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Abstract The richness and composition of herbivore communities can be influenced by
the genetic variation of host plants. Hybrid plant populations are ideal to test these effects
because they usually harbor high genetic variation and display a mosaic of phenotypic
characters. The goal of this study was to examine the effect of hybridization between two
Mexican white oaks, Q. magnoliifolia and Q. resinosa, on the composition and diversity of
the associated cynipid gall wasp community. We used eight nuclear microsatellite markers
to genotype 150 oak individuals sampled at three different altitudes at the Tequila volcano
and conducted monthly samplings of galls in each individual over the course of 2 years.
A Bayesian assignment analysis indicated genetic admixture between the two oak species
at the study site and allowed classifying individuals as Q. magnoliifolia, Q. resinosa or
hybrids. Gall morphospecies richness was significantly higher in the hybrids, intermediate
in Q. magnoliifolia and lower in Q. resinosa. Overall, 48 different gall morphospecies were
found, with 21 of them being shared among the three groups of plants, 13 between two
groups of plants, and 14 were unique to one group of plants, with eight of these being
found in hybrids. Several of the shared galls showed differences in abundance among plant
groups. Therefore, genetic structure in this oak complex significantly influences the
diversity and composition of the associated gall wasp community, and hybrid individuals
are probably acting as potential sinks and bridges for the colonization of plant hosts by
these highly specialized insect species.
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Introduction

The diversity and structure of herbivorous insect communities usually have been explained
by abiotic factors such as temperature, humidity and soil fertility, as well as by biotic
factors with bottom-up effects, like plant diversity, plant architecture, chemical defense
and nutritional quality of hosts (Larson and Whitham 1997; Tscharntke et al. 2002;
Cuevas-Reyes et al. 2004a; Whitham et al. 2006). In addition, the top-down effects of
natural enemies have been considered important (Cooper and Rieske 2010; Maldonado-
Loépez et al. 2015a). Only recently, the richness and composition of the herbivore com-
munity have been associated with the intra- and interspecific genetic variation of plants
(Booth and Grime 2003; Morin 2003; Wade 2003). For example, Wimp et al. (2004) found
that almost 60 % of the variation in arthropod diversity could be explained by differences
in the genetic diversity of Populus host trees. In another study, Johnson and Agrawal
(2005) showed experimentally that the genotypic variation of Oenothera biennis was the
main factor that explained variation in the diversity and structure of the arthropod com-
munity associated with this plant. However, a significant effect of the genotype-by-habitat
interaction was also observed.

Hybrid zones are ideal systems to study the effects of host-plant genetic variation on the
community of associated herbivores. Hybrid plant populations usually harbor high genetic
variation and display a mosaic of phenotypic characters that can be intermediate between
parental populations, identical to one of the parental populations, extreme or novel
(Rieseberg and Ellstrand 1993; Arnold 1997). As a result of this variation, herbivore
communities associated with hybrid plant populations could hypothetically be a combi-
nation of the herbivore communities of both parental populations, be more similar to the
community of one of the parental populations than to the other, or be extreme in terms of
species abundance and composition (Whitham et al. 1994, 1999; Johnson and Agrawal
2005; Johnson et al. 2006). In the latter case, hybrid populations could show a lower
abundance or diversity of associated herbivores than both parental populations, as
Boecklen and Spellenberg (1990) found in hybrids between oak species in Mexico.
Alternatively, higher herbivore abundance or even novel interactions with herbivore spe-
cies not associated with either of the parental populations could exist (Whitham et al. 1994,
1999; Dungey et al. 2000; Hochwender and Fritz 2004; Wimp et al. 2005; Nakamura et al.
2010). Therefore, plant hybridization can significantly influence the ecology and evolution
of plant-herbivore interactions (Fritz et al. 1994).

The genus Quercus (Fagaceae) is a highly diverse group of woody plants with temperate
origin that is also known for a high frequency of interspecific hybridization (Boecklen and
Spellenberg 1990; Gonzalez-Rodriguez et al. 2004; Tovar-Sanchez and Oyama 2004). The
genus includes between 300 and 600 species distributed throughout the northern hemi-
sphere (Jones 1986). Mexico is considered a main center of diversification of Quercus
(Rzedowski 1978; Nixon 1993), with a total number of species of about 161, and 86
endemics (Valencia 2004).

Oaks also host a great diversity of herbivorous insects (Stone and Schonrogge 2003).
Particularly notorious are the highly specialized cynipid gall wasps (Hymenoptera:
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Cynipidae) (Ronquist and Liljeblad 2001). More than 80 % of the approximately 1000
species of cynipids is associated with oak species (Stone et al. 2002). This interaction is
highly specific in terms of the oak species used and the particular organ of induction. Galls
are more frequent on leaves and twigs, but also form on flowers, fruits branches, stems and
roots (Abrahamson et al. 2003; Stone and Schonrogge 2003; Maldonado-Lépez et al.
2015a). In addition, each wasp species induces a particular gall with a distinct morphology
and structure, which is mainly controlled by the insect (Crespi et al. 1997; Nyman et al.
2000; Stone and Schonrogge 2003). Related to their high specificity, cynipids are very
sensitive to variation in their host-plants and it has been reported that they can discriminate
among closely related host species (Boecklen and Spellenberg 1990; Aguilar and Boecklen
1992; Fritz et al. 1994; Floate and Whitham 1995; Evans et al. 2012). In general, galls
induced by cynipid wasps on oak species are considerably more complex and diverse than
galls induced on other host-plant groups (Dreger-Jauffret and Shorthouse 1992).

In Mexico, the frequent formation of hybrid zones among Quercus species with dif-
ferent degrees of relatedness (Gonzalez-Rodriguez et al. 2004; Tovar-Sanchez and Oyama
2004; Albarran-Lara et al. 2010; Pefialoza-Ramirez et al. 2010; Valencia-Cuevas et al.
2014) offers an excellent opportunity to analyze the effects of host-plant genetic variation
on the composition and structure of highly diverse and complex communities of gall
wasps. This information is relevant to understand the ecology and evolution of ecological
interactions, as well as the processes and mechanisms that shape and maintain biological
diversity. Therefore, the goal of this study was to examine the effect of hybridization in a
complex of two Mexican white oaks, Q. magnoliifolia and Q. resinosa, on the composition
and diversity of the cynipid gall wasp community. Hybridization between these two
species has been previously analyzed at the Tequila volcano using morphometry and
genetic markers (Albarran-Lara et al. 2010). According to this previous study, Q. mag-
noliifolia individuals predominate at altitudes between 1400 and 1800 m, while Q. resi-
nosa individuals mostly occur at 1700-2100 m. A proportion of individuals with mixed
phenotypes are found between 1600 and 1800 m. Even though the two species are clearly
distinguishable on the basis of morphological traits and also differ in ecological traits such
as leaf phenology (Hernandez-Calderon et al. 2013), genetic differentiation between them
is low and a considerable proportion of individuals show evidence of introgression at all
altitudes, independently of their phenotype (Albarran-Lara et al. 2010).

In this study, we genotyped 150 individuals of the Q. magnoliifolia-Q. resinosa com-
plex sampled at three different altitudes at the Tequila volcano and conducted monthly
surveys over the course of 2 years to determine the richness and abundance of gall mor-
phospecies associated with each tree. Our specific questions were the following: (1) What
is the richness and structure of the community of gall-inducing insects associated to Q.
magnoliifolia and Q. resinosa at the Tequila volcano? (2) How do parental species and
hybrid plants compare in terms of richness and composition of their gall wasp
communities?

Materials and methods
Study system
This study was carried out at the Tequila volcano, Jalisco state, Mexico (20°50'N,

103°5'W). At this site, Quercus magnoliifolia Née and Q. resinosa Liebm. are distributed
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along an altitudinal gradient from about 1400 to 2100 m. Q. magnoliifolia occurs mostly
from 1400 to 1800 m. It is a tree 5-25 m in height, characterized by large leaves
7.5-23 cm long and 3.5-13 cm wide, obovate in shape, lustrous and almost glabrous on the
adaxial surface, tomentose on the abaxial surface and with glabrescent petioles (Arizaga
et al. 2009). Quercus resinosa is distributed from 1700 to 2100 m. It is a tree 7-10 m in
height with very large leaves 15-36 cm long and 5-26 cm wide, obovate in shape, rugous
on the adaxial surface and pale-green or yellowish, tomentose on the abaxial surface and
with densely tomentose petioles (Arizaga et al. 2009). Staminate flowers of both species
are produced in March and April (Gonzalez Villarreal 1986).

Sampling and classification of galls

Based on previous studies in this site (Albarran-Lara et al. 2010; Hernandez-Calderon et al.
2013), we sampled trees of the Q. magnoliifolia-Q. resinosa complex at three different
altitudes: 1400-1500, 1600-1800 and 1900-2100 m. At each altitude, 50 trees were ran-
domly chosen and marked with aluminum tags. Leaf and branch galls were sampled for
each tree using a systematic-stratified design, collecting three branches of similar length
(e.g. 70-80 cm) from the lower, medium and upper parts of the crown with a pruning pole.
Sampling was performed monthly from July to February during 2 years (2011-2012 and
2012-2013). Inflorescences were not collected since these are produced in spring during a
short period. All collected galls were classified as morphospecies according to their
morphology and counted (Cuevas-Reyes et al. 2004a, b). The use of morphospecies
assumes that each gall wasp species induces a particular gall with a unique morphology,
and this seems to be the case in most cases (Cuevas-Reyes et al. 2004a, b; Aragjo et al.
2013).

Genetic analysis

Five young intact leaves were collected from each tree for genetic analysis. Leaves were
placed in plastic bags on ice in the field and transferred to a —80 °C ultrafreezer in the
laboratory. DNA extraction was performed using the DNeasy Plant Mini Kit (QIAGEN)
following the manufacturer’s instructions. Purified DNA was stored in deionized water at
—20 °C. DNA concentration was determined for each sample with a Qubit 2.0 (Life
Technologies) fluorometer.

Genetic analysis was carried out using eight nuclear microsatellite loci previously
employed to characterize this hybrid zone (Albarran-Lara et al. 2010): QpZAG36,
QpZAG110 (Steinkellner et al. 1997), QrZAG39 (Kampfer et al. 1998), GA-0C19, quru-
GA-0C11, quru-GA-OMO07, quru-GA-0I01 and quru-Ga-01CO8 (Aldrich et al. 2003).
Multiplex reactions were prepared with primers organized into two groups according to
allele size range and fluorescent label. The first group was constituted with primers
QpZAG36, QpZAG110, QrZAG39 and quru-GA-0C19, and the second group with primers
quru-GA-0C11, quru-GA-OMO07, quru-GA-0I01 and quru-Ga-01CO08 (Albarran-Lara et al.
2010). Reactions were prepared using the Multiplex PCR Kit (QIAGEN) in a final volume
of 5 ul containing 2.5 pl Multiplex PCR Master Mix, 0.5 pl of primer mix, 1.5 pl
deionized water and 0.5 pl of template DNA. The thermal cycling was conducted using an
applied biosystems thermal cycler. The program consisted of one cycle at 95 °C for 15 min
and then 35 cycles, each with a denaturation step at 94 °C for 30 s, alignment at 50 °C for
1.5 min and extension at 72 °C for 1 min. A final extension at 60 °C for 30 min was
included. One micro litre of PCR product was mixed with HI-DI formamide and 0.3 pl
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GeneScan-500 LIZ as size standard and analyzed in an ABI-PRISM 3100-Avant capillary
sequencer. Results were analyzed with the Peak Scanner Software v1.0 (Applied
Biosystems) for final sizing of the amplified fragments.

To assign individuals to a genotypic class (i.e. pure parental or hybrid), data were
subjected to a Bayesian assignment analysis in STRUCTURE ver. 2.1 (Pritchard et al.
2000). We used the admixture model with correlated allele frequencies without prior
population information. The number of potential genetic groups (k) was set to vary from
one to five with ten replicate runs for each value of k. Each run consisted of a burn-in
period of 10° steps followed by 10° iterations. To select the most probable value of k for
these data we followed the method of Evanno et al. (2005) based on the calculation of Ak,
which represents the second-order rate of change of the likelihood function with respect to
k. The Structure Harvester Web v. 0.6.93 software (Earl and von Holdt 2011) was used to
obtain Ak. After this analysis, individuals were assigned to a genotypic class depending on
their inferred admixture coefficient (¢ value). Trees with ¢ values equal or higher than 0.8
were considered to belong to a single genetic group (i.e. the two parental species), and trees
with g values between 0.19 and 0.79 were considered hybrids. Additionally, we estimated
individual observed heterozygosity (i.e. the proportion of heterozygous loci out of the total
number of loci analyzed) as an estimator of genetic variation for each tree. The program
CERNICALIN was used for this purpose (Aparicio et al. 2006).

Statistical analysis

Individual observed heterozygosity values were compared among the three groups of
plants (i.e. Q. magnoliifolia, Q. resinosa and hybrid) with an analysis of variance
(ANOVA) after all individuals had been assigned to one group as explained above. The
richness of the gall morphospecies community present in each of the three groups of plants
was obtained using the program EstimateSWin820 (Colwell et al. 2012). Since the number
of plants in the three categories differed, the richness value was standardized and compared
using a rarefaction approach (Gotelli and Entsminger 2001).

For each individual tree, we also calculated the Shannon—Wiener diversity index on the
basis of the gall morphospecies present and their abundance. Comparisons among the three
groups of plants were performed for diversity values as well as total abundance of galls
(independently of morphospecies) using non-parametric Wilcoxon tests (Sokal and Rohlf
1995). These tests were also used to compare the abundance of each gall morphospecies
among plant categories. To determine if the proportions in the number of leaf/branch gall
morphospecies differed among the plant groups, a Chi square test was used (Sokal and
Rohlf 1995).

Associations between heterozygosity and the richness and total abundance of galls at the
level of individual trees were evaluated with non-parametric Spearman correlation tests.

Finally, we used a logistic regression analysis with the CATMOD procedure (SAS
2000) (a general procedure for modelling categorical data), to determine the differences in
the incidence of gall morphospecies according to morphological categories (i.e. discoidal,
irregular, ellipsoidal, cylindrical, ornamented, bulbous, cottony, globular and pubescent)
on Q. magnoliifolia, Q. resinosa and hybrids. The model used had two conditions as
categorical independent variables (plant species and morphological categories) and the
frequency of gall morphospecies as the dependent variable (Stokes et al. 2000).
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Results

The results obtained with STRUCTURE followed by calculation of Ak with STRUCTURE
HARVESTER clearly indicated that k = 2 is the most probable number of genetic groups
(Fig. 1a). Considering these two main genetic groups, 30 individuals (24.6 %) were
assigned as Q. resinosa, 35 (28.7 %) as Q. magnoliifolia and 57 (46.7 %) as genetically
intermediate (Fig. 1b). The remaining 28 individuals could not be assigned due to failure
with the amplification of some microsatellite loci. At the lower altitude (1400-1500 m), 29
of 43 analyzed individuals (67.4 %) were assigned as Q. magnoliifolia, 13 (30.2 %) as
hybrids and one (2.3 %) as Q. resinosa. At the intermediate altitude (1600-1800 m) out of
42 individuals, 6 (14.3 %) were Q. magnoliifolia, 24 (57.1 %) hybrids and 12 (28.6 %)
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Fig. 1 Individual genetic ancestry in a Mexican hybrid oak complex. Number of genetic groups a genetic
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were Q. resinosa. Finally, at the higher altitude (1900-2100) out of 37 individuals 20
(54 %) were hybrids and 17 (46 %) were Q. resinosa. Individuals assigned to Q. mag-
noliifolia were not observed at this altitude.

In total, we found 33 gall morphospecies on the Q. magnoliifolia group, 28 morphos-
pecies on the Q. resinosa group and 42 morphospecies on the hybrids. The rarefaction
analysis indicated that with a standard sample size of 30 for each of the three groups, gall
morphospecies richness is significantly higher in the hybrids, intermediate in Q. magno-
liifolia and lower in Q. resinosa (Fig. 2). In contrast, mean gall abundance per tree did not
differ among the three groups of individuals (;* = 0.42; P = 0.8). However, there was a
significant correlation between the number of gall morphospecies and the total gall
abundance per individual (Spearman’s r = 0.79; P < 0.0001) (Fig. 3).

There was a significant difference in genetic diversity levels (F = 5.13; P = 0.007),
measured as individual heterozygosity, between the three groups of plants, with Q. mag-
noliifolia individuals having, on average, a higher individual heterozygosity
(0.82 £ 0.023) than Q. resinosa (0.72 £ 0.025) and the hybrid group (0.74 £ 0.018),
which did not differ among themselves. The number of gall morphospecies per individual
was weakly correlated negatively with individual heterozygosity (Spearman’s r = —0.18;
P = 0.04) (Fig. 4), but not gall abundance per individual (Spearman’s r = 0.04; P = 0.6).

Most of the gall morphospecies were foliar galls (75 % in Q. magnoliifolia, 79 % in
hybrids and 93 % in Q. resinosa), while the rest of the morphospecies were branch galls
(25 % in Q. magnoliifolia, 21 % in the hybrids and 7 % in Q. resinosa). These differences
among plant groups in the proportion of morphospecies induced on each organ were
significant according to a Chi square test (y° = 6.28; P < 0.04).

Of the total gall morphospecies registered, twenty-one (44 %) gall morphospecies were
found to be shared among the three groups of plants, while six (12 %) were shared between
Q. resinosa and the hybrids and seven (15 %) between Q. magnoliifolia and the hybrids
(Table 1). No morphospecies were shared only between Q. magnoliifolia and Q. resinosa.
Finally, five morphospecies (10 %) were exclusively found on Q. magnoliifolia (M;g, M35,
M3, M7, Mgg), one (2 %) on Q. resinosa (M) and eight morphospecies (17 %) were
unique to the group of hybﬁd individuals (M21, M23, M70, M75, Mgl, Mgz, M84’ Mgs) (see
Fig. 6 in Appendix).

10 A

@ Q. magnoliifolia  [] Hybrids /A Q. resinosa

Accumulated number of gall
morphospecies

0 10 20 30 40 50 60
Accumulated number of individuals

Fig. 2 Rarefaction curves plotting the number of accumulated oak individuals versus the number of
accumulated sampled gall morphospecies. Triangles Q. resinosa; diamonds Q. magnoliifolia; boxes hybrids
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Fig. 4 Correlation analysis between the number of gall morphospecies per individual and individual
heterozygozity. Black rhombuses Q. magnoliifolia; white rhombuses hybrids; gray rhombuses Q. resinosa

Some of the gall morphospecies that were shared among the three groups of plants or
between two groups differed in their abundance in each group. Out of the 21 morphos-
pecies shared among the three plant groups, four morphospecies (M,, Mg, M4 and My7)
showed significant differences in their mean abundance per individual (Table 1). M, and
M,; were more abundant on Q. magnoliifolia trees, had intermediate abundance on hybrids
and had a lower abundance on Q. resinosa individuals, while M4 had higher, intermediate
and lower abundance on Q. resinosa, hybrid and Q. magnoliifolia individuals, respectively.
Interestingly, M4 and M,; were the two morphospecies with the highest overall abun-
dance. Finally, M,, had a higher abundance on the hybrid trees (Table 1). One of the gall
morphospecies shared between Q. magnoliifolia and the hybrids (M5;) was significantly
more abundant on Q. magnoliifolia, while morphospecies Mg, shared between Q. resinosa
and the hybrids, was significantly more abundant on Q. resinosa (Table 1).
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Table 1 Comparison of mean gall abundance of shared morphospecies per individual between the three
groups of plants, using non-parametric Wilcoxon tests

Morphospecies Q. magnoliifolia Hybrids Q. resinosa 7 P<
M, 19+04 1.0+03 0.6 £0.5 7.1 0.02
M;s 13+1.0 1.6 £ 0.8 3.6 £ 1.1 22 n.s.
M, 02+03 04 +0.2 1.0 +£0.3 43 n.s.
Mg 1.1+04 1.0+03 14+04 35 n.s.
M5 0.1 +£04 0.6+0.3 23+0.5 1.8 n.s.
M6 14 +12.8 9.6 £ 10.1 35.6 £ 13.9 7.7 0.02
My 03+02 02+ 0.1 0.03 £ 0.2 0.3 n.s.
My 1.5£0.5 03 +04 0.03 £ 0.6 3.9 n.s.
My, 04+ 0.6 1.8 +£0.4 1.4 + 0.6 8.3 0.02
Mys 04+ 04 0.7+0.3 05+04 0.9 n.s.
My, 173 £45 47+ 3.6 03 £4.9 7.5 0.02
Y EN 04+ 0.6 1.0 £ 0.4 09 £ 0.6 3.1 n.s.
M35 12+04 08 +0.3 0.8 +£04 0.02 n.s.
My, 0.02 £ 0.04 0.05 £ 0.03 0.03 £ 0.04 0.03 n.s.
My, 0.6 £04 0.7+0.3 04 +04 0.9 n.s.
My 0.1 +£1.0 0.1 &+ 0.08 0.1 £0.1 0.1 n.s.
Mss 04+£03 1.1 £0.2 0.7+0.3 1.8 n.s.
Ms; 0.1+04 08 +0.3 04 +04 0.2 n.s.
Mg 0.02 £ 0.04 0.01 £ 0.03 0.1 £ 0.04 1.6 n.s.
Mé6 0.02 £ 0.04 0.05 £ 0.03 0.06 £ 0.05 0.7 n.s.
My 0.1+£12 02+ 1.0 46+ 13 34 n.s.
Myg 04+£02 0.07 £ 0.1 - 1.1 n.s.
Y EN) 03+£03 02+0.2 - 0.1 n.s.
M3, 1.5 £ 0.6 0.1 £04 - 4.0 0.04
Mgs 0.08 £ 0.07 0.08 £ 0.06 - 0.3 n.s.
Mes 03+28 38+£22 - 0.04 n.s.
M7, 0.1£1.0 0.07 £ 1.0 - 0.1 n.s.
M3 1.5+13 1.1 £1.0 - 0.2 n.s.
M; - 0.1 £+ 0.06 0.03 £ 0.08 0.5 n.s.
Mye - 0.01 £ 0.05 0.2 £ 0.07 6.8 0.009
My - 0.1 £1.0 02 £0.1 0.5 n.s.
My; - 0.03 £ 0.08 02 £0.1 0.2 n.s.
Mye - 0.08 £ 0.04 0.06 £ 0.05 0.1 n.s.
My - 04+£03 04 £0.5 0.2 n.s.

Regarding the morphological classification of gall morphospecies, in total nine cate-
gories were identified: discoidal, irregular, ellipsoidal, cylindrical, ornamented, bulbous,
cottony, globular and pubescent (Fig. 6 in Appendix). We found differences among Q.
magnoliifolia, Q. resinosa and hybrids in the incidence of these gall morphospecies (Plant
species: y° = 49.84; d.f. =2; P <0.0001) and between morphological categories
(= 71.1; d.f. = 8; P < 0.0001) (Fig. 5). Seven of the morphological categories were
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Fig. 5 Differences in the incidence of gall morphospecies according to morphological classification
registered in the three groups of plants

found on the three groups of plants (irregular, pubescent, globular, cottony, bulbous,
ornamented, and ellipsoidal). Cylindrical galls were found on Q. magnoliifolia and hybrids
but not on Q. resinosa. Discoidal galls were only found on the group of hybrid individuals,
which presented the nine morphological categories of galls (Fig. 5; Fig. 6 in Appendix).

Discussion

As previously reported by Albarran-Lara et al. (2010), there is clear evidence for genetic
admixture between Q. magnoliifolia and Q. resinosa at the Tequila Volcano. The hybrid
zone has a clear structure with each parental species predominating at opposite ends of the
altitudinal gradient. However, since hybrid individuals are present with high frequency
across the whole gradient, the classification of the hybrid zone into a specific category (i.e.
tension zone, mosaic hybrid zone, bounded hybrid superiority zone) is difficult (Abbott and
Brennan 2014).

In terms of genetic diversity, the group formed by Q. magnoliifolia individuals had a
higher average heterozygosity than Q. resinosa and the hybrid individuals. Inter-specific
gene flow is usually regarded as a mechanism that can result in an increased genetic
variation of hybrid populations (Rieseberg et al. 2003; Hedge et al. 2006). However, this
may depend on many other factors, such as the formation or not of different genealogical
classes (e.g. advanced generation hybrids, backcrosses) within the hybrid population, the
relative fitness of parental and hybrid individuals, etc. (Arnold 1997). Other studies of
hybrid tree populations have reported either higher genetic variation on the hybrid group or
equivalent levels of diversity in the hybrids and one or both of the parental populations
(Robertson et al. 2004; Zalapa et al. 2009; Brunet et al. 2013).

Ecological studies have shown controversial results of herbivore richness in plant
hybrid zones. For example, Boecklen and Spellenberg (1990) found that oak hybrids
support lower abundance and species richness of gall-inducing insects and leaf miners in
comparison with their parental species, indicating that hybrid plants are more resistant than
either parent is. Other studies, such as Aguilar and Boecklen (1992) showed intermediate
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densities of gall-inducing insects and leaf miners on hybrid individuals in the Q. gri-
sea x Q. gambellii complex. Similarly, Pearse and Baty (2012) found intermediate her-
bivory levels by chewing and leaf miner insects on hybrid oaks, and Tovar-Sanchez and
Oyama (2006a) reported intermediate density and diversity of both endophagous and free-
feeding insects in a Mexican oak hybrid complex. Finally, higher herbivore densities or
higher herbivore performance on hybrid plants compared to parental taxa have been
reported (Whitham 1989; Floate et al. 1993). Differences in geographic host ranges, plant
architecture and phenology have been suggested as possible causes for these differences.
Another important factor could be the structure of the hybrid zone and the abundance of the
different genealogical classes. For example, in Populus hybrid zones the direction of
introgression is unidirectional (i.e. F1’s backcross with only one of the parental species),
while in most of the studied Quercus hybrid zones (including this one), introgression is
bidirectional (Whitham 1989; Gonzalez-Rodriguez et al. 2004; Wimp et al. 2005; Pefia-
loza-Ramirez et al. 2010).

In our study, we found that the richness of gall morphospecies was higher in the group
of hybrid individuals, intermediate in Q. magnoliifolia and lower in Q. resinosa. This
pattern results from the fact that some gall morphospecies are shared between one of the
parental species and the hybrids but not between the two parental species (six morphs in
the case of Q. resinosa and seven in the case of Q. magnoliifolia). Our results are consistent
with other studies in hybrid complexes showing that hybrid plants have a higher incidence
of herbivore insects in comparison with parental species (Fritz et al. 1994; Whitham et al.
1994). Since plant hybridization may affect directly plant traits such as phenology,
physiology, morphology and chemical defense, in turn, these traits can influence the
preference and performance of insect herbivores (Dungey et al. 2000; Rehill et al. 2005;
Carmona et al. 2011; Evans et al. 2012). Considering the high degree of host plant
specificity of gall wasps, small changes in plant traits of hybrid hosts can affect the
incidence and performance of this insect guild (Valencia-Cuevas and Tovar-Sanchez
2015). Overall, our results are congruent with the hybrid sink hypothesis (Whitham 1989),
that proposes that hybrid plants have a higher load of herbivores in comparison with their
parental plant species because co-adapted gene complexes for resistance in the parental
species can be disrupted in the hybrids. In consequence, hybrid plants may represent
potential niches to be colonized by insect herbivores (Tovar-Sanchez and Oyama 2006a,
b). Our results imply that gall-inducing insects, indeed, are able to discriminate between
closely related plant species, hybrid and parental plants (Aguilar and Boecklen 1992;
Floate and Whitham 1995; Fritz et al. 1996; Donaldson and Lindroth 2007).

Additionally, eight gall morphs were exclusively found in the hybrid group, in com-
parison with five morphs exclusively found in Q. magnoliifolia and one in Q. resinosa.
These results suggest that the presence of hybrids in our study system can potentially
influence race formation and promote host shifts among plant species in the community of
gall-inducing insects (Floate and Whitham 1993). In addition, some studies suggest that
herbivore adaptation to alternative hosts may lead to reproductive isolation and genetic
differentiation (Moran and Whitham 1988; Evans et al. 2012).

Several studies have indicated that genetic diversity of host plants is related with the
incidence of arthropod species suggesting two general not mutually exclusive patterns. The
first pattern indicates that genetic diversity is positively related with arthropod diversity
(Wimp et al. 2004; Tovar-Sanchez and Oyama 2006a, b; Tovar-Sanchez et al. 2013).
Because an increment of genetic diversity in host plants results in morphological, phe-
nological and chemical variation (Hunter et al. 1997; Gonzalez-Rodriguez et al. 2004;
Cheng et al. 2011), hybrid plants could represent to arthropods potential sites to be
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colonized. The second pattern shows that genetically more similar hosts harbor similar
arthropod communities (Bangert and Whitham 2007; Kiers et al. 2010; Maldonado-Lépez
et al. 2015b). In this case, similar plant attributes such as phenology and chemical defense
in genetically related individuals may promote the presence of similar arthropod com-
munities (Valencia-Cuevas and Tovar-Sanchez 2015). Surprisingly, in our study, the
number of gall morphospecies per individual was negatively (but weakly) correlated with
individual heterozygosity. Considering the high specificity of gall-inducing insects
(Nieves-Aldrey 2001; Stone et al. 2009), a possible explanation of our results is that more
heterozygous individuals are more resistant to gall induction than plants with lower levels
of genetic variation. Several studies conducted on different plant and animal species have
shown that more heterozygous individuals are generally more resistant to parasites and
infectious diseases (Stevens et al. 1997; Luikart et al. 2008; Leimu et al. 2008).

Most studies that have evaluated gall-plant interactions have assumed that gall mor-
phology is unique to each gall-inducing species and that each gall species is specific to a
single plant species (Nieves-Aldrey 2001; Cuevas-Reyes et al. 2004a; Stone et al. 2009).
Particularly, each gall wasp is specific to a single oak species or species group, inducing
particularly morphologically complex galls on their host plants (Stone and Schonrogge
2003; Oyama et al. 2003). Our data show that the oak complex formed by Q. magnoliifolia,
Q. resinosa and hybrids supports a highly diverse and complex community of gall wasp
species. Therefore, these plants can be considered as “super hosts” for gall wasps (Aradjo
et al. 2013; Maldonado-Lopez et al. 2015a). Also, as we have shown, a large proportion of
the gall morphospecies have been able to colonize the three plant groups, while a smaller
proportion are restricted to two or a single plant group. However, differences among the
three plant groups in traits relevant to the gall wasps should exist, since the overlap among
the three communities was high but not complete. Particularly interesting was the differ-
ential incidence of morphological categories among the plant groups. For example,
cylindrical galls were found on Q. magnoliifolia and hybrids but not on Q. resinosa and
discoidal galls were only found on the group of hybrid individuals. This result suggests that
there could be differences in genes controlling gall morphogenesis among the three plant
groups, or at least that there is a differential genetic response to the insect chemical signals
that elicit gall development (Bangert and Whitham 2007; Kiers et al. 2010).

In conclusion, we have shown that the genetic structure of the hybrid zone between the
Mexican white oaks, Q. magnoliifolia and Q. resinosa, has important consequences for the
richness and structure of a highly diverse associated community of gall wasps. This hybrid
complex represents an example of “super host” situation and emphasizes the role of hybrid
individuals as potential sinks or bridges for the colonization of plant hosts by highly
specialized insects. Hybrid zones represent ideal study models incorporating habitat con-
servation, genetic diversity, diversity hotspots and zones of transition. Therefore, our study
provides important information to establish a feasible conservation strategy by preserving
the genetic diversity of plants as a way of conserving dependent animal species.
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Appendix

See Fig. 6.
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Fig. 6 Gall morphospecies registered in the three groups of plants according to morphological
classification. a Pubescent; b ornamented; ¢ bulbous; d cottony; e cylindrical; f ellipsoidal; g irregular;
h discoidal; i globular

@ Springer



646 Biodivers Conserv (2016) 25:633-651

Fig. 6 continued
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Fig. 6 continued
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Fig. 6 continued
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