could vary depending upon the class of secondary
metabolites. Inducible increases in terpenes in galled plant tissue
might have direct toxic effects on the attacking insect or attract
parasitoids (both bad for the galling insect), but could also serve
as oviposition cues or to defend the attacking insect from its
own enemies (good for the galling insect) (Rostas et al.,, 2013;
Naidoo et al., 2018). The role of phenolic compounds is also
ambiguous. Some studies show that phenolic compounds are
unrelated to host plant resistance (Abrahamson et al.,, 1991),
while others indicate the opposite (Westphal et al, 1981).
Galls may contain lower (Nyman and Julkunen-Tiitto, 20005
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Allison and Schultz, 2005) or higher (Hartley, 1998) phenolic
concentration compared with ungalled tissue, and the adaptive
value of these chemical alterations is uncertain (Inbar et al.,
2010). Tannins can be dramatically elevated in galled plant
tissue. Galls from cynipid wasps in oak trees contain such high
concentrations that they have been used as commercial sources
of pure tannin (Cornell, 1983). Tannins sometimes reduce the
growth and survival of insect herbivores (Bernays et al.,, 1980;
Karowe, 1989; Ayres et al.,, 1997; Nomura and Itioka, 2002).
Conversely, high tannin concentrations in galls might protect
the larvae against damaging agents (Cornell, 1983; Taper et al,,
1986; Schultz, 1992).

kuriphilus
Cynipidae) is an invasive gall maker, native to China that

Dryocosmus Yasumatsu  (Hymenoptera,
has become one of the main pest of chestnut trees around
the world (EPPO, 2005). Dryocosmus kuriphilus was detected
in Europe in 2002 (Brussino et al,, 2002) and spread quickly
through the chestnut stands compromising chestnut production
(Quacchia et al.,, 2008). Parthenogenic females lay eggs in the
tree buds during the summer. The number of eggs per female
can exceed 120 eggs (Lombardero et al.,, 2021) and are laid by
the females in small groups. Eggs and the first instar larvae
overwinter within the buds. In the following spring, gall
formation interferes with the normal development of vegetative
and reproductive structures, reduces leaf area, and reduces
the formation of female flowers, which collectively lead to
a reduction in wood and nut production (Kato and Hijii,
1997; Battisti et al., 2014; Marcolin et al., 2021). D. kuriphilus
recruits natural enemies from native Cynipidae in all the
areas where it has been introduced, although the potential for
native parasitoids to regulate D. kuriphilus populations has
been questioned (Quacchia et al., 2013; Panzavolta et al,, 2018;
Gil-Tapetado et al., 2021).

Castanea species (Fagaceae) are important forest trees in
Europe, Asia, and North America. Global chestnut production
has increased continuously over the last 40 years (Freitas et al,,
2021). European chestnut, Castanea sativa Miller, grows mainly
in southern and western Europe and there is a long tradition of
cultivation for fruit and wood (Conedera et al., 2004). Chestnuts
cover an area of more than 100,000 ha in northwestern Spain, of
which about 45,000 ha are in Galicia (M ARM, 2011), where this
study was conducted. Spain is considered the second (Fernandes
et al,, 2022) or third (Freitas et al,, 2021) largest producer of
chestnuts in the world. The European chestnut has no native
fauna of gall makers, but other members of Fagaceae (especially
Quercus spp.) support a rich fauna of cynipid gall wasps in
Europe (Stone et al,, 2002).

Castanea sativa in NW Spain has been seriously affected
by Phytophthora spp. for the last two centuries (Alcaide et al.,
2020; Fernandes et al, 2022). Since some Asian species of
Castanea were considered resistant to the disease, a program
of hybridization between European chestnut and two Asian
chestnut species (C. crenata Siebold and Zucc. and C. mollissima
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Blume) was started, with the aim of producing hybrids resistant
to the disease (Fernandez-Lopez, 2011). This hybrid material is
being used in clonal forestry for wood and nut production and
as rootstocks for grafting with traditional varieties. These hybrid
clones show high variation in susceptibility to D. kuriphilus
(Miguez-Soto et al., 2018; Castedo-Dorado et al., 2021). Little
is known about the defensive patterns of chestnuts against
D. kuriphilus, but HR was previously reported for one chestnut
hybrid (Dini et al, 2012) and in a chestnut cultivar ecotype
(Nugnes et al., 2018).

Dryocosmus kuriphilus was detected in Galicia in 2014
(Nieves-Aldrey et al, 2019) and since them spread quickly
through the territory (Gil-Tapetado et al,, 2021). In 2015, the
wasp started to colonize a field trial established with hybrids
of the European and Asian chestnut as well as the parental
species. The different genotypes present in the trial showed
great variability in terms of their susceptibility to D. kuriphilus
(Castedo-Dorado et al., 2021).

We sought to evaluate three alternative hypotheses for this
variability: (H1) differences in susceptibility are due to the
host selection by the gall wasp; (H2) different genotypes show
different efficacy of inducible defenses against the wasp; and
(H3) the susceptible genotypes are those that insects manipulate
most successfully.

Materials and methods

Field trial and experimental design

The study was carried out in a trial located in San Xoan
de Lagostelle (Galicia, NW Spain), at an elevation of 505 m
a.s.l. (UTM Coordinates: 587161 m E, 4786989 m N; ETRS89
H29T). The trial was established in spring 2004 to test certain
traits of interest in the Galician breeding program for hybrid
chestnut clones (Castedo-Dorado et al, 2021). Dryocosmus
kuriphilus colonized the planting in 2015, which coincides with
the beginning of our study.

The trial was a randomized complete block design of 30
hybrid clones of Castanea sativa x C. crenata, one hybrid
of C. sativa x C. mollissima, and the three pure species
(C. sativa, C. crenata, and C. mollissima). Native Castanea
sativa is known to express different degrees of susceptibility
to D. kuriphilus (Sartor et al, 2009). The Japanese species
C. crenata is highly susceptible to the wasp (Murakami, 2010),
but some resistant varieties were also described (Shimura, 1972).
Castanea mollissima, the Chinese chestnut, shares range with
the invasive wasp and is regarded as susceptible to this species
(EPPO, 2005). Each block included seven individuals of each
clones, and each block was replicated six times. The trial
was established at the bottom of a shallow valley, with four
blocks in shady exposure and two in sunshine. We selected
the four shady replicates for this study, to minimize variation
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due to topography and geographic orientation (Figure 1). The
different genotypes showed high variability in susceptibility to
D. kuriphilus, with seven clones showing total resistance after
4 years of attack (i.e, no galls in the crown in mid-summer)
while others showed medium or high attack levels (see Castedo-
Dorado et al., 2021). However, when visiting the trial in spring
to collect leaves for other studies, we observed that some of these
resistant clones showed small galls in leaves that, somehow,
disappeared later (Figure 2). This motivated our studies of leaf
chemistry (terpenes, total phenols, and condensed tannins) as it
related to susceptibility to D. kuriphilus. At the same time, we
wanted to test if leaf chemistry played some role in tree selection
by the insect to lay its eggs.

For the current study, we selected the three chestnut species
(C. sativa, C. crenata, and C. mollissima) and nine hybrid
chestnut clones from the four replications (Figure 1). The nine
hybrid chestnuts were classified in relation to its susceptibility
to D. kuriphilus. Three clones were considered “susceptible”
(clone ‘1483, clone 7521, and clone ‘7817’), i.e., showed high
attack levels of D. kuriphilus based in the results of attack
levels obtained in Castedo-Dorado et al. (2021) and six were
considered resistant. The resistant clones were further divided
into two types. Type I resistance was defined as those resistant
clones that harbored some leaf galls in the beginning of the
season but disappeared later (clone ‘88’ clone ‘110, and clone
90025). Type II resistance was defined as those clones with
no visible galls (clone ‘89) clone 324, and clone 334°). All
hybrids were obtained by crossing C. crenata and C. sativa,
except the susceptible clone 7521° that was obtained from
C. mollissima x C. sativa.

Field and laboratory sampling

In all study trees, we measured diameter at breast height, tree
height, and total number of galls in the crown. Tree size was
measured in March 2018 with a caliper and digital hypsometer.
Galls were counted in July of 2016-2018 by the same observers
(ML and FC-D), using binoculars as needed. For this study, we
only considered attacks in 2018, by which time D. kuriphilus
was fully distributed across the area of the trial (Castedo-Dorado
etal., 2021).

On 1 July 2019, we collected 312 galls (23-51 per clone).
In the laboratory, we measured the diameter of each gall in
three perpendicular planes to estimate gall volume assuming
the shape of an ellipse. Then the galls were dissected to count
number of cells (each cell representing one initial egg), number
of D. kuriphilus larvae and the presence of ectoparasites. The
native ectoparasitoids were in the larval stage, so we did not
identify them to species, and the percentage of parasitism was
estimated considering all the cells occupied by an ectoparasitoid
regardless of the species.

In September 2019, we cut two branches from the upper
crown of each tree. In each branch, we located and examined
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the shoot that had grown in the previous growing season (2018).
We did not study shoots from 2019 because they were still
growing when the females were laying the eggs. For each of the
shoots, we counted the number of new twigs that has developed
from each bud in the current (2019) growing season and the
number of galls in these twigs. We used these data to calculate
the ratio between the number of galls developed in the current
year and the number of buds available for the wasp oviposition
during that summer.

On 15 February 2020, we collected and dissected 339
84, 84,
73, and 98 buds from resistant Type I, resistant Type II,

buds drawn from different classes of trees (n =

susceptible clones, and the 3 parental species, respectively;
samples included 3-4 individual tree per hybrid/species and
24-28 buds per individual) to assess the presence of necrotic
lesions (Figures 3A,C). Necrotic lesions were interpreted as a
HR induced by the larvae (Fernandes, 1998; Ollerstam et al,
2002; Nugnes et al., 2018).

At the end of August of 2020, when the female flight was
over, we randomly chose three trees per clone or pure species
and cut two randomly selected terminal twigs from each tree.
In the laboratory, we measured the diameter of the buds in two
perpendicular directions with a digital caliper (& 0.01 mm).
Them we dissected the first three buds per twig under a
stereomicroscope to count the number of eggs laid in each bud.

Leaf and gall phytochemistry

On 7 June 2018, at the time when galls were developing, we
cut a randomly selected branch from the upper crown of each
individual tree evaluated in the study to obtain fresh leaves for
chemical analysis. From each cut branch, we chose five ungalled
leaves and five galled leaves under attacks.

In the lab, 10 leaves per hybrid/species were used to measure
leaf size, and the rest were frozen at —20°C for later analysis of
nitrogen, water content, total phenols, condensed tannins, and
terpenes. For each galled leaf, we analyzed separately the gall
itself and the leaf tissue surrounding the gall.

To analyze water and N content, galls and leaves were
weighed fresh, then oven-dried at 65°C for 48 h. The dried
samples were weighed again to estimate water content, milled
to a fine powder, and submitted to instant oxidation (as
0.1 g tissue samples); the gases released were identified with a
conductimeter. Analyses were performed by the analytical unit
of the University of Santiago de Compostela (RIAIDT).

Analysis of total terpenes followed Wainhouse et al. (1998).
One gram of leaf or gall from each sample was cut in very
small sections and the terpene compounds were quantitatively
extracted twice with n-hexane; each extraction included 25 min
in an ultrasonic bath. Later the plant material was recovered
by filtration, the solvent was evaporated, and the mass of the
non-volatile terpene residue was measured with a precision
scale.
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FIGURE 1

RSN

Location of the field trial in Galicia (NW of Spain), and of the selected genotypes within the four replicates.

Blocks (Replicates)

CJA [Cc
s D

Species

O Castanea crenata
/\ Castanea mollissima
O Castanea sativa

Resistant Hybrids Type I
@ Cone 110

A Cone 88

© Cone 90025

Resistant Hybrids Type II
O done 324

/\ Clone 334
< Cone 89

Susceptible Hybrids
© Cone 1483
A Cone 7521
<© Cone 7817

Total leaf phenolics were determined following Sampedro
et al. (2011). Phenolics were extracted from 0.5 g of plant
tissue with aqueous methanol (1:1 volivol) in an ultrasonic
bath for 15 min, followed by centrifugation and subsequent
dilution of the methanolic extract. Total phenolic content was
determined colorimetrically using Folin-Ciocalteu in a BioTek
Elx 850 microplate reader at 740 nm, quantified with a standard
curve of tannic acid and expressed as mg tannic acid equivalents
per g dry mass of plant tissue.

To analyze condensed tannins, the phenolics extract was
assayed with butanol—hydrochloric acid reagent (0.7 g ferrous
sulphate heptahydrate in 50 ml concentrated HCl and n-butanol
added to make 1 1). The absorbance was measured at 550 nm
(Waterman and Mole, 1994) and converted to mass with a
standard curve from purified condensed tannins of quebracho
(Schinopsis balansae Engl., Unitan Saica, Buenos Aires).

Statistical analyses
We analyzed eggs/bud (sampled in summer of 2020) with

a generalized linear model (Poisson distribution and log link
function) of number of eggs in each of 226 buds that were
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dissected: usually six buds in each of three trees from each of
twelve genotypes (clones or species) within each of four classes
of resistance types (species, susceptible clones, resistance Type I,
and resistance Type II). The model included resistance type and
genotype nested within resistance type (both as fixed effects).

Galls/bud were analyzed with a general linear model that
included genotype (clones or species) as a categorical variable,
buds/shoot as a continuous variable (covariate), and their
interaction. This analysis was restricted to the six genotypes
that displayed galls after midsummer (three species and three
susceptible clones).

We analyzed the prevalence of HR with a generalized
linear model (binomial distribution with logit link function)
that included resistance type and clone/species nested within
resistance type.

We used an ANOVA to test for patterns in the foliar
chemistry of ungalled leaves among four resistance types, each
represented by three clones or species. We used a two-way
ANOVA to test for patterns in the foliar chemistry of three tissue
types (ungalled leaf, gall, ungalled portion of galled leaf) in each
of three chestnut species. Prior to analysis, measurements of

terpenes, phenols, and tannins were square-root transformed to
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FIGURE 2

Spring leaves of Resistant Type I: (A) Small galls in the leaves (left)
and empty areas after gall drop (right). (B) Close up of abscised
gall zones. (C,D) Gall detaching from the leave (gall abscission).
(E,F) Deformed leave with small galls without larvae inside.

improve normality and homoscedasticity. Foliar chemistry: we
refered to Figures 6, 7 show untransformed data.

We also calculate the Pearson’s correlation coefficients of
the variables measured in the trees, each point representing the
mean of each clone x repetition interaction.

Statistical analyses were performed with the package JMP
(SAS Institute Inc.).

Results

Measurements of oviposition intensity in spring of 2020
revealed that all study trees, within all species and clones,
experienced oviposition by D. kuriphilus (Figure 4A). There
were modest differences in oviposition intensity among
resistance types (Chi-square = 9.57, df = 3, P = 0.023), and
conspicuous differences among genotypes within resistance
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FIGURE 3

(A) Eggs surrounded by a necrotic lesion. (B) Dryocosmus
kuriphilus eggs inside the bud. (C) Necrotic galls inside the bud.
(D) Normal gall developing in leave primordium inside the bud.

types (Chi-square = 125.47, df = 8, P < 0.0001). Oviposition
intensity was > 2 eggs/bud in C. crenata, clone ‘1483 and clone
‘88’; other clones and species experienced similar oviposition
intensity of 0.2-1.3 eggs/bud.

Early in the summer, the species and three susceptible
hybrid clones showed normally developed galls in buds and
leaves. No galls or gall initiations were externally evident in
clones classified as Type II resistance. The genotypes classified
as Type I resistance, showed gall development only in the leaves
(Figure 2A) and other gall initiations that did not fully form.
These galls were smaller than normal galls of susceptible trees
and had no more than 1 or 2 cells with living larvae inside
(Figure 2A, two leaves on left). The galls were evident for only
about 5-6 weeks before dropping to the soil. By midsummer,
trees of Type I resistance were free of galls. The dropping galls
detached from the chestnut leaves in a way consistent with
leaf abscission (Figures 2C,D); the tissue around the gall was
progressively detaching until there was only a hole in the leaf
(Figure 2B). Many of the initial galls in clones with Type I
resistance displayed no more than distorted thickening tissue
(apparently a product of failed gall formation in the bud) and
contained no living larvae (Figures 2E,F). Similarly deformed
leaves were also present at variable densities in the rest of the
study trees, resistant and susceptible.

Following the abscission of failed galls, the incidence of galls
was surprisingly unrelated to oviposition intensity (Figure 4B).
By the middle of the summer (2019), there were no galls in any
of the trees representing clones classified as Resistant Type I or
Type II. In contrast, the susceptible hybrid clones all had about
1.7 galls/bud. C. sativa and C. crenata displayed about 1.5 galls
per bud in 2019; C. mollissima was lower at about 0.5 galls / bud.
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FIGURE 4

(A) Number of eggs per bud in the study trees. Each point
represents one species or hybrid, each represented by 6
dissected buds from each of 3 trees. (B) Number of galls per bud
in the study trees. Each point represents one species or hybrid,
each represented by 2-8 shoots within each of 3-7 trees.
Numbers show the hybrid name; Cc, Castanea crenata; Cm,

C. mollissima; Cs, C. sativa.

There were modest but significant differences in the number
of galls among genotypes that displayed galls after midsummer
due to the lower gall densities in C. mollissima [F(5 110) = 4.92;
P =0.0004; Figure 4B].

We observed lesions consistent with HR (Figures 3A,C)
in buds of the three species, and in the resistant hybrids. The
necrotic tissue was evident surrounding the eggs (Figure 3A
compared with Figure 3B), and in the gall primordia that
were developing inside the bud (Figure 3C compared with
Figure 3D). HR (Figures 3A,C) was detectable in all hybrids
and species, but were much less frequent in susceptible clones,
relative to the resistant clones or the species (Figure 5; Chi-
square = 53.03, df = 3, P < 0.0001). The resistant hybrids and
C. mollissima showed the highest proportion of buds with HR
(Figure 5), which was consistent with the lower numbers or
absence of galls in these genotypes (Figure 4B).
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in most

Terpene concentrations were about 15-20 mg g~
genotypes and tissue types (Figures 6A, 7A). In ungalled leaves
(control leaves) terpene concentrations were significantly higher
in the hybrids, including the susceptible hybrids, than in the
species (Figure 6A and Table 1). In C. mollissima, the species
with the lowest density of galls, terpene concentrations were
only about half as much in control leaves as the other two
species, but increased in galls and the containing leaves to about
the same as the other two species (Figure 7A and Table 2).
Terpene concentrations in susceptible hybrids and hybrids of
Resistance Type I were reduced by 25-50% in the actual gall
tissue compared to control leaves or leaf tissue surrounding galls
(Figure 6A and Table 2).

Total phenols in ungalled leaves averaged about 50-90 mg

tannic acid equivalents g~ !

and also differed among species and
hybrids but in the opposite direction as terpenes, being higher
in chestnut species than in hybrids (Figure 6B and Table 1).
Phenol concentrations in gall tissue were greatly reduced (to
trace levels) in all three classes of resistance types that displayed
galls (Figure 6B and Table 2). There was some variation in
phenol concentrations of ungalled leaves among clones within
resistance classes (Table 1), but no differences among in phenol
concentrations among the three species (Table 2).

Regardless of resistance type, condensed tannins were barely
detectable in control leaves or leaf tissue surrounding galls
(Figure 6C). However, condensed tannins in the gall tissue
of species and susceptible clones were increased by about 2
orders of magnitude compared to control leaves or the leaf
tissue surrounding galls (Figures 6C, 7C and Table 2). There
was no variation in tannin concentration among clones within
resistance type or among the three species (Figures 6C, 7C and
Tables 1, 2).

Nutritional quality measured as % nitrogen in the ungalled
leaves was significantly higher in hybrids than in the species, and
higher in resistant than in susceptible hybrids (Figure 8A and
Table 3). N concentration was elevated in gall tissue compared
to ungalled leaves (about 2.75 vs. 2.55%; Figure 8A and Table 3).

Water content of ungalled leaves was similar in three
of four resistance types at about 64%, but was higher, at
about 66%, in clones expressing Type II resistance (Figure 8B
and Table 3). Water content was much higher in gall tissue
(> 80%) than in ungalled leaves or the ungalled portion of
galled leaves (Figure 8B and Table 3). C. mollissima had lower
water content in ungalled leaves than the other two species:
mean =+ SE = 60.74 £ 1.37 vs. 62.03 & 1.32 and 62.13 £ 1.00
(Table 3).

The correlation matrix of genotype-specific attributes
revealed very strong negative correlations between the
frequency of HR and the frequency of galls (r < -0.90,
p < 0.001; Table 4). There was a tendency for negative
correlations between foliar N and gall frequency (r = -0.53
and -0.63 for correlations with total galls and galls/bud,
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FIGURE 5

Proportion of buds showing necrotic lesions consistent with hypersensitive response. Each point represents one species or hybrid, each
represented by dissection of about 5 buds within each of about 5 trees. Numbers show the hybrid name; Cc, Castanea crenata; Cm,

C. mollissima; Cs, C. sativa.

respectively). No other measured variables showed evidence of
relations with the occurrence of galls (Table 4).

Among the six genotypes that expressed galls, there were
no statistically significant correlations between any measured
attributes and gall volume or number of larval cells per gall
(Table 5). The most suggestive pattern was a tendency for galls
to have greater volume on bigger trees and those with more
galls (r = 0.51-0.72; Table 5). Percent parasitism of D. kuriphilus
larvae tended to be somewhat higher in genotypes that had
higher terpenes in ungalled leaves, more total galls, and more
galls/bud (r = 0.80, 0.82, and 0.91, respectively).

Discussion

Host selection

There were dramatic differences among chestnut genotypes
in their susceptibility to D. kuriphilus. Differences in
susceptibility were not due to host selection by ovipositing
females because eggs were laid freely in all the trees, resistant
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and susceptible. This is similar to results from Murakami (2010)
for genetic varieties of C. crenata.

It was nonetheless evident that ovipositing D. kuriphilus
favored some genotypes over others (Figure 4A): compared to
most genotypes, there were at least 2-3 times more eggs/bud
in one chestnut species (C. crenata), one clone of susceptible
hybrids (‘1483’), and one clone of resistance Type I (‘88’). Later
in the summer, clone ‘88’ had no galls; C. crenata and clone
‘1483’ both had high gall densities, but no higher than other
genotypes that had much lower oviposition densities. Overall,
the ovipositing wasps did not discriminate between hybrid host
plants and their parental hosts. This differs from reports for
galling insects of Quercus (Aguilar and Boecklen, 1992), Salix
(Fritz et al., 1994), and Populus (Floate and Whitham, 1995).
Surprisingly, D. kuriphilus did not oviposit more on the Chinese
chestnut species, C. mollissima, which is its native host within
most of its historical distribution.

None of the clone-specific attributes measured in this study,
including plant chemistry, were associated with the oviposition
preferences of wasps for chestnut trees. However, Abrahamson
et al. (2003) showed that the compositions of other cynipid
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Foliar concentrations (A) terpenes, (B) phenolics, and (C)
condensed tannins of ungalled leaves (control leaves), galled
leaves, and gall tissue of the study genotypes. There was little or
no gall tissue for analysis in Resistant Types | and Il. Bars
represent means and error bars represent standard errors.

gall-wasp communities correlated with host plant chemistry.
High concentration of terpenes (Naidoo et al.,, 2018) or phenolic
compounds (Abrahamson et al,, 2003) in plant tissue have
been described as insect attractant and key stimulants for
oviposition. In our study trees, there was variation in terpenes
and phenols within and among hybrid genotypes and pure
species, but this variation was unrelated to the number of eggs
per bud. Olfactometer bioassays by Germinara et al. (2011)
indicated that D. kuriphilus was attracted to olfactory cues from
twigs with mechanical damage. Sevarika et al. (2021) suggested
that D. kuriphilus might perceive olfactory cues, thanks to the
presence of specific sensilla in the antenna. It was striking that
no such associations between tree chemistry and oviposition
preference were evident in our system (Table 4)—even though
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the adult females are ovipositing during summer when leaves are
green and phytochemical cues would seem available.

The oviposition preferences of cynipid wasps have been
associated with the morphology and growth vigor of host
plants (Craig et al,, 1989; Stone et al,, 2002). We found no
associations between oviposition preferences and tree size.
Kato and Hijii (2001) showed that D. kuriphilus female wasps
preferred large buds for oviposition. Our study trees displayed
dramatic differences in bud size (0.24-4.20 mm diameter).
We found no relationship between bud diameter and number
of eggs, but bud diameter was positive correlated with the
number of cells per gall. Each cell represents a successful larva,
so this implies that larval success was somewhat greater in
larger buds. However, this was a very modest effect on galling
intensity compared to that from variable efficacy of inducible
defenses.

Inducible defenses: Hypersensitive
response

The number of wasp eggs per bud was surprisingly unrelated
to the subsequent incidence of galls in various genotypes. We
classified some hybrids as resistant because they displayed no
galls by middle summer even after 4 years of attack. Resistant
hybrids of Type I showed leaves harboring a few galls during
spring; similar observations have been reported for resistant
willow trees (Strong et al,, 1993; Hoglund et al., 2005). These
differences in gall formation among genotypes may be regulated
by the tree inducible response. The resistant genotypes, as well
as C. mollissima, had a higher proportion of buds showing a
necrotic lesion compatible with HR (Fernandes, 1998; Ollerstam
et al,, 2002; Figures 3A,C). It makes sense that C. mollissima
showed higher HR compared with C. sativa since it has a
long evolutionary history with the gall wasp. Surprisingly the
resistant hybrids were crosses with C. crenata while the only
hybrid involving C. mollissima (hybrid 7521) was highly
susceptible. Shimura (1972) reported that several cultivars of
C. crenata were totally resistant to the wasp so it may be that
some of the same resistant characters are in some of our hybrids.

Our most striking result was the strong negative association
between HR and expression of galls: Pearson’s correlation
coefficient < -0.90 with total galls and galls/bud (Table 4). HR
was expressed in at least half of buds with eggs in all six resistant
clones and in C. mollissima, but only about 35% in the other two
species and < 10% in the susceptible clones (Figure 5). This is
consistent Dini et al. (2012) who reported that the susceptible
variety Madonna did no show HR. Variation in frequency and
severity of HR-like necrosis within species has been previously
reported (Fatouros et al.,, 2014; Pashalidou et al., 2015; Griese
et al, 2017). Our results confirm the existence of strong genetic
controls in Castanea on the strength and efficacy of HR as
defenses against the eggs and neonate larvae of D. kuriphilus.
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FIGURE 7
Foliar concentrations of (A) terpenes, (B) phenolics, and (C) condensed tannin in galled leaves, gall tissue, and ungalled leaves of three chestnut
species. Bars represent means and error bars represent standard errors

The individuals of C. sativa of our study expressed (Takimova et al,, 2005). Because the European chestnut has
an intermediate frequency of HR (36% of attacked buds). no extant, native galling insects, the expression of moderate
Presumably, C. sativa would otherwise be even more HR against D. kuriphilus must represent an ancestral trait in
susceptible to D. kuriphilus. The HR starts with molecular C. sativa. Alternatively, the elicitor could be a general molecule
recognition by the plant of elicitors from the damaging agent involved in the induction of reactive oxygen species (ROS)
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TABLE1 ANOVA results testing for patterns in the foliar chemistry of ungalled leaves among four resistance types, each represented by three

clones or species.

Terpenes Phenolics Tannins Nitrogen Water content
Source df F P F P F P F P F P
Resistance type 3 5.47 0.0014 11.62 0.0001 2.10 0.10 6.35 0.0005 5.36 0.0017
Genotype [resistance type] 8 1.06 0.40 4.04 0.0002 0.67 0.72 1.98 0.055 0.66 0.73
Error 149

Corresponds to data in Figures 6, 8, but only for ungalled leaf tissue because galls were rare or absent in Resistance Types 1 and 2.

(Kant et al,, 2015) implicated in the induction of cell death in
the HR to pathogens (Lamb and Dixon, 1997).

Resistant genotypes of Type I and Type II displayed few or
no galls (respectively), even if only about 60-70% of attacked
buds expressed HR (Figure 5). Apparently, there are other
defensive mechanisms involved and these other mechanisms are
more efficient defenses in Type II hybrids compared to Type 1.
Some genotypes of willow that resist gall formation also showed
no signs of HR (Hoglund et al., 2005).

It is not clear if the HR expressed in our study material
are elicited by the eggs (Viggiani and Tesone, 2009) or neonate
larvae (Fukuda and Okudai, 1951; Dini et al., 2012; Nugnes
etal, 2018) of D. kuriphilus. In our study area, adult oviposition
begins in early June and egg hatch requires about 40 days (Avtzis
et al,, 2019). We observed buds with signs of HR already in
August (data no shown), which was before oviposition was
complete, but late enough for the first laid eggs to hatch.
Therefore, HR might be elicited by products of hatching larvae
(e.g., a salivary protein) or by exudates from pre-hatching eggs
(Stone et al., 2002; Nugnes et al., 2018).

Two mechanisms had been proposed to explain the death
of neonate larvae from HR. Reactive oxygen species (ROS) and
other compounds induced during plant cell death might be
acutely toxic to larvae as well as plant cells (Richael and Gilchrist,
1999). Alternatively, the HR might exert its effects less directly
by interrupting nutrient supply from the plant to larvae, or
simply interfering with the development of galls, which deprives
them of a suitable physical habitat.

Inducible defenses: Premature
abscission of attacked plant tissue

Our hybrid material classified as Type I resistance,
augmented HR with targeted early abscission of attacked
tissue within leaves (Figures 2C,D). Early abscission has been
described as a general category of plant defenses (Boucher and
Sork, 1979; Strauss and Zangerl, 2002) that can be particularly
effective against insects with low mobility, such as leaf miners
and gallers (Facth et al, 1981; Stiling et al, 1991; review in
Connor and Taverner, 1997). Premature abscission of herbivore-
damaged leaves has been described in various forest systems
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including beech (Nielsen, 1978), eucalyptus (Journet, 1981),
and temperate deciduous forests (Faeth et al., 1981; Bonal and
Muiioz, 2008).

From the perspective of plant defense, leaf abscission can be
thought of as a trade-off between the potential photosynthetic
gains of the sacrificed tissue relative to what would be lost
if the infesting insects were allowed to persist (Facth et al,
1981). The relative costs and benefits for plants of leaf abscission
as a defense seems likely to vary with leaf lifespan, whole-
plant carbon budgets, and the precision of the tissue abscission.
Hybrids in our study with Type I resistance displayed impressive
precision in the abscission of insect-infested tissue. Chestnut
leaves are quite large at maturity (8-22 cm length by 4-8 cm
width) and were nearly as large in Type I clones following the
rapid abscission of small sections of infested leaves early in leaf
development (Figures 2A,B). This was qualitatively similar to
many fruit trees (including almond, apricot, cherry, nectarine,
peach, and plum trees) that abscise very small holes in leaves
(“shot holes”) around points of pathogen infection (Sztejnberg,
1986; Ivanova et al., 2012; Zlatkovic et al., 2016).

Secondary metabolites

Our results provided no evidence that traditionally
recognized classes of secondary metabolites explain variation
among chestnut genotypes in resistance to the chestnut gall
wasp. Constitutive levels of terpenes were actually lower in the
resistant species (C. mollissima) than the susceptible species
(Figure 7). C. mollissima, but not the other species, expressed
an increase in terpenes in galls relative to ungalled leaves
(Figure 7). Increased terpenes in galled plant tissue might
have direct toxic effects on the attacking insect, as reported
for galling wasps of eucalyptus (Naidoo et al., 2018), but this
seems an unlikely explanation for the resistance of C. mollissima
relative to the other species because even induced terpene
concentrations did not exceed constitutive levels (ungalled
leaves) in the other species (Figure 7). If terpene volatiles
are exploited for host detection by ovipositing females, lower
constitutive terpenes (as in C. mollissima) could contribute to
escape from initial attacks. Total terpenes are evidently not a
strong driver of oviposition preferences by D. kuriphilus: attack
levels were twice as high in C. crenata as C. sativa even though
they had similar terpene concentrations and C. mollissima
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TABLE 2 ANOVA results testing for patterns in the foliar chemistry of three tissue types (ungalled leaf, gall, ungalled portion of galled leaf) in each

of three chestnut species.

Terpenes Phenolics Tannins Nitrogen Water content
Source df F p F p F p F p F p
Chestnut species 2 1.59 0.21 1.27 0.29 0.29 0.75 0.00 0.98 7.59 0.0009
Tissue type 2 6.47 0.0022 30.49 0.0001 21.01 0.0001 9.74 0.0023 55.77 0.0001
Chestnut species X tissue type 4 1.32 0.27 0.58 0.68 0.72 0.58 0.64 0.59 6.68 0.0001
Error 102

Corresponds to data in Figure 7.

and C. sativa had similar attack levels but different terpene
concentrations (Figures 4, 7). Terpenes could also have the
effect of attracting (Turlings et al., 1990; War et al, 2011)
or even repelling (Rostas et al., 2013) natural enemies of the

galling insect. In fact percent parasitism in our study trees was
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FIGURE 8

Foliar concentrations of nitrogen (A) and water (B) in ungalled
leaves (control leaves), galled leaves, and gall tissue of the four
classes of chestnut genotypes. Bars represent means and error
bars represent standard errors.

positively correlated with terpenes in ungalled leaves (Pearson’s
r =0.80, Table 4).

Phenolics and tannins have been frequently implicated as
factors in the ecology of leaf-galling insects (Isaias et al., 2014),
but in various ways. High levels of phenolics in host tissue
have been interpreted as a defense against gall-forming insects
(Tjia and Houston, 1975; Biswas et al., 2014; Otieno, 2017; Kot
etal,, 2018), and degradation of phenolic compounds in infested
plants has been associated with increased susceptibility of host
plants (Barbehenn et al., 2005; Lattanzio et al., 2006; War et al.,
2012). A meta-analysis by Hall et al. (2017) found a strong
general pattern of elevated tannins in the tissue of galls and
their containing leaves, but they interpreted this as the result
of gall-formers manipulating host chemistry to their benefit,
for example by strengthening barriers to attack from their own
enemies or by decreasing host suitability for their competitors
(Triyogo and Yasuda, 2013). In our study trees, gall tissue had
greatly elevated levels of tannins (~10-fold) and concomitant
decreases in phenolics (Figures 6, 7). The symmetry of increases
in tannins and decreases in phenolics suggests that pools of
phenolics were drawn down to support the biosynthesis of
tannins (Seigler, 1998). Irrespective of whether the tannins and
phenols function as plant defenses are a result of biochemical
manipulation by D. kuriphilus, there was no evidence that they
were a key determinant of genetic variation in host resistance
because there was nothing distinctive about the resistant species
and genotypes in the constitutive or inducible concentrations of
phenols and tannins (Figures 6, 7).

TABLE 3 ANOVA results testing for patterns in nitrogen and water
content of three tissue types (ungalled leaf, gall, ungalled portion of
galled leaf) in each of the five genotypes with galls (three species, the
susceptible hybrids and resistant hybrids Type I).

Nitrogen = Water content
Source df F P F P
Chestnut genotype 4 8.66  0.0001 4.57 0.0015
Tissue type 2 3.81 0.024 27598 0.0001
Chestnut genotype x tissue type 8 0.56 0.8113 2.50 0.0135

Error 176
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TABLE 4 Correlation matrix (Pearson correlation coefficients) of genotype-specific attributes.

A B C D E F G H I J K
A. Tree height 1.00
B. Tree diameter 0.90 1.00
C. Bud diameter (mm) 0.16 0.18 1.00
D. Leaf nitrogen (%N) 0.36 0.27 0.21 1.00
E. Leaf water (%) 0.58 0.73 0.19 0.49 1.00
F. Terpenes (mg/g) 0.46 0.42 —0.16 0.30 0.34 1.00
G. Phenols —0.73 —0.79 —0.03 —0.50 —0.67 —0.29 1.00
H. Tannins —0.21 —0.44 0.03 —0.11 —0.57 —0.02 0.37 1.00
1. Eggs/bud 0.12 0.13 0.38 0.17 —0.14 0.02 —0.13 0.34 1.00
J. Hypersensitive response (%) —0.06 —0.08 0.14 0.47 0.33 —0.44 —0.22 —0.32 —0.25 1.00
K. Total galls —0.06 0.01 —0.03 —0.53 —0.37 0.33 0.26 0.32 0.37 —0.97 1.00
L. Galls/bud —0.17 —0.10 —0.07 —0.63 —0.47 0.18 0.38 0.31 0.37 —0.92 0.97

N =12 clones or species: |r| > 0.58, 0.71, and 0.83 approximate p < 0.05, 0.01, and 0.001, respectively. Blue are positive correlations, red are negative correlations, and more intense colors

show a stronger correlation.

Host plant manipulation

Both resistant and susceptible chestnut genotypes showed
a moderate response of secondary metabolites due to the
insects feeding and gall development in the leaves. Tooker
et al. (2008) suggested that gallers are adapted to suppress
jasmonic acid (JA, which is upregulated in plants in response to
herbivore damage) because JA inhibits plant growth hormones
such as auxin and cytokinins, which must be locally up-
regulated in gall formation (Tooker and Helms, 2014). This
may be a reason why salicylate-based defenses are prominent
in the defenses of chestnuts against D. kuriphilus. It may
also be relevant that salicylate-based defenses can interact
antagonistically with the JA-based defenses (Walling, 2000;

Thaler et al., 2012).

The most dramatic changes in chestnut phytochemistry
occurred in the galls, implying that it could be a result of
the insect manipulating host-plant chemistry. The larvae could
benefit by the higher moisture and higher nutritional quality
of the galls compared with other plant tissues (Figure 8).
However, our data also showed a significant decrease of terpenes
and tannins in the galls of the resistant trees compared with
the susceptible hybrids (Figures 6A,C). It remains possible
that the resistant genotypes were those that could be less
readily manipulated by the insect. This was difficult for us to
test because galls were rare or non-existent in the resistant

genotypes.

Overall, our results indicate that the defense of chestnuts
against D. kuriphilus relies mainly on very early HR within
buds and precise abscission of nascent galls in expanding
leaves. These patterns of defense are variably expressed
in all genotypes but are most efficient in the resistant
genotypes. The role of secondary metabolites in the defensive
response of chestnuts leaves against the parasitic wasp
may be less significant than in other phytophagous insects.
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However, this does not negate the possibility that the
success of chestnut wasps also involves the suppression of
plant defenses that would otherwise be induced (Strauss
and Zangerl, 2002; Kant et al, 2015). The ability of

TABLE 5 Pearson correlations involving gall attributes for n = 6
clones that displayed normal galls.

Gall volume Cells/gall % parasitism

(mm?)

Gall volume (mm?) 1.00

Cells/gall 0.58 1.00

% parasitism 0.56 0.67 1.00
Tree height 0.51 —0.01 0.63
Tree diameter 0.66 0.11 0.66
Bud diameter (mm) 0.26 0.67 0.47
Leaf nitrogen (%N) —0.51 —0.02 0.35
Leaf water (%) 0.31 0.21 0.58
Terpenes, ungalled leaves 0.54 0.20 0.80
Phenols, ungalled leaves —0.12 0.42 —0.36
Tannins, ungalled leaves —0.01 0.56 0.37
Terpenes, gall tissue —0.11 0.30 —0.45
Phenols, gall tissue 0.46 —0.10 0.09
Tannins, gall tissue —0.19 0.04 —0.66
Delta terpenes’ —0.41 —0.03 —0.71
Delta phenols’ 0.31 —0.36 0.31
Delta tannins’ —0.18 —0.10 —0.69
Eggs/bud —0.08 0.43 0.74
Hypersensitive response (%) —0.65 —0.21 —0.70
Total galls 0.66 0.39 0.82
Galls/bud 0.72 0.50 0.91

|| > 0.82 and 0.92 approximate p < 0.05 and 0.01, respectively. T Concentration in gall
tissue — concentration in ungalled leaves. Blue are positive correlations, red are negative
correlations, and more intense colors show a stronger correlation.
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gall-inducing wasps to alter plant defenses for their benefit is still
poorly known.
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