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Chapter 2

A b stra c t
Plant-herbivore interactions are motors that promote the generation and
maintenance of both plant and herbivore biodiversity. The antagonistic interactions
between plants and herbivores lead to host race formation: the evolution of
herbivore types specializing on different plant species, with restricted gene flow
between them. Understanding how ecological specialization promotes host race
formation usually depends on artificial approaches, using laboratory experiments
on populations associated with agricultural crops. However, evidence on how host
races are formed and maintained in a natural setting remains scarce. Here, we take
a multidisciplinary approach to understand whether populations of the generalist
spider mite Tetranychus urticae form host races in nature. We show the occurrence
of a host race co-occurring among generalist conspecifics in the dune ecosystem of
The Netherlands. Extensive field sampling and genotyping of individuals over three
consecutive years showed a clear pattern of host associations. Genome-wide
differences between the host race and generalist conspecifics were found using a
dense set of SNPs on field-derived iso-female lines and previously sequenced
genomes of T. urticae. Hybridization between lines of the host race and sympatric
generalist lines is restricted by post-zygotic breakdown. Selection impacts
negatively the survival of generalists on the native host of the host race. Our
description of a host race among conspecifics with a larger diet breadth shows how
ecological and reproductive isolation aid in maintaining intra-specific variation in
sympatry, despite the opportunity of homogenization through gene flow. Our
findings highlight the importance of explicitly considering the spatial and temporal
scale on which plant-herbivore interactions occur in order to identify functional
variants in nature. This system can be used to study the underlying genetic
architecture and mechanisms that facilitate the use of a large range of host plant
taxa by extreme generalist herbivores. In addition, it offers the chance to investigate
the prevalence and mechanisms of ecological specialization in nature.
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I n t r o d u c t io n
For herbivorous arthropods, the transition to a plant-eating lifestyle has contributed
to their immense diversity. Herbivore arthropods are significantly more speciose
than arthropod taxa that do not feed on plants (Mitter et al. 1988; Futuyma &
Agrawal 2009); a significant proportion of speciation events in insect herbivores can
be attributed to shifts towards novel host plant taxa (reviewed in Forbes et al. 2017).
Plants and herbivores exert strong selective pressures on each other. These
antagonistic interactions may promote local adaptation and potentially host race
formation: herbivore ‘types’ with restricted gene flow that specialize on different
plant species (Futuyma & Peterson 1985; Dres & Mallet 2002; Funk 2012). Host
races have been identified in maple- and willow-infesting Neochlamisus bebbianae
beetles (Mikheev & Kreslavskii 1980; Funk 2012), in Rhagoletis flies associated with
apple or hawthorn (Walsh 1867; Bush 1966; Doellman et al. 2019), in the pea aphid,
Acyrthosiphon pisum (Via 1999; Via et al. 2000; Peccoud et al. 2009), and in many
other arthropod herbivore species (reviewed in Dres & Mallet 2002; Forbes et al.
2017). In nature, the composition of vegetation varies across spatial and temporal
scales, and the availability of certain hosts can be restricted across clines in the
landscape (Huxley 1938; Endler 1977; Doebeli & Dieckmann 2003). Herbivores with
large geographic ranges may encounter a myriad of plant taxa, some more heavily
defended against herbivory than others. This results in a mosaic of locally available
hosts, in which herbivore population structure can arise due to spatially and
temporally varying selection, resulting in local adaptation and extinction events
(Levene 1953; Gloss et al. 2016). Local variation in the strength of host selection can
contribute to the evolution of host races (Dres & Mallet 2002; Kawecki & Ebert
2004; Funk 2012).
Whether generalist herbivores adapt and diverge via the interaction with their host
plant is not clear. Most herbivore arthropods are specialists; they only accept
species within a single plant family or even one or a few closely related species
(Bernays & Graham 1988; Nosil 2002). Specialist herbivores exploit their hosts by:
1) behavioural avoidance of physical or chemical plant defences, (2) decreasing the
impact of chemical defences through various detoxification enzymatic pathways
that are deployed upon exposure to plant-derived defensive metabolites, and (3)
the active transport of these metabolites towards excretion or sequestration (Ali &
Agrawal 2012; Goldman-Huertas et al. 2015; Van Leeuwen & Dermauw 2016). Only
a few examples exist of true generalist herbivores occurring on host plant species
across families (Nosil 2002). Generalists are thought to feed on a large range of plant
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taxa either by plasticity in characters that determine host range, or by forming
cryptic species complexes of host-adapted genotypes, like in the whitefly Bemisia
tabaci (Liu et al. 2012). The ecological interactions of extreme generalists and their
hosts in the field and through time are not well understood, and knowledge of
whether cryptic species within a taxon may be confounding such patterns remains
scarce (Rafter & Walter 2020).
The two-spotted spider mite Tetranychus urticae (Acari: Tetranychidae), for
example, has an extremely large host range spanning over a 1000 plant species,
distributed among over 120 families, some of which are important crops (Jeppson
et al. 1975; Migeon et al. 2010). Yet, the role of host adaptation in promoting
population structure and reproductive isolation in T. urticae in nature is not clear,
as it is uncertain whether it is a complex of host races or cryptic species, or whether
its breadth in host range reflects variation in host preference (Agrawal 2000; Egas
& Sabelis 2001; Agrawal et al. 2002) or plasticity in its molecular toolkit (compare
Tsagkarakou et al. 1997; Navajas 1998; Tsagkarakou et al. 1999; Navajas & Fenton
2000; Weeks et al. 2000; Ben-David et al. 2007; Magalhães et al. 2007a; Hurtado et
al. 2008; Calatayud et al. 2016; Jonckheere et al. 2018; Snoeck et al. 2018; Wybouw
et al. 2019a).
Previous research on the subject is conflicting. Firstly, population differentiation
based on genetic markers has rarely been found to be correlated with colonized
host plant species. Instead, differentiation has been found to decrease with
decreasing distance between populations and with increasing population densities
(de Boer 1980; de Boer 1981; Hinomoto & Takafuji 1995; Tsagkarakou et al. 1997;
Tsagkarakou et al. 2002). This is likely due to sexual reproduction homogenizing the
genetic pool when populations associated to different hosts encounter each other.
Still, fine-scale genotyping of individuals has shown that population structure exists
(de Boer 1981; Weeks et al. 2000; Ben-David et al. 2007; Hurtado et al. 2008; Sun et
al. 2012). These findings suggest that reproductive barriers between individuals may
maintain population structure, even when gene flow seems likely due to physical
proximity. Moreover, population differentiation based on genetic markers has
rarely been coupled with assays quantifying reproductive compatibility (Navajas &
Fenton 2000). Research quantifying hybrid unviability in this species is largely
confounded, because the infection status of experimental populations with strains
of common mite endosymbionts, which cause similar patterns of reproductive
incompatibility, is often not reported (Boudreaux 1963; Helle & Pieterse 1965;
Overmeer & Van Zon 1976; Gotoh & Tokioka 1996; Breeuwer 1997). Lastly,
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experimental assays suggest a genetic basis for increased fitness traits on novel host
species, yet most studies that have analysed whether field-collected mite
populations are adapted to their host plants have not been coupled with molecular
genetic data (Magalhães et al. 2007a; Tien et al. 2010; but see Wybouw et al.
2019a).
Here, we aimed to determine the role of the host plant in the genetic population
structure and diversification of the extreme generalist T. urticae in nature. To
contextualize our findings, we established a set of four expectations based on the
framework of host race formation as described in Drès & Mallet (2002). If the host
plant contributes to intraspecific divergence of T. urticae in nature, we expect: i)
occurrence of host-associated populations across spatial and temporal scales; ii)
some extent of genetic divergence between host-associated populations; iii)
incomplete reproductive isolation between host-associated populations; and iv)
evidence of host adaptation contributing to intraspecific divergence. To test these
expectations, we conducted a holistic analysis that integrates four complementary
approaches: i) extensive field sampling and genetic screening of individuals on
multiple host species across a single ecosystem over three consecutive years; ii)
screening for genome-wide and localized patterns of sequence differentiation
between field-derived lines and available genomes of T. urticae; iii) quantification
of the extent of reproductive isolation between field-derived lines; and iv)
quantification of fitness traits in field-derived lines to test for host plant adaptation.
We present clear evidence for the occurrence of a specialist T. urticae host race,
which is isolated from sympatric generalist populations by a post-zygotic barrier to
gene flow, and that exhibits genetic differentiation from sympatric generalist
populations that co-occur at small spatial scales.

R e s u lts a n d D is c u s s io n
1) Consistent associations between sympatric mite cytotypes and their host
species in nature
To determine if sympatric T. urticae populations showed genetic differentiation
based on host species across spatial and temporal scales, we extensively sampled
and genotyped individual mites from several co-occurring plant species over the
course of three years. Specifically, we looked for consistent associations between
spider mite cytotypes (inferred from mitochondrial cytochrome oxidase I [CO1]
haplotype groups) and several host plant species in two nature reserves of The
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Netherlands – the dunes near Castricum and the dunes near Meijendel in the
summers of 2015, 2016 and 2017. We report, for the first time, a strong association
across multiple years between host species and three common mite cytotypes in
sympatry, one being completely restricted to wild honeysuckle (Lonicera
periclymenum) and the other two cytotypes having larger host ranges (Figure 1).
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Figure 1. Associations between Tetranychus urticae cytotypes and host plant species in the
dune ecosystem of The Netherlands. Host range of the three most abundant Tetranychus
urticae CO1-based cytotypes (C1, C2 and C3) identified in 2015, 2016, and 2017 (left, middle,
and right, respectively). Percentages on the x-axis represent the number of individuals
belonging to a cytotype over the total number of individuals (N) per year. Proportions on the
y-axes represent the number of individuals of a cytotype found on a particular host over the
total number of individuals belonging to that cytotype. Host species (legend, far right) are
ground ivy (Glechoma sp.), wild honeysuckle (Lonicera periclymenum), Salomon’s seal
(Polygonatum sp.), spindle tree (Euonymus europaeus), and stinging nettle (Urtica sp.).
‘Other’ includes blackberry, stalk rose, elderberry, and at least three different host-species
that were not taxonomically identified.

We determined 598bp-long CO1 sequences of 1023 individuals collected over the
three years of field sampling from 48 locations (30 in Castricum and 18 in
Meijendel). All sequences closely matched GenBank sequences previously
annotated and validated as T. urticae (Ros & Breeuwer 2007). The 1023 sequences
represented 156 different haplotypes. A maximum-likelihood phylogenetic analysis
grouped these haplotypes into six clades (hereafter called cytotypes, followed by a
number, i.e., C1 through C6) varying in their bootstrap support (Figure S1). While
cytotypes C2 and C3 were found on every host sampled, C1 was restricted to
honeysuckle, and these association patterns were consistent across the three years
of sampling. Cytotypes C4, C5, C6 were rare in the field and were not documented
every year; thus, we focused subsequent analyses on C1, C2, and C3, to which the
majority of individuals (997 mites) were assigned; 20% of the 997 individuals were
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assigned to C1, 57% to C2, and 23% to C3 (Figure 1). The restriction of cytotype C1
to honeysuckle did not seem to be an artefact of our sampling design. Even in
locations where mites from any cytotype had an equal chance of colonizing either
of two co-occurring wide-spread hosts, honeysuckle or spindle tree (Euonymuous
europeaus), more than 97% of C1 individuals were found on honeysuckle (the
proportion of C1 individuals found on spindle tree was not significantly different
from zero; Figure S2). Tetranychus urticae mostly disperses passively with the wind
and occasionally by actively walking to close-by plants (Helle & Sabelis 1985;
Peterson & Denno 1998). We only once (2017) found a few C1 individuals on spindle
tree shoots growing underneath a large honeysuckle patch which was highly
infested with C1 individuals; this large C1 population likely spilled over but did not
establish on spindle tree.
The spatial scale at which the processes that lead to mosaics of genetic variation in
herbivore taxa occur largely depends on the local and regional availability of suitable
hosts (Cogni & Futuyma 2009; Cogni et al. 2011; Gloss et al. 2016). For example, the
maintenance of genetically structured populations of the whitefly Bemisia tabaci
depends on the seasonality of host availability, which influences interpopulation
gene flow by temporally isolating B. tabaci populations associated to hosts with
different phenologies (Naranjo et al. 2009). Similarly, variation in the availability and
phenology of local hosts across the United States and Mexico promotes the
maintenance of apple- and hawthorn-associated host races of Rhagoletis flies
(Doellman et al. 2019). In contrast, T. urticae genetic population structure has not
been previously shown to depend on host species, regardless of the spatial scale at
which these hosts occurs (Navajas 1998; Navajas & Fenton 2000; Calatayud et al.
2016). Moreover, prior studies have not investigated the temporal persistence of
spider mite genotypes in the field. In this study, extensive sampling and genotyping
of individuals within and between populations on a small spatial scale, across
consecutive years, revealed the spatial scale that promotes spider mite population
structure across time in the field.

2) Genome-wide divergence of honeysuckle-restricted lines relative to
sympatric and non-sympatric conspecifics
To confirm and further assess the extent of genetic divergence between hostassociated populations, we also asked if the CO1-based cytotypes were consistent
with full mitochondrial genomes, as well as with patterns of nuclear variation. To do
this, we established 26 iso-female lines from cytotypes C1, C2, and C3 in the
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laboratory, sequenced the lines using the Illumina method, and predicted single
nucleotide polymorphisms (SNPs) for the 90 Mb genome of T. urticae. With a highquality subset of SNPs, we constructed mitochondrial and nuclear phylogenies. We
found that the phylogeny based on the whole mitochondrial genome was congruent
with the phylogeny based on CO1 haplotypes (Figure S3). The nuclear phylogeny
also split the 26 lines into three clades, hereafter referred to as nucleotypes N1, N2,
and N3. The 26 lines were subsequently labelled based on their genotype, this is,
their cytotype and nucleotype (e.g., lines C1N1a, C1N1b, C2N2a, C2N2b, etc; Table
S1). While each of the three nucleotypes had >95% bootstrap support, the N1 clade
associated with the C1 cytotype grouped away from N2 and N3, with the latter in a
well-supported clade (bootstrap support 100%) (Figure 2).
To further explore genetic relationships, we performed principal component
analyses (PCA) with the 26 iso-female lines, and included 30 previously sequenced
lines of T. urticae green forms, two lines of T. urticae red forms (MR-VL and TuSB9),
and two sister species (T. turkestani and T. kanzawai) (Figure 3A). As expected, T.
kanzawai, for which no viable progeny from interspecific crosses with T. urticae
have been reported (Shih & Shiue 1995), was separate from all T. urticae lines along
PC1. Previously, viable but infertile F1 progeny have been reported in crosses
between T. urticae and T. turkestani (Ben-David et al. 2009), which clustered
separately from all T. urticae lines along PC2. All green forms of T. urticae, including
the 26 iso-female lines derived in this study, formed a tight cluster distinct from T.
urticae red forms, for which varying levels of incompatibility have been reported
(Gotoh & Tokioka 1996; Sugasawa et al. 2002). A PCA restricted to nuclear data for
the 56 T. urticae green forms revealed that lines with nucleotype N1 clustered
together and away from N2 and N3 along PC1; as expected for local population
differentiation, all of the N1, N2 and N3 lines from our study sites clustered
separately from lines reported previously from other geographic locations (Figure
3B). The PCA on nuclear data are therefore consistent with species and population
delineations (red versus green forms) reported previously. The PC analyses also
revealed no apparent separation of N2 and N3 by host plant species, although the
N2 and N3 lines did appear to have a modest genetic separation based on geography
(e.g., N2 lines grouped closer to each other based on sampling site, while all
members of N3 were collected in Meijendel, Figure S4E).
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Figure 2. Mitochondrial and nuclear genome phylogenies of field-derived
Tetranychus urticae lines. At left is a maximum likelihood analysis based on the
optimal partitioning scheme of 13 protein-coding mitochondrial genes. At right is a
neighbour-joining analysis using whole nuclear genomes. In both analyses,
Tetranychus kanzawai is included as an outgroup. The scale bar of the mitochondrial
phylogeny represents the nucleotide substitutions per site, the scale bar of the nuclear
genome phylogeny represents substitutions per nuclear SNP position. Mitochondrial
and nuclear phylogenies for the same field-derived lines are labelled and connected
by lines, with colours according to their cytotype and shapes according to their native
hosts. Cyto-nuclear hybrids are connected with dotted black lines and have asterisks
next to their nuclear name. Only bootstraps values ≥ 65 are shown.

We also quantified the extent of genetic differentiation between field-derived lines
by calculating genome-wide Fst values and found that genetic differences between
N1 and the other two nucleotypes (FstN1-N2 = 0.46 and FstN1-N3 = 0.54) were
substantially higher than between N2 and N3 (FstN2-N3 = 0.07) (Figure 3C). To
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understand whether localized genomic regions of unusually high or low genetic
differentiation were apparent, we quantified Fst in sliding windows across the
genome among the nucleotype groups, and found that divergence between N1 and
N2/N3 was approximately uniform along each of the three T. urticae chromosomes
(Figure 3D). Given their co-occurrence at field sites, the genome-wide uniformity of
divergence of N1 from the other nucleotypes as assessed with Fst was unexpected.
A potential explanation for this finding was revealed by an analysis of genetic
variation within nucleotypes. As our study used iso-female lines (expansions from
single diploid females), residual genetic variation was anticipated in each line.
Consistent with this expectation, segregation of genetic variants was observed for
large genomic regions in the N2 and N3 iso-female lines. In striking contrast, each
of the N1 lines was inbred, or nearly so, as assessed with the dense, genome-wide
SNP data (Figure S5). This pattern can only be explained if the females used for
establishing the N1 lines were isogenic (or largely so) at the time of collection from
the field. This observation, coupled with the finding that the N1 lines are
predominantly identical by allelic state genome-wide (Figure S6), revealed that our
N1 nucleotype constituted a highly inbred population across our study locations in
nature (a pattern expected to elevate Fst values in population comparisons). The N1
lines were not uniformly inbred, however, as revealed by the phylogenetic and PC
analyses (Figure 2 and Figure 3B), and a few small genomic intervals were
segregating in a few N1 lines (Figure S5A). Moreover, while twenty-two out of the
26 N1-3 lines formed analogous clades with respect to both the cytotype and the
nucleotype, (i.e., N1, N2 and N3 were consistent with C1, C2, and C3, respectively),
there were four exceptions (hereafter referred to as cyto-nuclear hybrids, Figure 2).
One of these involved an N1 nucleotype, C2N1f, for which the nuclear genome was
most distinct within the N1 nucleotype group (Figure 2 and Figure 3B), potentially
reflecting introgression in nature.
Together, these data suggest that gene flow is prevalent within and between the N2
and N3 nucleotypes, while the N1 nucleotype co-occurring at minute spatial scales
exists across collection sites largely as a genetic clone. The level of homozygosity of
N1 resembles those expected of inbreeding in small, isolated populations
(Charlesworth & Willis 2009). Whether this is a general pattern of host race
formation in this system is unclear. In yeast, the early stages in the dynamics of
experimental adaptation to a novel environment are accompanied by a loss of
genetic diversity (James et al. 2019). Haplodiploid taxa, such as tetranychid mites
and parasitoid hymenopterans may exist as inbred populations in nature (Werren
1993; Mori et al. 2005). Haplodiploids are expected to suffer less from inbreeding
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than taxa with other sex determinations systems due to a lower genetic load, as
deleterious recessive mutations are purged via exposure in haploid males (Werren
1993; Henter 2003).
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Figure 3. Extent of genetic divergence between Tetranychus species and among
Tetranychus urticae lines. Genetic differentiation between 26 field-derived Tetranychus
urticae (green) lines (this study), 30 additional T. urticae lines (28 green and 2 red lines,
denoted as “other” and green or red as indicated) and two other Tetranychus species (T.
turkestani and T. kanzawai) as assessed by principal component analyses (A and B), as well
as by (C) pairwise genome-wide Fst calculations (the extent of shading reflects Fst levels as
indicated, bottom right). For panel B, genetic differentiation assessed by a principal
component analysis, but limited to T. urticae green lines (see dashed lines connecting to
panel A), is shown. (D) Genetic differentiation among the 26 field-derived green lines (this
study) as assessed in a sliding window Fst analysis across the T. urticae genome (the three
scaffolded chromosomes are as indicate with alternative shading; unplaced and
concatenated scaffolds are shaded green, far right).
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3) Reproductive isolation between sympatric mite genotypes and genetics
of cyto-nuclear hybrids
To quantify the extent of reproductive isolation in this system, we assessed the
extent of reproductive compatibility between field-derived lines. We performed
pairwise reciprocal crosses between individuals of several lines of C1N1, C2N2 and
C3N3, and assayed how traits associated with hybrid breakdown, such as
percentage of sterile F1 females, F1 sex ratio, and F2 egg mortality, compared
between hybrids and parental lines (Tables S2-3). We found consistent evidence of
F1 and F2 hybrid breakdown between members of C1N1 and the other two
genotypes that was not as apparent in crosses between C2N2 and C3N3 (Figure 4).
These patterns can be potentially be confounded by the presence of symbiotic
intracellular bacteria common to mite and insects, and that can cause reproductive
incompatibility (e.g. Breeuwer & Werren 1990; Breeuwer 1997; Groot & Breeuwer
2006). To assess the presence of known incompatibility-inducing bacteria
(Wolbachia, Cardinium and Spiroplasma) we sequenced bacterial 16S rDNA of our
lines. These bacterial taxa were not found in any of the laboratory lines, and neither
were any other bacterial sequences correlated to a cytotype or nucleotype (Figure
S7).
Interline crosses produced F1 offspring with slightly altered sex ratios compared to
controls, but daughters were always present, demonstrating fertilization in all
interline crosses (Figure 4, Table S2). The asymmetrical pattern of distorted sex
ratios in the F1 can be explained by hybridization revealing recessive maladaptive
combinations between the cytoplasmatic background and the nuclear-encoded
mitochondrial genes in hybrids, as observed in haplodiploid taxa (Breeuwer &
Werren 1990; Breeuwer & Werren 1995; Perrot-Minnot et al. 2004; Hill 2015). A
higher percentage of sterile F1 hybrid female virgins occurred when C1N1 was
crossed to C2N2 or C3N3 compared to controls; non-sterile F1 virgins from these
crosses also laid significantly fewer F2 eggs than controls. In striking contrast, both
reciprocal N2 vs. N3 F1 hybrids showed no higher proportion of sterile females, and
even a non-significant trend of larger egg clutch sizes compared to controls, which
resembles the outbreeding effects of heterosis found among compatible loci
related to female reproduction (Knegt et al. 2017). F1 males were not considered
in the analysis because they inherit all the genetic material from their mothers and
are therefore not hybrids.
Hybrid breakdown between N1 and either N2 or N3 was strongest in F2 male
offspring, which are recombinant haploid individuals. Compared to controls, fewer
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Figure 4. Reproductive compatibility of field-derived Tetranychus urticae lines.
Reciprocal crosses were performed between different lines of C1N1, C2N2 and C3N3.
Fitness traits measured in individuals across two filial generations are presented on the
y-axes of each row. F1 adult sex ratio, F1 female sterility, and F2 egg hatchability are
presented as percentages ± one standard error of the mean (SEM); F1 clutch size per day
is presented as average number of eggs per day ± SEM. A linear mixed-effect model was
fit to compare the mean of a crossing treatment (reciprocal ♀x♂ crosses; black bars) to
their respective controls within each panel (α ≤ 0.05; light grey bars); letters above bars
represent significant differences within each panel (Tukey post-hoc test)
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F2 hybrid eggs hatched (<8% vs. >90%), with the embryonic development of most
eggs stopping before the stage of red-eye formation, which is the stage just prior to
larval hatching. However, the few individuals that did hatch completed
development and reached adulthood. This points to genomic incompatibilities
between nuclear loci that impact pre-hatching embryonic development. It remains
unknown whether the F2 individuals that managed to reach adulthood were indeed
balanced hybrids, or alternatively whether they derived mostly from one parental
genotype. Hybrids between C2N2 and C3N3 displayed significantly reduced F2 egg
hatching rates as well, but to a much lesser degree than crosses involving C1N1. This
higher hatching rate of N2 vs. N3 crosses agrees with the larger similarity between
N2 and N3 genomes (Figures 2, 4 and S6). To evaluate whether these patterns
depended on the compatibility of nuclear genomes, we performed similar reciprocal
crosses between several cyto-nuclear hybrid lines and lines we hypothesised to be
either compatible or incompatible with them (Figures 2 and S8). As expected, in
incompatible crosses we found a significantly higher percentage of sterile F1 hybrid
virgin females as compared to controls, and non-sterile F1 females laid fewer eggs
than controls. Less than 3.5% of F2 eggs laid by these females hatched. Also, as
expected, we found that in compatible crosses, F1 females were not more sterile
than controls, laid as many or more eggs than controls, and more than 70% of their
F2 eggs hatched (Figure S8). Thus, we related the genome-wide differentiation
between N1 and either N2 or N3 to hybrid breakdown due to incompatibility at
nuclear loci, as expressed most clearly in F2 recombinant individuals.
In conclusion, our data show that post-zygotic barriers to gene flow contribute to
the maintenance of a host race of T. urticae restricted to honeysuckle. Barriers to
gene flow expressed as F2 hybrid breakdown are not uncommon in haplodiploid
taxa (Gibson et al. 2013; Beukeboom et al. 2015). It is possible that the interactions
between the nuclear and the mitochondrial genomes in hybrids contribute to the
patterns in this system, as it is observed in haplodiploid taxa (Hill 2015). For
example, although crosses between N2 and N3 were largely compatible, the fitness
of F2 hybrids was asymmetrical: a higher proportion of individuals with a C2
cytotype hatched compared to their reciprocal C3 hybrids (49% vs. 23%, Figure 4).
Mito-nuclear interactions are found in populations that have recently experienced
selection, as the mtDNA needs to accommodate the changes imposed by the
selection regime acting on the nuclear genome in order to maintain homeostasis
(Ballard & Rand 2005; Hill 2015; Baris et al. 2016). If embryonic development in T.
urticae resembles larval development in Nasonia wasps and Tigriopus copepods, we
might expect the oxidative phosphorylation pathway to delay or fully stop normal
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development of hybrid larvae due to an impaired ability to synthesize ATP (Burton
et al. 2013; Gibson et al. 2013).

4) Fitness advantage of the honeysuckle race on its host over sympatric
conspecifics
Given the population differentiation of T. urticae in the dune ecosystem, what
maintains the spider mite gene pool from mixing? The existence of a genetically
distinct host race on honeysuckle with reproductive isolation from sympatric
conspecifics could be explained by the extent of selection exerted by their host plant
species. Using the field-derived lines, we quantified host adaptation by measuring
fitness traits from individual to population levels. Due to its restriction to
honeysuckle in the field, we expected N1 individuals to (1) perform better on
honeysuckle than on other host species tested, (2) to outperform other sympatric
mite genotypes on honeysuckle, or (3) do both (Agrawal 2000; Kawecki & Ebert
2004).
We observed that reproductive performance (eggs/female/day) of individual N1
females (1-2 eggs/female/day) from several lines was more than twice lower than
that of N2 (~5 eggs/female/day) and N3 females (~5 eggs/female/day) on leaf discs
of honeysuckle, a finding that was consistent as well for most other host plant
species tested (Figure S9). Similar reproductive performance values were also
obtained on detached honeysuckle twigs (N1 = 1.54 ± 0.14 [mean ± SEM], n = 12;
N2 = 4.92 ± 0.47, n = 12). We focused on early individual female reproductive
performance as this is an important trait determining the rate of population
increase in spider mite populations (Yano et al. 1998; Agrawal 2000; Yano et al.
2001). The clutch sizes of N1 females were low relative to most reports of
reproductive output in spider mite females (Helle & Sabelis 1985). Since N1 females
reproductive performance is no better on honeysuckle than on other hosts tested,
it is possible that genetic trade-offs in host adaptation are either low or absent, if
host adaptation is determined by different loci on the hosts species we selected
(Gould 1979; Fry 1990; Gotoh et al. 1993; Agrawal 2000; Yano et al. 2001;
Magalhães et al. 2009). Alternatively, but not mutually exclusive, since N1 lines are
largely inbred (Figure S5), the low reproductive performance of N1 females might
indicate that they suffer from inbreeding depression. Spider mite populations can
harbour genetic variation for the number of eggs laid per female, but low egg
numbers may result from the expression of deleterious alleles in inbred individuals,
rather than from trade-offs as a result of antagonistic pleiotropy of host-adaptation
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loci (Tien et al. 2010). Furthermore, experimental inbreeding negatively affects the
rate of female oviposition compared to outbred populations of T. urticae (Tien et al.
2015). We argue that genetic load could still be prevalent in N1 females.
Despite the low reproductive performance of N1 females, they nonetheless build
larger population sizes on wild honeysuckle plants than conspecifics, as line C1N1a
expanded from 30 to 643 ± 243 adult females after two generations, while line
C2N3a only produced 188 ± 80 adult females. We found that this is largely due to
the higher survival of N1 juveniles compared to N2 juveniles on honeysuckle (Figure
5). During the development from egg to adult (13-14 days for this species), the
survival of juveniles of N2-N3 lines dropped to ~0.8 around day 7, when most
individuals were larvae, compared to N1 survival, which was close to 1 at that time.
N2-N3 survival kept decreasing significantly from that of N1 until day 11 in all
experiments. N2-N3 juveniles mostly died trying to escape the leaf enclosures,
where they became stuck on the wet enclosure barriers, or in sugary exudates on
the leaf surface. By day 13, mortality in all lines increased due to adults trying to
escape from the arenas. As a reference, survival of N1, N2 and N3 juveniles to
adulthood was high (>90%) on common bean, a very permissive host to T. urticae
(Table S2, S3). This disparity in juvenile and maternal traits is not unusual (Gloss et
al. 2016). In T. urticae, the genetic architecture determining juvenile survival seems
to be decoupled from loci that determine female reproductive performance in some
cases, but in other cases both traits increase together after experimental isolation
to one host (e.g. Magalhães et al. 2007a; Magalhães et al. 2009; Tien et al. 2010,
2015).
Together, our data suggest that host adaptation plays a pivotal role in the
maintenance of the honeysuckle host race among generalist conspecifics in nature.
Population growth of the host race on honeysuckle is higher than that of generalist
conspecifics. This is, unintuitively, not due to a higher reproductive output of host
race females over generalist conspecifics on honeysuckle, but rather due to a higher
mortality of generalist juveniles on this host. This would give the host race a
competitive advantage over conspecifics on honeysuckle. In contrast, the host race
is possibly outcompeted on alternative hosts due to its low reproductive output
(Figure S9), especially if the survival of generalist juveniles on non-honeysuckle
hosts would be higher than on honeysuckle itself (e.g. Table S2). Given the high
mortality of generalists on honeysuckle, we could expect selection to act upon
variation in mechanisms that prevent generalists from visiting this host, which
would further restrict the opportunities for mating encounters and subsequent
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gene flow between honeysuckle specialists and generalist conspecifics, a possibility
that remains to be tested empirically.
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Figure 5. Proportion of juvenile survival of Tetranychus urticae field-derived lines on
honeysuckle. The survival proportion of juveniles (y-axes) from six field-derived lines
representing common T. urticae cytotypes found in the Dutch dunes was tested in three
independent experiments. Honeysuckle-restricted lines C1N1a, C1N1d and C1N1e are
coloured green and represented by a solid line; generalist lines C2N3a, C2N2d and C2N2b are
coloured red and represented by a dashed line. Survival was scored across five consecutive
time points, spanning from egg hatching to adulthood (represented in days on the x-axes).
Stars represent a significantly different survival mean for each time point (α ≤ 0.05); coloured
ribbons represent one SEM (n=6).

C o n c lu s io n s
We present evidence of intraspecific population structure related to host
adaptation and incomplete reproductive isolation in the generalist herbivore T.
urticae. Integrating lines of evidence of this process across scales (ecosystem –
population – individual) proved imperative to grasp the extent of evolutionary
divergence within this species in nature. The distribution of genetic variation of T.
urticae across the Dutch dune ecosystem shows a consistent pattern across years,
where honeysuckle-restricted genotypes co-exists with generalist conspecifics.
Genetic structure was apparent genome-wide between the honeysuckle-restricted
genotypes and most available genomes of T. urticae. The persistence of a genetically
distinct, inbred population on honeysuckle is partially maintained in sympatry by
post-zygotic reproductive barriers, leading to incomplete isolation between the
honeysuckle host race and generalist conspecifics. Selection exerted by honeysuckle
impacts negatively the survival of generalists on this host, which is expected to
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further reduce chances for hybridization with the host race. In nature, patterns of
functional variation related to host use can be revealed using common genetic
markers, but this is dependent on the choice of markers and on extensive
genotyping of individuals within and between populations. Hybridization can occur
in this system, but reproductive barriers are incomplete and expressed postzygotically. Previous genetic studies with T. urticae, often with reproductively
compatible green forms collected in greenhouses or agricultural settings, might
suggest that host race formation in this generalist species is rare. Yet, host race
formation could be more prominent in nature than in agricultural settings, where
monocultures and pesticide use may erode genetic variation. Further research
focusing on dissecting the patterns of intraspecific functional variation within
herbivore taxa is needed to answer this question.

M a t e r ia l s a n d m e t h o d s
1) Associations between sympatric mite cytotypes and their host species in
nature
To investigate the occurrence of host-associated populations across spatial and
temporal scales, populations of T. urticae were sampled in two coastal nature
reserves near Castricum (CAS) and Meijendel (MEY) in The Netherlands, which are
part of the European dune ecosystem (Table S1). Three to four ~1km long transects
were established within the forested dune areas of each nature reserve. Along a
transect, 10m x 10m sampling locations were established at least 50 meters away
from each other (CAS: 30 locations in total; MEY: 18 locations in total). Sampling
took place in 2015, 2016 and 2017. At every location, multiple leaves from every
host plant species showing signs of spider mite damage were collected, and placed
in plastic bags unique to location and host plant species to avoid crosscontamination. Within 48 hours after field sampling, DNA was extracted from up to
10 individual mites, preferably adult females, per collection (Appendix A1).
Individuals were genotyped by analysing SNPs in a 598 base pair (bp) stretch within
the mitochondrial cytochrome oxidase subunit 1 (CO1) gene (the so-called Folmer
fragment; Folmer et al. 1994). The region was amplified using PCR and Sangersequenced (Appendix A1). Sequence files were analysed and aligned using
CodonCode Aligner (v. 6.0.2). To obtain a high-quality sequence, the ends of each
sequence were trimmed to a final length of 598bp. The haplotypes found have been
deposited onto GenBank under project SUB7841957. All sequences were run
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through MegaBLAST to confirm their similarity to previously annotated T. urticae
sequences. Sequences were aligned using the MUSCLE algorithm with a maximum
of 5 iterations and a UPGMA clustering method in MEGA for Mac (v. 7). A maximum
likelihood tree based on the Tamura-Nei nucleotide substitution model and
bootstrapped 1000 times was constructed using all the unique haplotypes found
across all samples. Clades with bootstrap support of 60% or above were used to
define haplotype groups, which we referred to as cytotypes. Based on these clades,
each individual mite was assigned to a particular cytotype. Host-mite associations
were determined based on the proportion of samples that belonged to each
cytotype that were sampled from a particular host plant species, per year. We
analysed a subset of these data with samples from locations where we marked the
co-occurrence of two wide-spread host species, wild honeysuckle (Lonicera
periclymenum) and spindle tree (Euonymuous europeaus), whether they were
infested by mites or not. For cytotypes with evidence of host associations, we
compared the proportion of individuals occurring on the alternative host to zero
with a one sample t-test.

2) Analysis of genomic divergence of honeysuckle-restricted lines relative
to sympatric and non-sympatric conspecifics
Establishment of lab populations, DNA extraction and endosymbiont
diagnosis
To quantify the extent of genetic divergence between host-associated populations,
we established field-derived lines by re-sampling honeysuckle and spindle tree
leaves at specific locations in CAS and MEY in August - September 2015 (Table S1);
infested leaves were collected as mentioned previously. Virgin females at the last
moulting stage before adulthood (teleiochrysalis) were isolated individually on
common bean (Phaseolus vulgaris cv. Speedy) leaf clippings of 3x3cm surrounded
by wet cotton wool, and kept under controlled conditions (25°C, 16h:8h Light:Dark,
60% Relative Humidity; hereafter “standard conditions”). Virgin females were
allowed to oviposit for 7-10 days; their eggs developed under the same conditions,
but the females were transferred to a colder chamber (12°C, standard light regime
and humidity) for ~10 days to slow down the aging process while their unfertilized
eggs matured into adult males. Once the males emerged, the mother and her sons
were placed together to mate on new bean cut-outs. After ~5 days of oviposition,
females were collected for individual DNA extraction, CO1 amplification and Sanger
sequencing as described above. A total of 26 iso-female lines were established to
represent the most common mite cytotypes previously identified and were
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maintained since their establishment on detached bean leaves in standard
conditions. After 2 weeks (~1 generation for this species), up to 800 adult females
were pooled per line and their DNA extracted (Appendix A2). The 26 pairs of reads
generated as part of this project have been deposited onto sequence-read archive
(SRA) under accessions SAMN13693727-52. Dilutions of 1:10 of this DNA and of DNA
obtained from three laboratory populations known to harbour reproductive
endosymbionts were used to diagnose the presence of bacterial symbionts by
sequencing the V3 region of the 16S rDNA subunit on an Illumina MiSeq platform
(Appendix A3). The reads generated from the 29 bacterial communities have been
deposited under accessions SRR12491964-89 and SRR12492212-14. Protocols
followed for processing, mapping and variant calling, validation of species identity
using nuclear sequences, quality control of the predicted variants, and assessment
of heterozygosity levels in the field-derived lines are specified in Appendix A3-A7.

Mitochondrial genome and phylogenetic tree
Illumina reads were mapped to the T. urticae mitochondrial genome using BWA (v.
0.7.12-r1039) (Li 2013). We extracted the 13 protein-coding genes from the
mitochondrial genomes for use in phylogenetic analyses, and individual alignments
for each region were performed using MAFFT v. 7.721 (Katoh et al. 2002) with the
following settings: strategy: auto; gap open penalty = 1.53, offset value = 0.0, and
then visually IGV v. 2.3 (Robinson et al. 2011). The 13 T. kanzawai mitochondrial
genes were included in the analysis as an outgroup (Appendix A4; Wybouw et al.
2019b). Subsequently, the 13 regions were concatenated into a supermatrix
containing 10225bp. The best-fitting partitioning scheme was estimated using
PartitionFinder2 (Lanfear et al. 2017). Several partitioning schemes were tested
including division of protein-coding genes into 1st, 2nd and 3rd codon positions. The
most suitable partitioning scheme was selected using the Akaike information
criterion. Maximum likelihood (ML) phylogenetic analysis of the partitioned dataset
was performed using RAxML (v. 8.2.8) (Stamatakis 2014), with BSbrL enabled and
500 bootstrap replicates to evaluate branch support.
Nuclear phylogenetic tree
A phylogenetic tree was constructed based on nuclear SNPs of all the iso-female
lines from this study, as well as a previously published line of T. kanzawai (Wybouw
et al. 2019b) which served as an outgroup (Appendix A4). To minimize the number
of SNPs that were in linkage disequilibrium with each other, SNPs that were used
for making the tree had to be spaced at least 20kb apart. In the event of
heterozygosity in a line at a given locus, the allele with higher read depth support
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was selected. From the resulting set of SNPs, a BioNJ (Gascuel 1997) neighbourjoining tree based on observed nucleotide differences was constructed in PhyML
3.1 (Guindon et al. 2010) using the Seaview v. 4.6.1 graphical user interface (Gouy
et al. 2010) with 500 bootstraps.

PCA and Fst estimation
Principal component analyses (PCAs) and an Fst estimation at the whole genome
level were performed in R (v. 3.3.2) as described by Zheng (2015), using packages
SNPRelate (v. 1.8.0) and gdsfmt (version 1.10.1; Zheng et al. 2012). The PC analysis
was performed by running the snpgdsPCA function with option autosome.only =
FALSE. The snpgdsFst function was used to calculate Fst values following Cockerham
& Weir (1986; autosome.only = FALSE). Additionally, Fst values were also calculated
in a sliding window approach. Before conducting the sliding window analysis along
the genome, the VCF file was transformed to be concordant with the recently
reported three-chromosome assembly (Wybouw et al. 2019a). The R-package
PopGenome (Pfeifer et al. 2014)was used to perform pairwise Fst estimations for
each window. Fst estimations were calculated based on the bi-allellic positions for
windows of 10 kb and a window slide of 2 kb. The curves were smoothed by using
the spline interpolation option (span = 0.01).

3) Reproductive isolation between sympatric mite genotypes and genetics
of cyto-nuclear hybrids
Crossing bioassays between field-derived lines
To quantify the extent of reproductive isolation between host-associated mite
genotypes, reciprocal crosses between C1N1 and C2N2, C1N1 and C3N3, and C2N2
with C3N3 were carried out with individuals from several lines per genotype. We
quantified multiple fitness proxies in the parental crosses (P0) and in F1 and F2
hybrid offspring, using intra-line crosses as controls in each experiment. We
measured the sterility of P0 mated and F1 virgin females (frequency of females that
did not lay any eggs), mated P0 and virgin F1 egg clutch size (the number of eggs)
per female per day, P0 and F1 female mortality (average number of days alive during
the experiments), F1 and F2 egg hatchability (percentage of viable eggs over the
total number of eggs), F1 and F2 juvenile survival to adulthood (percentage of adult
offspring over the number of viable eggs), and the sex ratio of F1 adult progeny
(percentage of females over total number of adult offspring). In P0 to F1
experiments, 8 – 10 virgin females (teleiochrysalis stage) from a field-derived line
were placed together with 4 – 5 adult males from either the same line for control,
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or males from a line belonging to a different nucleotype for treatments, on a
detached leaf disc (⌀=24mm) from common bean (P. vulgaris cv. Speedy). Fortyeight hours later, mated females were transferred to experimental boxes, where
each female was placed individually on a new bean leaf disc (⌀=15mm) surrounded
by wet cotton wool. For F1 to F2 experiments, F1 individuals were collected from
parental crosses similar to the ones described above. Eight to ten female F1 virgin
females were collected and placed on new discs for 48 hours without males. All
experimental females were allowed to lay eggs for 24 hours and were then
transferred to a new leaf disc; females were allowed to oviposit for a maximum of
5 days. A total of 951 females were analysed between all experiments, with an
average of 50 females per crossing arrangement (Table S2 and S3). Statistical
analyses are described in Appendix A9.

4) Measurement of fitness traits in the honeysuckle race on this host
against sympatric conspecifics
Reproductive performance on different host plants
To gather evidence of host adaptation, we quantified several fitness proxies of the
field-derived lines on different hosts. Oviposition of adult, mated females was
measured as the number of eggs laid per mite, per day on detached leaf discs, for
five consecutive days (eggs/female/day). An independent experiment was
conducted for each of the five plant-species tested: common bean (P. vulgaris cv.
Speedy), nightshade (Solanum nigrum), spindle tree (E. europaeus), stinging nettle
(Urtica sp.), and honeysuckle (L. periclymenum). Bean and nightshade were grown
under greenhouse conditions (25°C, 16hL:8hD, 60%RH), spindle tree and stinging
nettle were collected from the field, and honeysuckle was bought from a
commercial supplier, defoliated and re-grown under greenhouse conditions. Before
each experiment, virgin females in the last juvenile stage (teleiochrysalis) were
selected from several laboratory lines belonging to C1N1, C2N2 or C3N3, and were
placed together with adult males from the same line on bean leaf discs (⌀ = 24mm)
for 48 hours (Table S1). Then, each ± 1-day-old mated female was transferred to an
individual leaf disc (⌀ = 15mm) of the experimental plant, surrounded by wet cotton
wool and kept under standard conditions. Females were transferred to freshly cut
leaf discs after 24 hours, for a maximum of 5 days. The total number of females used
per line per experiment is summarised in Table S1. Statistical analyses are described
in Appendix A10.
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Juvenile survival on detached honeysuckle twigs
To infer fitness advantages of the honeysuckle host race over other genotypes on
its host, we quantified the proportion of juveniles that survived to adulthood on
honeysuckle. Three independent experiments were conducted, each using a
different pair of lines: C1N1a and C2N3a; C1N1d and C2N2d; C1N1e and C2N2b.
Experiments were conducted on detached honeysuckle twigs, consisting of two
opposing leaves pressed against a bed of wet cotton wool, one with the top and one
with the bottom side up. An area of approximately 2x3cm within each leaf was
delimited using thin paper tissue strips embedded into the wet cotton bed. An a
priori limitation of the mite lines used here is that C2 females lay on average 5-6
eggs per day, whereas females from C1 females lay 1-2 eggs per day on honeysuckle
and other hosts (see Results). Taking this into account, 16 adult females from C1 and
8 females from C2 per experiment were placed on each leaf of the experimental
arenas. After 48 hours, all eggs were removed from the leaf surface, and any dead
females were replaced. After 24 hours, all females were removed; eggs were
removed until a total of 12 eggs were left on each leaf. The experiments spanned
for the turnover of one generation for the species (approx. 13 days under lab
conditions). Survival scoring started from 5 days after egg laying and continued
every 2 days for a total of five time points (day 5, 7, 9, 11 and 13), when over 50%
of surviving individuals had reached adulthood. At each time point, the number of
alive individuals and their life stage were scored, along with the cause of death of
the dead individuals. Statistical analyses are described in Appendix A11.
Population growth on full honeysuckle plants
Store-bought honeysuckle plants were defoliated, replanted in new soil and placed
inside a mite-proof cage under standard greenhouse conditions. Experimental
plants were used within 4 weeks of planting, but several replicates showed signs of
infection by powdery mildew. The number of green leaves, and estimates of the
percentage of the plant covered by mildew were noted before mite infestation (T0).
At T0, each plant was infested with 28 mites from population C1N1a or mites from
population C2N3a. After two generations (i.e. ~ 40 days later), adult female mites
were counted non-invasively, and damage by mildew was assessed as at T0. Two
blocks of the experiment were performed consecutively and were set up with, 4
replicates per line each, for a total of 8 replicates for C1N1a and 8 replicates for
C2N3a. Plants were watered once a week during the experiments. Statistical
analyses are described in Appendix A12.
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Figure S1. Phylogenetic analysis of all the CO1 haplotypes found in Tetranychus urticae
individuals in the dune ecosystem of The Netherlands. The phylogenetic relation of 156
unique CO1 haplotypes observed among all spider mite individuals from the Dutch coastal
dunes collected over the 2015, 2016 and 2017 field seasons is shown. The tree is drawn to
scale, with branch lengths measured as the number of substitutions per site. Clades with
bootstrap values >60 were coloured and labelled as cytotypes 1 through 6. The most common
and prevalent cytotypes were C1, C2 and C3 (in red, blue, and yellow, respectively), while C4,
C5 and C6 (in green, turquoise, and grey, respectively) were rare and were not found every
year in the field.
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Figure S2. Occurrence of three common Tetranychus urticae cytotypes on two common
host species in the dune ecosystem of The Netherlands. The proportion of individuals (yaxis) belonging to each of three cytotypes, C1, C2 or C3, found on wild honeysuckle and
spindle tree plants (legend, right) in the dune ecosystem of The Netherlands as summed over
three consecutive field seasons (2015-17). The number of locations at which a cytotype
occurred is shown underneath each cytotype (n).
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Figure S3. Congruence between phylogenetic analyses based on CO1 and full mitochondrial
sequences of the field-derived Tetranychus urticae lines. Maximum likelihood analyses
based on the CO1 sequences (left) and on the optimal partitioning scheme of the 13
mitochondrial genes (right). The two scale bars represent the number of nucleotide
substitutions per site. The lines linking the names of the T. urticae lines between the two
phylogenies are coloured based on their cytotype (C1: red, C2: blue, C3: yellow). Only
bootstraps ≥ 65 are shown.
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Figure S4. PCA plots of the field-derived Tetranychus urticae lines. Principal component
analyses for 26 field-derived lines based on nuclear and mitochondrial variation (left versus
right) demarcated by cytotype, host plant species, and sampling location as indicated (A&B,
C&D, and E&F, respectively). For panel A, each cyto-nuclear hybrid line is labelled individually
in black.
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Figure S5. Heterozygosity along the genome of field-derived Tetranychus urticae lines. The
fraction of heterozygous (segregating) SNPs (y-axis) was plotted in 100kb sliding windows
along the genome (cumulative genomic position on x-axis) for all lines and presented in a
separate panel for each nucleotype: (A) N1, (B) N2, and (C) N3. The T. urticae lines were
coloured based on their cytotype: C1 in red, C2 in blue, and C3 in orange.
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Figure S6. Percentage of genome-wide SNP similarity between field-derived Tetranychus
urticae lines. The lines are grouped by their nucleotype (N1, N2, or N3), from left to right
and from top to bottom.
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Figure S7. Proportions of bacterial families associated with field-derived Tetranychus
urticae lines. The proportion of 16S bacterial sequences (y-axis), identified to the family level,
associated with the 26 field-derived lines of this study, and three laboratory lines (Controls
E28, E29, E30) known to harbour common mite endosymbionts as positive controls (x-axis).
In the legend, the families of Wolbachia and Cardinium, two known reproductive
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manipulating bacteria associated to arthropods, are highlighted in blue and red, respectively.
These taxa were not present in the field-derived lines.
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Figure S8. Analyses of reproductive compatibility between selected field-derived
Tetranychus urticae lines. Reciprocal crosses between lines hypothesised to be either
compatible (same nucleotype) or incompatible (different nucleotypes) (♀X♂ in the x-axes
of all panels). Fitness traits measured in individuals across two filial generations are presented
on the y-axes of each row. F1 female sterility, and F2 egg hatchability are presented as
percentages ± SEM; F1 clutch size per day is presented as average number of eggs per day ±
SEM. A linear mixed-effect model was fit to compare the mean of a crossing treatment (black
bars) to their respective controls within each panel (α ≤ 0.05; light grey bars); letters above
bars represent significant differences within each panel (Tukey post-hoc test).
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Figure S9. Reproductive performance of three Tetranychus urticae cytotypes on multiple
host species. The average number of eggs per female per day ± SEM (y-axes), over a
maximum of five consecutive days. Young mated females from 4 to 5 field-derived lines
belonging to each cytotype were allowed to oviposit on leaf discs of either honeysuckle
(Lonicera peryclimenum), spindle tree (Eounymus europaeus), stinging nettle (Urtica sp.),
night-shade (Solanum nigrum) or common bean (Phaseolus vulgaris cv. Speedy). Significant
differences, analysed with a linear mixed-effect model fitted to each host (α≤ 0.05), are
represented by different letters above bars according to a Tukey post-hoc test.
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Table S1. Cytotype, nucleotype, native host, sampling site, field coordinates, SNP
characteristics and heterozygosity of each field-derived Tetranychus urticae line
Cytotype Nucleotype
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
3
2
2
3
3
3
3

1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
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Line

Host plant

Site

Coordinates

C1N1a
C1N1b
C1N1c
C1N1d
C1N1e
C1N1f
C1N1g
C2N1f
C2N2b
C2N2c
C2N2d
C2N2e
C2N2h
C2N2i
C2N2j
C2N2k
C2N2l
C2N2m
C2N2n
C3N2e
C2N3a
C2N3g
C3N3a
C3N3b
C3N3c
C3N3d

Honeysuckle
Honeysuckle
Honeysuckle
Honeysuckle
Honeysuckle
Honeysuckle
Honeysuckle
Honeysuckle
Spindle tree
Spindle tree
Honeysuckle
Honeysuckle
Spindle tree
Honeysuckle
Spindle tree
Honeysuckle
Spindle tree
Spindle tree
Spindle tree
Honeysuckle
Honeysuckle
Spindle tree
Honeysuckle
Honeysuckle
Spindle tree
Spindle tree

Meyendel
Castricum
Meyendel
Castricum
Castricum
Castricum
Castricum
Castricum
Castricum
Meyendel
Meyendel
Meyendel
Castricum
Meyendel
Castricum
Meyendel
Meyendel
Castricum
Castricum
Meyendel
Meyendel
Meyendel
Meyendel
Meyendel
Meyendel
Meyendel

N52° 07.900' E4° 21.262'
N52° 32.433' E4° 38.531'
N52° 07.815' E4° 19.860'
N52° 32.617' E4° 37.612'
N52° 32.867' E4° 38.288'
N52° 32.984' E4° 38.524'
N52° 32.542' E4° 38.623'
N52° 32.365' E4° 38.472'
N52° 32.590' E4° 38.356'
N52° 09.616' E4° 21.642'
N52° 07.871' E4° 20.385'
N52° 07.871' E4° 20.451'
N52° 33.049' E4° 38.705'
N52° 07.871' E4° 20.451'
N52° 32.643' E4° 37.787'
N52° 07.871' E4° 20.385'
N52° 07.815' E4° 19.768'
N52° 32.587' E4° 37.806'
N52° 32.593' E4° 38.759'
N52° 07.905' E4° 21.384'
N52° 09.468' E4° 21.691'
N52° 09.536' E4° 22.571'
N52° 09.546' E4° 21.655'
N52° 09.428' E4° 21.628'
N52° 09.625' E4° 22.207'
N52° 09.536' E4° 22.571'

Mean SNP
%
No. SNPs
coverage depth heterozygosity
79.99
0.95%
561576
82.38
0.90%
562328
71.2
0.91%
562297
78.86
1.01%
562901
77.78
2.10%
565881
75.06
1.25%
563273
107.61
0.87%
561564
78.09
0.96%
563242
86.32
47.45%
740588
78.05
53.18%
767328
84.32
47.47%
727628
82.09
51.21%
753045
89.32
46.62%
729987
94.66
54.16%
773754
80.53
51.72%
756568
77.25
55.00%
771338
70.31
55.35%
771722
94.94
32.94%
668879
79.44
30.33%
662172
76.31
63.53%
816463
80.78
53.08%
780419
82.77
54.83%
807683
73.5
33.78%
688540
81.04
45.91%
737728
66.33
59.61%
828189
79.29
58.79%
831822
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2x3

N2

N3

3x1

1x3

N1

N2

2x1

1x2

N1

N3

N2

N1

Cross

53

32

42

29

53

54

51

43

29

34

38

43

53

29

43

N

3.77 ± 2.58

0.00 ± 0.55

0.00 ± 0.37

0.00 ± 0.64

3.77 ± 2.58

5.56 ± 3.04

12.00 ± 4.32

9.30 ± 4.23

0.00 ± 0.64

0.00 ± 0.50

0.00 ± 0.43

9.30 ± 4.23

3.77 ± 2.58

0.00 ± 0.64

9.30 ± 4.23

P0 Female
sterility2

4.47 ± 0.12 a

4.31 ± 0.19 a

3.93 ± 0.19 ab

3.28 ± 0.28 b

4.47 ± 0.12 a

4.26 ± 0.15 a

2.96 ± 0.18 b

2.98 ± 0.18 b

3.28 ± 0.22

3.62 ± 0.22

3.45 ± 0.18

2.98 ± 0.18

4.47 ± 0.12 a

3.28 ± 0.28 b

2.98 ± 0.18 b

P0 females
Days alive3

51

32

42

29

51

51

44

39

29

34

38

39

51

29

39

N

6.82 ± 0.41 ab

7.99 ± 0.38 a

5.30 ± 0.45 b

5.25 ± 0.61 b

6.82 ± 0.41 a

6.97 ± 0.41 a

2.89 ± 0.29 b

2.13 ± 0.23 b

5.25 ± 0.61 a

5.49 ± 0.58 a

2.58 ± 0.30 b

2.13 ± 0.23 b

6.82 ± 0.41 a

5.25 ± 0.61 a

2.13 ± 0.22 b

Clutch size
(per day)3

92.42 ± 1.88

97.13 ± 1.19

94.40 ± 1.14

97.03 ± 0.97

92.42 ± 1.88 a

91.46 ± 1.84 a

81.86 ± 4.47 b

94.17 ± 1.68 a

97.03 ± 0.97

93.13 ± 3.23

93.43 ± 2.80

94.17 ± 1.68

92.42 ± 1.88

97.03 ± 0.97

94.17 ± 1.68

F1 Egg
viability2

51

32

42

29

51

51

42

39

29

33

37

39

51

29

39

N

80.08 ± 2.51

87.27 ± 1.88

88.21 ± 1.71

83.46 ± 3.66

80. 08 ± 2.51

78.04 ± 2.50

77.36 ± 3.94

84.81 ± 3.06

83.46 ± 3.66

83.73 ± 2.64

84.78 ± 3.28

84.81 ± 3.06

80. 08 ± 2.51

83.46 ± 3.66

84.81 ± 3.06

F1 Juvenile
survival2

1.56 ± 0.16 b

3.26 ± 0.33 a

1.06 ± 0.09 b

1.09 ± 0.17 b

1.56 ± 0.16 b

3.33 ± 0.25 a

0.59 ± 0.07 c

0.53 ± 0.06 c

1.09 ± 0.17 ab

1.78 ± 0.27 a

0.51 ± 0.06 b

0.53 ± 0.06 b

1.56 ± 0.16 a

1.08 ± 0.17 a

0.53 ± 0.06 b

Sons (per
day) 3

3.96 ± 0.35

3.82 ± 0.35

3.64 ± 0.37

3.49 ± 0.46

3.96 ± 0.35 a

2.26 ± 0.20 b

1.73 ± 0.25 c

1.23 ± 0.16 c

3.49 ± 0.46 a

2.90 ± 0.29 a

1.79 ± 0.24 b

1.23 ± 0.16 b

3.96 ± 0.35 a

3.49 ± 0.46 a

1.23 ± 0.16 b

Daughters
(per day) 3

51

32

42

29

51

51

41

39

29

33

36

39

51

29

39

N

68.31 ± 3.02 a

54.42 ± 4.10 b

72.19 ± 3.39 a

71.40 ± 4.67 a

68.31 ± 3.02 a

37.42 ± 2.60 b

57.73 ± 5.70 ab

60.52 ± 5.01 a

71.40 ± 4.67

66.41 ± 2.82

71.04 ± 3.48

60.52 ± 5.01

68.31 ± 3.02

71.40 ± 4.67

60.52 ± 5.01

F1 sex
ratio2,*

51

32

42

29

51

51

44

39

29

34

38

39

51

29

39

N

80.08 ± 2.51

87.27 ± 1.88

88.21 ± 1.71

83.46 ± 3.66

80.08 ± 2.51

78.69 ± 2.53

73.84 ± 4.49

84.81 ± 3.06

83.46 ± 3.66

81.26 ± 3.55

82.54 ± 3.90

84.81 ± 3.06

80.08 ± 2.51

83.46 ± 3.66

84.81 ± 3.06

F1 adults per
clutch2

Table S2. Fitness traits of parents (P0) and resulting hybrid F1 offspring between lines of three sympatric nucleotype of Tetranychus
urticae (N1, N2, N3)1

N3

3x2

1: Variables that differed significantly (p ≤ 0.05) from their respective intra-line controls in the linear-mixed models fitted are marked with different appended letters within
each panel (column by rows between thin black lines), according to a Tukey post-hoc test (see Methods). 2: Average percentage ± SEM. 3: Average mean ± SEM. *: tertiary
sex ratio = females/adult offspring. N columns: sample size for columns on their right-side.

63

2

64

15.38 ± 4.61

19.61 ± 4.99 ab

15.38 ± 4.61 b

2.63 ± 2.60

51

38

52

51

41

35

38

51

48

57

52

38

36

36

52

N1

N2

N3

N1

1x2

2x1

N2

N1

1x3

3x1

N3

N2

2x3

3x2

N3
4.35 ± 0.18

4.41 ± 0.23

4.63 ± 0.21

3.90 ± 0.24

4.35 ± 0.18 a

4.38 ± 0.16 a

4.84 ± 0.12 a

3.60 ± 0.22 b

3.90 ± 0.24 bc

4.43 ± 0.21 ab

4.61 ± 0.11 a

3.60 ± 0.22 c

4.35 ± 0.18

3.90 ± 0.24

3.60 ± 0.22

F1 females
Days alive3

44

31

34

37

44

35

29

41

37

31

30

41

44

37

41

N

4.96 ± 0.39

6.95 ± 0.48

6.41 ± 0.50

5.03 ± 0.36

4.96 ± 0.39 a

1.96 ± 0.26 c

2.34 ± 0.30 bc

3.42 ± 0.27 ab

5.03 ± 0.36 a

3.27 ± 0.40 b

2.46 ± 0.31 b

3.42 ± 0.27 b

4.96 ± 0.39 a

5.03 ± 0.36 ab

3.42 ± 0.27 b

Clutch size
(per day) 3

87.04 ± 2.49 a

23.10 ± 4.80 c

49.04 ± 4.03 b

88.34 ± 3.20 a

87.04 ± 2.49 a

1.10 ± 0.67 b

2.85 ± 1.30 b

96.93 ± 1.18 a

88.34 ± 3.20 a

8.19 ± 2.14 b

2.63 ± 1.15 c

96.93 ± 1.18 a

87.04 ± 2.49

88.34 ± 3.20

96.93 ± 1.18

F2 egg
viability 3

44

26

33

37

44

3

5

41

37

15

7

41

44

37

41

N

89.59 ± 1.90 ab

91.43 ± 2.26 ab

85.72 ± 3.09 b

95.01 ± 1.38 a

89.59 ± 1.91 a

66.67 ± 33.33 b

70.00 ± 20.00 b

96.41 ± 1.34 a

95.01 ± 1.38 a

74.44 ± 8.47 b

78.57 ± 14.87 ab

96.41 ± 1.34 a

89.59 ± 1.91

95.01 ± 1.38

96.41 ± 1.34

F2 juvenile
survival 3

4.05 ± 0.39 a

2.05 ± 0.46 b

2.95 ± 0.38 ab

4.25 ± 0.36 a

4.05 ± 0.39 a

0.18 ± 0.10 b

0.44 ± 0.17 b

3.21 ± 0.26 a

4.25 ± 0.36 a

0.42 ± 0.11 b

0.27 ± 0.06 b

3.21 ± 0.26 a

4.05 ± 0.39

4.25 ± 0.36

3.21 ± 0.26

Sons (per
day) 2

44

31

34

37

44

35

29

41

37

31

30

41

44

37

41

N

78.67 ± 3.08 a

20.67 ± 4.38 c

42.78 ± 3.88 b

84.12 ± 3.31 a

78.67 ± 3.08 b

0.86 ± 0.63 c

2.32 ± 1.16 c

93.38 ± 1.67 a

84.12 ± 3.31 a

5.29 ± 3.31 b

1.96 ± 0.83 b

93.38 ± 1.67 a

78.67 ± 3.08

84.12 ± 3.31

93.38 ± 1.67

F2 adults
per clutch 3

1: Variables that differed significantly (p ≤ 0.05) from their respective intra-line controls in the linear-mixed models fitted are marked with different appended letters within
each panel (columns by rows between thin black lines), according to a Tukey post-hoc test (see Methods). 2: Average percentage ± SEM. 3: Average mean ± SEM. N columns:
sample size for columns on their right-side.

15.38 ± 4.61

13.89 ± 5.37

5.56 ± 3.74

38.60 ± 5.06 a

39.58 ± 5.49 a

19.61 ± 4.99 ab

2.63 ± 2.60 b

11.43 ± 5.08 ab

26.83 ± 5.93 a

2.63 ± 2.60

19.61 ± 4.99

N

Cross

F1 Female
sterility2

Table S3. Fitness traits of the F1 virgin females resulting from parental crosses between three sympatric nucleotypes of Tetranychus urticae
(N1, N2, N3), and their F2 male offspring1
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Appendix

A p p e n d ix
A1: Individual DNA extraction and CO1 amplification
Individual Tetranychus urticae mites were placed in PCR strip tubes and crushed
directly with a pipette tip in 20µl of TE buffer (10mM Trish-HCL, 100mM NaCl, 1mM
EDTA [ph8]) and 1µl of Proteinase K (20mg/µl); samples were incubated for 30mins
at 37°C, followed by inactivation of Proteinase K for 7mins at 95°C; DNA was then
stored at -20°C until downstream analyses. Each sample was genotyped by
analysing single nucleotide polymorphisms (SNPs) within the Folmer fragment
(Folmer et al. 1994), which is a ~700 base pair (bp) stretch within the
mitochondrially encoded gene cytochrome oxidase subunit 1 (CO1). The forward
primer (LCO1490) was 5’-GGTCAACAAATCATAAAGATATTGG-3’; the reverse primer
(HCO2198) was 5’-TAAACTTCAGGGTGACCAAAAAATCA-3’. The PCR reaction was
performed using two different protocols. In 2015 and 2016, 1µl of DNA extract was
added to a 19µl mix comprised of 9.4µl purified water, 4.0 µl of 5X Hot start
polymerase buffer, 4.0 µl of 1mM dNTPs, 0.6 µl of each primer [10 µM] and 0.4 µl
of Hot start polymerase. For this mix, PCR conditions were: 30secs at 98°C, and 34
cycles of 10secs at 98°C, 10secs at 48°C, 15secs at 72°C and a final step at 72°C for
60secs. In 2017, the PCR reaction instead contained 3µl mite DNA in a 25µl mix of
11.0µl water, 3.75 µl of 10x Taq buffer, 5.0 µl of 1mM dNTP’s, 1.25 of bovine serum
albumin 10mM 0.4µl of each primer [10µM] and 0.2µl Taq polymerase 5U. Four µl
of each PCR product was checked in a 1% agarose gel stained with Midori green.
A2: Pooled DNA extraction
Between 400 and 800 adult females from the first laboratory generation of each isofemale line (26 in total) were aspirated from bean leaves using a vacuum and were
collected in a single Eppendorf tube. The tubes were flash frozen in liquid nitrogen
and stored at -80°C before DNA extraction. Purified DNA was obtained by
homogenising each sample in a mix of 100µL SDS buffer (200mM Tris-HCl, 400mM
NaCl, 10mM EDTA, 2% SDS at pH 8.2), 15µl Proteinase K and 3µl of RNase A. After
incubation at 60°C for 2 hours in a water bath, 3µl RNase A were added to each
sample, and incubated at 37°C for 1h45mins in a Thermomixer at 300rpm. The
homogenate was moved to a new 2ml tube and an equal volume (~800µl) of a
Phenol: Chloroform: isoamyl alcohol solution (25:24:1) was added and shaken
manually for 1min. After centrifugation for 5m at ~14 000rpm, the aqueous layer
containing the DNA was transferred to a new safe-lock Eppendorf 1.5ml tube, at
which point ~450µl of ice-cold isopropanol was added, and the resulting solution
was mixed by slowly inverting the tube. After incubation for 15mins at room
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temperature, the tubes were centrifuged at maximum speed for 45mins at 4°C. The
supernatant was removed with a pipette and the resulting pellet was washed two
consecutive times with 500µl of ice-cold ethanol (70%). After washing, the ethanol
was further removed by centrifuging and collecting all droplets, and by allowing the
DNA pellet to dry for 3mins. The pellet was eluted in 32µl of standard elution buffer
and resolved overnight at 4°C. The quality, purity and amount of DNA per sample
were first assessed by Nanodrop measurements and by visual assessment in a 1%
agarose gel (ran for ~45mins at 50V). An aliquot of 3µl per sample was diluted 10
times in double-distilled water and used for downstream PCR analyses; the
undiluted DNA was used for whole-genome sequencing (WGS).

A3: Endosymbiont presence diagnosis
Aliquots of purified DNA (1:10; see above) were used to diagnose the presence of
three common endosymbionts in each of the 26 iso-female lines created from field
samples within one generation after being established in the laboratory. The
presence of a bacterial symbiont was assessed in two ways. First, we amplified
marker genes previously reported for known arthropod endosymbionts: (1) the
Wolbachia wsp gene using primers 81F and 691R (Zhou 1998), (2) the Cardinium
CLO gene using primers F1 and R1 (Gotoh et al. 2007), (3) the Spiroplasma dnaA
gene using primers ApDNaAF1 and ApDNAaR1 (Fukatsu et al. 2001). For wsp and
dnaA amplification, we used a mix of 12.25µl of ddH20, 2.5µl of 10x buffer, 5µl of
1mM dNTPs, 1.25µl of BSA 10mM, 0.4µl of 10uM for each primer, 0.2µl of
DreamTaq polymerase (ThermoFisher) (5U) and 3µL of DNA template, for a total
volume of 25µl per sample. The protocol used for these two genes started with
2mins denaturation at 95°C, followed by 35 cycles of 30secs at 95°C, 30secs of
annealing at 51°C (52°C for dnaA), 60secs at 72°C, and a final step for 4mins at 72°C.
For CLO amplification, we used a mix of 13.5µl of ddH20, 2.5µl of 10x buffer, 5µl of
1mM dNTP’s, 0.4µl of 10µM for each primer, 0.2µl of DreamTaq polymerase
(ThermoFisher, 5U) and 3µl of DNA template, for a total volume of 25µl per sample.
The protocol for CLO amplification started with 2mins denaturation at 94°C,
followed by 35 cycles of 40secs at 94°C, 40secs of annealing at 57°C, 45secs at 72°C,
and a final step for 5mins at 72°C. Each PCR was performed with a negative control
of ddH20 and a positive control from a mite population in our laboratory that was
previously reported to be infected with an endosymbiont. For Wolbachia, DNA from
five adult female Bryobia mites was extracted by crushing individuals in 100µl of a
5% Chelex solution with 10µl of 20mg/ml proteinase K; samples were placed in a
thermocycler at 37°C for 30mins followed by 7mins at 95°C. For Cardinium and
Spiroplasma, the DNA of four adult Brevipalpus mites and of four adult T. urticae
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females, respectively, was extracted using the same Chelex-based protocol.
Amplicons were run on 1% agarose gels for ~45mins at 120V.
Second, we sequenced the bacterial 16S rDNA subunit from a 1:10 DNA aliquot from
each of our 26 iso-female lines, plus three control populations. We used the same
phenol-based extraction protocol as described above to obtain purified DNA from
three other T. urticae laboratory populations previously determined to be infected
by Wolbachia, Spiroplasma and Cardinium, as positive controls. 16S rDNA was
amplified and sequenced by LGC Genomics, (Germany), using an Illumina MiSeq
platform. Briefly, DNA samples were checked for quality, and PCR was targeted for
the V3-V4 region of the 16s subunit, according to the MiSeq Illumina guidelines. PCR
products were cleaned of remaining primers and primer dimers, after which
Nextera adapter sequences were attached to the amplicons of each sample. A
second round of PCR clean-up was used to produce the normalised libraries used
for sequencing. Around 5 million read pairs were generated (~100 000 reads per
sample, 2X300bp), which were then processed according to the Qiime2 pipeline
(Bolyen et al. 2019) using custom Python scripts (miniconda3 environment). Raw
fastaq files were demultiplexed by barcode identity. The quality of the sequence
data was further controlled using the dada2 pipeline for Illumina reads. The
taxonomic analysis was performed using a Naïve Bayes classifier based on the
Greengenes 13_8 99% OTUs from 515F/806R region of sequences. Bar graphs
representing the relative bacterial taxa frequencies per sample were obtained with
the ‘Qiime2 view’ interface.

A4: Mapping and variant calling
Illumina genomic library construction and DNA sequencing were performed at the
High-throughput Genomics Core at the Huntsman Cancer Institute of the University
of Utah (Salt Lake City, USA) to produce paired-end reads of 125 bp as previously
described (Wybouw et al. 2019a). The resulting reads were aligned to the T. urticae
reference genome (Grbic et al. 2011) using the default settings of BWA 0.7.15-r1140
(Li 2013) and sorted by coordinate using SAMtools 1.3.1 (Li et al. 2009). In line with
the recommendations described in the GATK Best Practices workflow (Van der
Auwera et al. 2013) duplicate reads were marked with Picard tools 2.6.0-SNAPSHOT
[https://broadinstitute.github.io/picard] prior to indel realignment with GATK 3.60-g89b7209 (DePristo et al. 2011). SNPs were then called jointly across these and
select other T. urticae strains for which Illumina sequences were previously
deposited in public databases [see BioProject PRJNA530192, and Bryon et al. (2017),
Snoeck et al. (2019), and Wybouw et al. (2019a; 2019b); collectively, strains Albino67
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JP, Brazil, Catnip6, FG, GH, Heber, Hib, Foothills, KH, Kigen, Lemon5, London Inbred,
MAR-AB, MR-VL, MR-VP, NightS, PA2, ParkCity, Parrott, PyrR, RB, RS, ShCo, Spain,
SR-VP, TuSB9, UK, Wasatch, WG-Del, WG-S] using GATK UnifiedGenotyper (DePristo
et al. 2011). Samples released in PRJNA530192 but that potentially do not belong to
T. urticae were only included as well in the joint variant call if we were able to
identify them to species using ITS2 sequences, please see “Species identification
based on ITS sequences” below, as assessed with the output of the GATK
UnifiedGenotyper tool.

A5: Species identification based on ITS2 sequences
Some descriptions for Tetranychus strains submitted as part of BioProject
PRJNA530192 noted a high level of divergence from T. urticae, and the strains were
flagged as potential cryptic species or sister species. To assign species identifications
to these strains where possible, we examined their ITS2 sequences in the Illumina
read alignments to the T. urticae genome (see section “mapping and variant
calling”). To determine the location of the ITS2 repeats in the T. urticae assembly,
we aligned the Tetranychus ITS2 primers used for phylogenetic analysis in Ben-David
et al. (2007) to the T. urticae 640-scaffold assembly using ORCAE (Sterck et al. 2012),
which placed the repeats in several locations along scaffold 42. We then used the
Integrative Genomics Viewer (IGV) v. 2.3 (Robinson et al. 2011) to determine the
location of variants in the repeats. As reads did not align uniquely in the repeats,
and read coverage was variable, we focused on the sequence between positions
100,363 and 100,883 on scaffold 42 where the read coverage was relatively even.
Using this method, we were able to identify strains GD, Jriv, Mt0 and Sh, as
belonging to T. turkestani, as they matched the consensus T. turkestani ITS2
sequence based on previously reported sequences of ITS2 fragments (Navajas &
Boursot 2003). Strains that did not match any of the previously described ITS2
patterns were not included in the joint variant call described in the previous section.
A6: Quality control on predicted variants
Variants predicted by GATK were subjected to quality control (QC), and those that
passed were considered for further analyses; the QC metrics we used on the output
variant call format (VCF; v. 4.2) were adapted from recommendations in GATK’s post
#2806 (https://gatkforums.broadinstitute.org/gatk/discussion/2806/howto-applyhard-filters-to-a-call-set, accessed 9 July 2018) and required that each SNP had (1)
a quality score normalized by allele depth (QD field in the VCF file) of at least 2, (2)
mean root square mapping quality (MQ) of at least 50, (3) strand odds ratio (SOR)
below 3, (4) mapping quality rank sum (MQRankSum) higher than or equal to -8, (5)
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rank sum for relative positioning of reference versus alternative alleles in reads
(ReadPosRankSumTest) of at least -8, and also (6) fall within 25% and 150% of the
sample’s genome-wide mean SNP read coverage (AD). These QC metrics were used
for all analyses unless specified otherwise.

A7: Levels of heterozygosity
To avoid counting SNPs in copy-variable regions as heterozygotes, QC settings were
adjusted from those outlined in Quality control on predicted variants. Specifically,
only SNPs with coverage depth falling within 0.75x and 1.25x of the genome-wide
mean were considered, and mapping quality rank sum score (MQRankSum), as well
as rank sum for relative positioning of reference versus alternative alleles in reads
(ReadPosRankSumTest) had to be within -8 and 8. Percentage of heterozygous SNPs
across the genome were determined in 100kb sliding windows with a 10kb offset.
Each window had to contain at least 20 SNPs to be included.
A8: Genome-wide analysis of SNP similarity between lines
SNPs that passed quality control (as per A6) were used to calculate genome-wide
percent SNP similarity between the lines. In the event that a SNP was heterozygous,
we chose the allele with the higher Illumina read support (using the AD field in the
VCF file). Percent similarity was then computed using custom Python scripts with
the help of the Python package pandas v. 1.0.3 (McKinney 2010).
A9: Crossing bioassays between host-associated populations – statistical
analysis
A mixed-effects linear model (package lme4 in R v. 3.6.1) was fitted to analyse the
effect of hybridisation on (1) P0 and F1 egg clutch size per female per day, (2) F1
and F2 female mortality, (3) F1 and F2 egg hatchability, (4) F1 and F2 juvenile
survival to adulthood, and (5) F1 sex ratio. ‘Crossing treatment’ was used as a fixed
effect; iso-female line, and experimental box within experiment were used as
random effects in each model. When a main significant effect of the crossing
treatment was found, significance of pairwise comparisons between crossing
scheme pairs were determined using linear hypotheses with a Tukey correction for
multiple testing. Basic model assumptions of residual normal distribution and
homoscedasticity were assessed for each fitted model and data were log+1
transformed when needed. To compare the frequency of sterile versus fertile
females between crosses, we performed a chi-square test of independence and a
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post-hoc test with multiple pairwise comparisons with a Bonferroni correction to
account for multiple comparisons.

A10: Reproductive performance on different hosts – statistical analysis
Differences in the average eggs/female/day between nucleotypes were assessed
using two mixed-linear models in R (package lme4 in R v. 3.6.1), in which the
response variable was the number of eggs/female/day log+1 transformed to meet
model assumptions. The average number of eggs/female/day in the first model was
compared within each host tested, with nucleotype as the fixed factor with three
levels (C1N1, C2N2 and C3N3) and iso-female line as the random factor. A second
model was applied to the general mean reproductive performance (i.e. average
eggs/female/day across all hosts together) with genotype as the fixed factor with
three levels (C1N1, C2N2 and C3N3), and iso-female line as a random factor.
Females that died before day 1 of the experiment were eliminated from the
analyses.
A11: Juvenile survival on detached honeysuckle twigs – statistical analysis
Differences in the mean proportion of surviving individuals per time point between
members of each pair were analysed using a mixed-linear effects model (package
lme4 in R v. 3.6.1). As a response variable, we included the average proportion of
individuals alive, square-root-transformed to meet model assumptions. The model
parameters, fixed and random, were defined by comparing a full model to reduced
versions of it and choosing the one with the lowest Akaike’s information criterion
(AIC) score. The full model was defined as: sqrt(alive.percentage) ~ genotype + (1|
leaf side) + (1|genotype:leaf side) + (1|population:replicate) + (1|
replicate:genotype). The best fitting model was a reduced model, defined as:
sqrt(alive.percentage) ~ genotype + (1|leaf side) + (1|replicate:genotype), where
mite iso-female line (genotype) was the fixed effect, and leaf side (leaf) and
(replicate:genotype) were set as random effects.
A12: Population growth on full honeysuckle plants- statistical analysis
We fitted a mixed linear model to test whether the initial conditions of the
experimental plants differed significantly between each other. A term representing
the interaction between the number of green leaves in each cage with the
percentage of mildew covering them (leaves*mildew) was used as the response
variable, line was a fixed factor, and block was used as a random factor. Another
mixed linear model was used to assess the differences in the number of adult
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females on the plants after ~40 days between lines. To meet model assumptions,
the log-transformed number of females was used as a response variable, the
interaction between the final number of green leaves found and their percentage
of mildew, line, and number of days since the beginning of the experiment were
fixed factors, and block was used as random factor.
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