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Abstract
English
As the effects of anthropogenic climate change become more pronounced, it is critical to understand
if and how species can persist in novel environments. Range-expanding species provide a natural
experiment to study this topic: by studying the factors contributing to successful colonization of new
habitats, we can gain insight into what influences organisms’ adaptive potential. The wasp spider,
Argiope bruennichi, has expanded its range from warm, oceanic and Mediterranean climate zones
(populations in this region are referred to as “ancestral” or “core”) into a new thermal niche, the
continental climate of the Baltic States and Scandinavia (referred to as “expanding” or “edge”) within
the last century. Past work demonstrated that the expanding populations are European in origin, but
are more diverse than the ancestral populations, due to genetic admixture. This discovery led to the
following questions, which are investigated in this dissertation: (i) Was the successful colonization of
colder, more continental northern climates due to phenotypic plasticity or genetic adaptation? (ii) If
A. bruennichi’s establishment of northern latitudes can be attributed to genetic adaptation, did
selection act on standing genetic variation, on genetic variation introduced via
admixture/introgression, on specific genomic regions, or on novel mutations? (iii) Is there a role of
the microbiome in the A. bruennichi range expansion?
In Chapter 1, we assembled a chromosome-level genome for the species: the first such high-quality
genome for a spider, which we made use of as a resource to provide the genomic context of single
nucleotide polymorphisms in our primary study on genetic adaptation and phenotypic plasticity
(Chapter 3). The genome assembly also opened the door to many new projects, such as the study
presented in Chapter 2. In Chapter 2, the chromosome-level resolution of our assembly allowed us to
identify the sex chromosomes in A. bruennichi. Due to the X1X20 sex chromosome system, where
males have one copy of two X chromosomes, and females have two copies, the X chromosomes have
a lower effective population size, and lower recombination rate, than autosomes. These
characteristics give rise to the theoretical prediction of increased evolutionary rates in sex
chromosomes. Knowing the identity of the sex chromosomes in our A. bruennichi genome assembly
will allow us to test if there is stronger differentiation between populations on the X chromosomes.
Chapter 3 represents the central study of this dissertation. We performed a reciprocal transplant
common garden experiment to assess plasticity and adaptation in cold tolerance traits, using
spiderlings from the core of the range in France, and the edge of the range in Estonia. We combined
this with data on clinal variation in adult phenotypes (body size, pigmentation, and fecundity) and
genotypes in a transect across the European range. This study revealed a strong signature of genetic
adaptation for increased cold tolerance in edge populations, and clear genetic differentiation of
ancestral and expanding populations over a very short geographic distance, despite gene flow. We
provide genome-wide evidence for adaptive introgression, and conclude that the A. bruennichi range
expansion was enabled by adaptive introgression, but has reached a poleward range limit.
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Interactions with microbes shape all aspects of eukaryotic life. Endosymbiotic bacteria have been
shown to alter the thermal tolerance of arthropod hosts, and influence dispersal behavior in spiders.
With this background, in Chapter 4, we asked whether the microbiome might play a role in the rapid
range expansion of A. bruennichi. We characterized the microbiome in various dissected tissues of
spiders from two populations. Although we found no obvious differences between populations or
tissues, this study yielded the discovery of a novel, dominant, vertically transmitted symbiont with
astoundingly low similarity to all other sequenced bacteria. Since that discovery, we have found
evidence of the unknown symbiont in A. bruennichi populations across the Palearctic (unpublished
data), making it relatively unlikely to play a role in the range expansion.
By studying the establishment and subsequent differentiation of core versus edge populations of A.
bruennichi following range expansion, we were able to gain insight into the evolutionary and
ecological processes that allowed this species to successfully cope with novel environments. The
rapidity with which local adaptation arose in A. bruennichi suggests that evolutionary adaptation to
novel environments is possible over short time periods. However, this may only be possible in species
with sufficient standing genetic variation, or with genetic variation introduced via admixture, as in A.
bruennichi, which has important implications for our understanding of species responses in the face
of ongoing global climate change.

Deutsch
Da die Auswirkungen des anthropogenen Klimawandels immer deutlicher werden, ist es von
entscheidender Bedeutung zu verstehen, ob und wie Arten in neuen Umgebungen überleben können.
Arten, deren Verbreitungsgebiet sich ausdehnt, bieten ein natürliches Experiment zur Untersuchung
dieses Themas: Durch die Untersuchung der Faktoren, die zur erfolgreichen Besiedlung neuer
Lebensräume beitragen, können wir Einblicke in die Faktoren gewinnen, die das Anpassungspotenzial
von Organismen beeinflussen. Die Wespenspinne Argiope bruennichi hat ihr Verbreitungsgebiet
innerhalb des letzten Jahrhunderts von warmen, ozeanischen und mediterranen Klimazonen
(Populationen in dieser Region werden als "angestammte" oder "Kern"-Populationen bezeichnet) in
das kontinentale Klima der baltischen Staaten und Skandinaviens (als "expandierend" oder "Rand"
bezeichnet), erweitert. Frühere Arbeiten haben gezeigt, dass die expandierenden Populationen
europäischen Ursprungs sind, aber aufgrund genetischer Vermischung vielfältiger sind als die KernPopulationen. Diese Entdeckung führte zu den folgenden Fragen, die in dieser Dissertation untersucht
werden: (i) Ist die erfolgreiche Besiedlung der kälteren, kontinentalen nördlichen Klimazonen auf
phänotypische Plastizität oder genetische Anpassung zurückzuführen? (ii) Wenn die Etablierung im
Norden auf genetische Anpassung zurückzuführen ist, wirkte die Selektion auf bestehende genetische
Variation, auf genetische Variation, die durch Vermischung/Introgression eingeführt wurden, auf
spezifische genomische Regionen oder auf neue Mutationen? (iii) Spielt das Mikrobiom eine Rolle bei
der Arealerweiterung von A. bruennichi?
In Kapitel 1 haben wir ein Genom auf Chromosomenebene für die Art zusammengestellt - das erste
qualitativ hochwertige Genom für eine Spinne. Dieses Genom lieferte den genomischen Kontext der
„single nucleotide polymorphisms“ in unserer Hauptstudie über genetische Anpassung und
phänotypische Plastizität (Kapitel 3). Die Genomassemblierung öffnete auch die Tür für viele neue
2

Projekte, wie die in Kapitel 2 vorgestellte Studie: die Auflösung des Genoms auf Chromosomenebene
ermöglichte die Identifizierung der Geschlechtschromosomen von A. bruennichi. Aufgrund des X1X20Geschlechtschromosomensystems, bei dem die Männchen eine Kopie von zwei X-Chromosomen und
die Weibchen zwei Kopien besitzen, haben die X-Chromosomen eine geringere effektive
Populationsgröße und eine niedrigere Rekombinationsrate als Autosomen. Diese Merkmale führen zu
der theoretischen Vorhersage einer höheren Evolutionsrate bei Geschlechtschromosomen. Diese
Vorhersage kann zukünftig getestet werden, d. h. wir können feststellen, ob sich die Populationen auf
den X-Chromosomen stärker unterscheiden.
Kapitel 3 ist die zentrale Studie dieser Dissertation. Wir führten ein „Reciprocal Transplant Common
Garden Experiment“ durch, um Plastizität und lokale Anpassung bei Kältetoleranzmerkmalen zu
bewerten, wobei wir Jungspinnen aus dem Kern des Verbreitungsgebiets in Frankreich und dem Rand
des Verbreitungsgebiets in Estland verwendeten. Wir kombinierten dies mit Daten über die klinale
Variation der Phänotypen erwachsener Tiere (Körpergröße, Pigmentierung und Fruchtbarkeit) und
deren Genotypen in einem Transekt durch das europäische Verbreitungsgebiet. Diese Studie ergab
eine deutliche genetische Anpassung mit erhöhter Kältetoleranz in Randpopulationen und eine klare
genetische Differenzierung zwischen angestammten und sich ausbreitenden Populationen über eine
sehr kurze geografische Distanz, obwohl Genfluss vorkommt. Wir liefern genomweite Belege für
adaptive Introgression und schlussfolgern, dass die Ausdehnung des Verbreitungsgebiets von A.
bruennichi durch adaptive Introgression ermöglicht wurde. Die Art hat wahrscheinlich die nördliche
Verbreitungsgrenze erreicht.
Interaktionen mit Mikroben prägen alle Aspekte des eukaryontischen Lebens. Endosymbiotische
Bakterien können die Wärmetoleranz von Arthropodenwirten verändern und das
Ausbreitungsverhalten von Spinnen beeinflussen. Vor diesem Hintergrund gingen wir in Kapitel 4 der
Frage nach, ob das Mikrobiom eine Rolle bei der raschen Ausbreitung von A. bruennichi spielen
könnte. Wir charakterisierten das Mikrobiom in verschiedenen Geweben der Spinnen und verglichen
zwei Populationen. Obwohl wir keine offensichtlichen Unterschiede zwischen den Populationen oder
Geweben feststellen konnten, führte diese Studie zur Entdeckung eines neuen, dominanten, vertikal
übertragenen Symbionten mit erstaunlich geringer Ähnlichkeit zu allen anderen sequenzierten
Bakterien. Seit dieser Entdeckung haben wir Nachweise des unbekannten Symbionten in A.
bruennichi-Populationen in der gesamten Paläarktis gefunden (unveröffentlichte Daten), so dass es
relativ unwahrscheinlich ist, dass dieses endosymbiontische Bakterium eine Rolle bei der
Arealerweiterung von A. bruennichi spielt.
Durch die vergleichende Untersuchung von A. bruennichi Populationen nach der Arealerweiterung,
konnten wir einen Einblick in die evolutionären und ökologischen Prozesse gewinnen, die es dieser
Art ermöglichten, sich erfolgreich in neuen Umgebungen zu etablieren. Die Schnelligkeit, mit der die
lokale Anpassung bei A. bruennichi erfolgte, deutet darauf hin, dass eine evolutionäre Anpassung an
neue Umgebungen innerhalb kurzer Zeiträume möglich ist. Eine schnelle Anpassung ist jedoch sehr
wahrscheinlich nur bei Arten der Fall, die über ausreichende genetische Variation verfügen oder bei
denen Introgression die genetische Variation erhöhte - wie dies bei A. bruennichi der Fall ist. Diese
Erkenntnis ist für unser Verständnis darüber wichtig, welche Mechanismen Einfluss auf die
Anpassungsfähigkeit von Arten bei anhaltendem globalen Klimawandel haben können.
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1. Summary
1.1. Background
1.1.1. Organismal responses to novel environments
How can organisms persist in changing environments? This question has been central to decades of
scientific research (Parmesan, 2006). Earth’s environment has always been changing, and all
organisms have evolved under fluctuating conditions. For example, environmental changes from
season to season trigger massive physiological and behavioral changes across taxa, and an enormous
body of work focuses on how and which environmental cues matter for species phenology. But, what
happens when the predictability of seasonal cues changes, or average temperatures increase at an
unprecedented rate, as is currently being observed due to anthropogenic climate change (Parmesan
& Yohe, 2003)? In the face of novel and changing environments, organisms can disperse to track
suitable habitats, via range shifts or contractions, or they can respond in-situ: within a single
generation, via phenotypic plasticity, and/or, with successive generations, via genetic adaptation. If
these potential response mechanisms fail, population sizes dwindle and species extinctions occur
(Chevin, Lande & Mace, 2010).
Many organisms shift their ranges to track suitable habitat when their local environment changes.
This is perhaps the most well-documented climate change response; many animals and plants have
shifted their ranges toward higher latitudes and/or elevations since the onset of anthropogenic
climate change, starting around 1960 (Parmesan et al., 1999; Hickling et al., 2006; Parmesan, 2006;
Brönnimann, 2009; Chen et al., 2011; Schai-Braun et al., 2021). However, range shifts can often lead
to range contractions and local extinctions, if the populations reach range limits and have to persist
in marginal or fragmented habitat patches, or if the newly colonized habitats are appropriate in
temperature, but insufficient in some other abiotic or biotic respect.
Phenotypic plasticity, the capacity for a single genotype to produce different phenotypes in response
to environmental cues (Fordyce, 2006; Whitman & Agrawal, 2009) can operate through phenotypic
modulation, with responses that are continuous and often reversible, or through developmental
conversion, where thresholds in environmental variables trigger discrete switches in phenotypes.
Plasticity can be adaptive, when it produces a phenotype close to the optimum within a given
environment, and when it reduces the cost of directional selection that organisms face in novel
environments (Ghalambor et al., 2007). However, there may be costs to maintaining a high degree of
plasticity (DeWitt, Sih & Wilson, 1998; Auld, Agrawal & Relyea, 2010). Likewise, irreversible changes
through developmental conversion can be costly under highly variable environments (Hoffmann &
Bridle, 2021). According to theory, phenotypic plasticity may actually weaken species’ evolutionary
potential in the face of global change, by masking genotypes from the effects of selection (Ghalambor
et al., 2007). Of course, phenotypic plasticity and genetic adaptation are not, by any means, mutually
exclusive.
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Local adaptation occurs when genetic differences among populations, driven by natural selection,
result in higher fitness under an individual’s local environment of origin than under other
environments. The evolution of plasticity can itself be adaptive under variable and/or unpredictable
environments. Local adaptation is common in nature (i.e. Clausen, Keck & Hiesey, 1941; Leimu &
Fischer, 2008; Hereford, 2009; Fraser et al., 2011), and can arise quickly when gene flow between
populations is sufficiently low, and/or selection pressure is sufficiently high. However, evolutionary
adaptation is often considered to be too slow to function as a response to global climate change.
Indeed, for species with long generation times, low reproductive output, and/or low genetic diversity,
the process of adaptation via mutation and subsequent selection is unlikely to keep up with the pace
of climate change (Sinervo et al., 2010; de Meester, Stoks & Brans, 2017). However, in species with a
faster life history and high standing genetic diversity, evolutionary adaptation may be able to keep
pace with changing climates (Hoffmann & Sgrò, 2011), especially if selection acts on standing genetic
variation (Barrett & Schluter, 2008). Beyond novel mutations and standing genetic variation, another
route for adaptive variants to arise is through gene flow. Although gene flow has traditionally been
viewed as a homogenizing force, which impedes local adaptation, the sharing of beneficial alleles can
enable just the opposite (Rieseberg & Burke, 2001; Arnold, Sapir & Martin, 2008; De Carvalho et al.,
2010). Depending on the directionality of gene flow, the sharing of alleles between previously isolated
lineages can be termed admixture (bidirectional) or introgression (unidirectional). Admixture and/or
introgression can drive very rapid adaptation to changing environments, if alleles are introduced that
evolved under similar selection pressures as those present in the new environment. Adaptive
introgression and admixture have been demonstrated to play a role in the Heliconius mimicry complex
(Zhang et al., 2016; Moest et al., 2020), in timing of bud-set in Populus trees (De Carvalho et al., 2010),
in high altitude adaptation in Tibetan humans (Huerta-Sánchez et al., 2014; Racimo et al., 2015;
Shchur et al., 2020), and in pesticide resistance in mosquitoes (Norris et al., 2015). Adaptive
introgression of alleles found in wild maize populations into domesticated maize is thought to have
facilitated the expansion of domestic maize populations into highland regions of central Mexico.
These cases emphasize that admixture and introgression are important evolutionary forces, and may
play a role in adaptation to changing environments.
Case studies that have demonstrated adaptive responses to climate change, whether plastic or
genetic, have mostly investigated range shifts and changes in phenology (Bradshaw & Holzapfel,
2008), and evidence for in situ adaptation in physiological tolerances is relatively rare (but see the
meta-analysis by Franks, Weber & Aitken, 2014). Understanding the factors that facilitate or prevent
species persistence in the face of climate change can inform conservation efforts, and quantifying the
effects of even slightly changing temperatures on organismal biology helps to make the consequences
of climate change clearer and less theoretical.

1.1.2. Experimental approaches for detecting and understanding adaptation and plasticity
By quantifying the phenotypes and fitness of wild-caught organisms from different environments, one
can formulate hypotheses about the optimum phenotypes for a given environment. However,
differing phenotypes in different environments may arise from plasticity or local adaptation. There
are two commonly used experiments for disentangling the relative contributions of plasticity and local
adaptation: common garden and reciprocal transplant experiments (Merilä & Hendry, 2014) (Figure
1).
5

Figure 1. Experimental designs for disentangling plasticity and local adaptation. (A) In two environments, 1 and 2, “body
size” (schematically represented by the size of circles) differs, leading to the hypothesis that smaller body size in environment
1 is beneficial. In order to establish whether this phenotypic difference is due to phenotypic plasticity or local (genetic)
adaptation, scientists use common garden (B) or reciprocal transplant (C) experiments. (B) Individuals from environments 1
and 2 are placed into an intermediate, common environment (left). If, after time (i.e. in the next generation), body size from
both origins has changed to an intermediate value, the trait is plastic (top right). If the body size differences persist, the trait
is locally adapted (bottom right). (C) Individuals from environments 1 and 2 are reciprocally transplanted between the
environments. If differences are driven solely by the environment (“E”), this trait is fully plastic. If the differences do not
change in response to the environment, the trait is under total genetic (“G”) control. If the trait changes in individuals of one
origin, but not the other, there is a genotype by environment (G x E) interaction – in this example, one lineage is plastic for
body size while the other is not.
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In the former, individuals from different populations/environments are brought into a common, often
intermediate, environment, and reared for one or more successive generations. If the phenotypic trait
differences found in the native range persist even in the new, common environment, they can be
attributed to local adaptation. On the other hand, if the phenotypes change in response to the new
environment, the trait is plastic. Reciprocal transplant experiments are quite similar in principle, but,
as the name suggests, involve reciprocally transplanting individuals between two environments. If
individuals have highest fitness under their own native conditions, and maintain their native trait even
under the new conditions, this is evidence for local adaptation. Interpreting the results of these
experiments is quite straight forward, using a reaction norm approach, where one tests for an
influence of the genotype or the experimentally manipulated environment (Figure 2). In most
applications on non-model species, individuals from different populations are assumed to be
genetically differentiated, so without exact genotype information, different origins are taken as
different genotypes.

Figure 2. Example reaction norms based on a reciprocal transplant experiment, as set up in Figure 1. In the first scenario
(left), the investigated trait is fully plastic, and the trait varies depending on the environment (x-axis) and not on the
genotype/origin (colored points and lines). In another extreme case, of full genetic control (middle), there are fixed differences
in the trait between the two genotypes/origins, and the environment has no effect. There can also be traits which display a
genotype by environment interaction (right). In this example, the orange (solid line) genotype is plastic, while the blue (dashed
line) is not.

While common garden and reciprocal transplant experiments are elegant ways of disentangling these
two types of responses, they do not, on their own, provide any insight into the genomic substrate of
adaptation. To this end, there are many approaches for detecting adaptation and selection at the
genomic level, which require different types of data with different levels of effort and cost (reviewed
in Hoban et al., (2016), briefly summarized here). Among these, the most tractable for ecological
studies are genetic differentiation outlier tests, which require genome-wide data from multiple
populations, and genetic-environment association tests, which require genome-wide data from
populations across multiple environments, and environmental data (at appropriate spatial resolution)
for each population. More resource- and time-intensive approaches are quantitative trait locus
mapping in reciprocal transplant experiments (requires rearing of hybrids); genome-wide association
studies from common garden experiments (requires rearing hundreds of individuals); and tests for
population-specific selective sweeps (requires a recombination map). Here, I will focus on the first
7

two approaches. Genetic differentiation outlier approaches have the advantage of requiring relatively
little data, as only genetic information from multiple populations is needed. This approach relies on
the assumption that alleles which are adaptive in a given environment (i.e. increase fitness) will be at
very high frequencies in that environment. Thus, these loci will show higher-than-average
differentiation between populations. Genetic-environment association tests scan for alleles with
strong correlations with environmental variables, assuming that the frequency of alleles that are
favored under a given selective environment will vary systematically with that environment.

1.1.3. Range expanding species provide a natural experiment
While range shifts and contractions are a common climate change response, there are also many cases
of organisms undergoing range expansions within the last decades (Keller & Taylor, 2010; Colautti &
Barrett, 2013; Schrey et al., 2014; Lancaster et al., 2015). That is, they remain in their native range,
while expanding to colonize new areas beyond their historical limits. The newly colonized habitats
exhibit different selection pressures, both abiotic and biotic, to which the expanding populations must
adapt (Lancaster et al., 2015). For instance, in poleward range expansions, populations at high
latitudes may have suitably warm temperatures in the summer, but due to the different latitudinal
isoclines for summer and winter temperatures, may have to adapt to colder winters and greater
thermal variability (Addo-Bediako, Chown & Gaston, 2000; de Meester et al., 2017). Thus, range
expanding species represent a natural experiment: by studying the processes which enable their
successful establishment in novel environments, we can draw conclusions about which factors will
enable organisms to respond to and persist under ongoing global climate change.

1.1.4. Animal-microbe interactions in a changing world
Since its origin, multicellular life has depended on interactions with microbes, and all organisms
evolved in a microbial world (Gilbert, Sapp & Tauber, 2012). There is an ever-growing body of
literature that demonstrates the myriad effects microbial symbionts have on host biology, from the
reproductive effects of Wolbachia in arthropods (i.e. Bourtzis & O’Neill, 1998; Stouthamer, Breeuwer
& Hurst, 1999; Clark, 2007; Duron et al., 2008; Werren, Baldo & Clark, 2008; Miller, 2013), to the
nutritional symbionts found in ruminant animals (Hess et al., 2011; Mccann, Wickersham & Loor,
2014; Shabat et al., 2016) and insects (reviewed by Engel & Moran, 2013). Of particular interest in the
context of this thesis, there is evidence suggesting that symbiotic bacteria can alter hosts’ thermal
tolerances, and that symbionts are often locally adapted to environmental conditions, as in corals
(Montllor, Maxmen & Purcell, 2002; Berkelmans & Van Oppen, 2006; Howells et al., 2012; Corbin et
al., 2017). Especially remarkable is the finding that a single point mutation in the aphid symbiont
Buchnera alters hosts’ thermal tolerance by altering expression of a heat shock protein (Dunbar et al.,
2007). In 2009, Goodacre et al. demonstrated that the endosymbiotic bacterium Rickettsia can alter
spiders’ long-distance dispersal propensity. Thus, there may be a role of the microbiome or certain
symbionts in range expansions and adaptation to novel environments.
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1.2. Study system
Argiope bruennichi is an orb-weaving spider species that occurs across the Palearctic (Krehenwinkel
et al., 2016), in unmown meadows of mixed grasses and small bushes (i.e. Figure 3A). The spiders
build orb-shaped webs with stabilimenta in gaps in the grass (Figure 3B). The species undergoes one
generation per year (Figure 3C). The spiders mature in mid-summer (end of July in Germany, MM
Sheffer personal observation) and mate shortly thereafter. Females can mate with up to two males,
and most matings end with the male being cannibalized by the female (Fromhage, Uhl & Schneider,
2003; Welke & Schneider, 2010). Females deposit their eggs into a round flask-shaped cocoon,
composed of three layers: the eggs are wrapped in a thin, white silk layer, which is surrounded by
fluffy, wiry, dark silk (referred to as an insulation layer by some authors, i.e. Hieber, (1985)), encased
in a tough, thick outer layer of silk which is usually a light tan color. The egg sacs are usually built ~20
cm above the ground, often at the top of several blades of grass that are gathered around the egg sac
with silk threads (Figure 3D). After constructing the egg sac, the female remains close to/on the egg
sac for a short time, around 24 hours, before returning to her web (Figure 3D). Females can produce
several egg sacs over the course of weeks to months, starting in August. The eggs hatch into
unpigmented, relatively immobile “post-embryos” (also called “larvae”), which molt into mobile,
pigmented first instar “spiderlings” (also called “nymphs”) within two to four weeks (Leborgne &
Pasquet, 2005; Schneider, Fromhage & Uhl, 2005; Welke & Schneider, 2010). Females die with the
first frost, while the spiderlings remain within the egg sac for the entirety of winter. In the spring,
around May, the spiderlings emerge, disperse (via aerial ballooning) and mature over the course of a
few months (Guttmann, 1979; Becker, 1981; Wolz et al., 2020).
A. bruennichi has been studied intensively as to sexual selection, sensory equipment, and chemical
communication (Fromhage et al., 2003; Schneider et al., 2005; Schneider, Uhl & Herberstein, 2015;
Chinta et al., 2010; Welke & Schneider, 2010, 2012; Vöcking, Uhl & Michalik, 2013; Ganske & Uhl,
2018). The bright yellow, white and black opisthosoma pattern of adult females (Figure 3B-D) has
made them a prized species for collectors over the centuries, and makes them relatively easy to spot
in the field. Therefore, the range expansion of A. bruennichi was well documented when it began.
Based on museum records, before 1960, the species was common in the Mediterranean but rare in
Germany and Poland (Krehenwinkel & Tautz, 2013). In the 1960s there were more records in Germany
and Poland (Follner & Klarenberg, 1995), and by the 1990s the species was well established in those
countries (Wawer et al., 2017). In the late 1990s and early 2000s, they were reported to be expanding
northward in Sweden (Jonsson, 2004), and by 2006, wasp spiders were found for the first time in
Estonia (Algo, 2010). In this thesis, we refer to populations in the pre-1960 range as “ancestral,”
“native,” or “core,” while we refer to populations in northeastern Germany, Poland, the Baltic States,
and Scandinavia as “expanding,” or “invasive.” We refer to the northernmost populations in Estonia
as “edge” populations (Figure 3E). In 2013, Krehenwinkel & Tautz found that adaptive introgression
may have played a role in facilitating the range expansion, as evidenced by higher genetic diversity in
expanding populations, with a higher proportion of alleles from eastern Asia present in those
populations. Additionally, Krehenwinkel & Tautz found that spiderlings from the expanding
populations preferred colder temperatures, and climatic niche modeling suggested that the
expanding populations occupy a colder niche than the ancestral populations (Krehenwinkel, Rödder
& Tautz, 2015). Another highly relevant study was performed by Wolz et al. (2020), in which
spiderlings from core and edge populations were overwintered in a reciprocal transplant common
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garden experiment, and dispersal propensities were investigated. In that study, the authors found
that dispersal rates were affected by the overwintering conditions, with highest dispersal when
spiderlings experienced native winter conditions.

Figure 3. Argiope bruennichi species information. (A) A typical meadow in Germany where A. bruennichi are present at high
densities. Photo taken in Kemnitz, Germany, by M.M. Sheffer. (B) A female A. bruennichi individual in her web, with
stabilimentum (zig-zag/zipper-like structure in the web). Photo taken in Kemnitz, Germany, by M.M. Sheffer. (C) A. bruennichi
life cycle. Spring/Summer months are represented by yellow arrows and numbers, while fall/winter months are represented
by green arrows and numbers. 1: Adult females deposit eggs in egg sacs. 2: The eggs hatch and spiderlings molt shortly
afterwards. 3: Hatched spiderlings remain in the egg sac over the entirety of winter. 4: In the spring, the spiderlings emerge
from the egg sac and disperse. 5: Spiders feed and grow over the course of a few months, maturing and mating toward the
end of summer. (D) Adult female with her egg sac, shortly after its construction. Photo taken in Greifswald, Germany, by
M.M. Sheffer. (E) Distribution of A. bruennichi in Europe following range expansion. Orange circular points represent “native”
populations, while blue triangular points represent “invasive” populations. These collecting records and their designations
are based on work by Krehenwinkel & Tautz (2013).
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1.3. Aims of the presented work
This thesis aims to answer the following key questions about the A. bruennichi range expansion:
 Can the successful colonization of colder, continental climates by A. bruennichi be attributed
to phenotypic plasticity or genetic adaptation?
 If their success in colonizing northern climates can be attributed to genetic adaptation, did
selection act on standing genetic variation, on genetic variation introduced via
admixture/introgression, on specific genomic regions, or on novel mutations?
 Is there a role of the microbiome in the A. bruennichi range expansion?
In Chapter 1, we set out to assemble and annotate the genome of Argiope bruennichi. We started
with this as a first step, knowing that inference in all further projects would be aided by a high-quality
reference genome. In this chapter, we compare the A. bruennichi genome to those of other spiders,
and discuss whole-genome duplication and the genomic architecture of silk and venom genes. In
Chapter 2, using karyotype data, low-coverage whole-genome resequencing reads from a male and
female specimen, and real time quantitative PCR, we definitively determined the A. bruennichi
karyotype and identified the X chromosomes in our genome assembly. The first two chapters of this
thesis came together to allow stronger inference and greater understanding of the results in Chapter
3. In Chapter 3, we combined reciprocal transplant common garden experiments with phenotypic and
population genomic data to measure the extent to which local adaptation and phenotypic plasticity
play a role in the A. bruennichi range expansion, and understand the patterns of local adaptation to
environment at the genomic level. In Chapter 4, we zoomed in from a broader ecological context, into
the microbial world, with a study on the microbial community found within different tissues, and
among populations, of Argiope bruennichi.

1.4. Major results and discussion
Our genome project in Chapter 1 resulted in a chromosome-level genome assembly, the first such
high quality assembly for any spider species. Our combination of both long and short-read sequencing
technologies, and the preparation of a chromosome-conformation capture library, overcame the
challenges associated with sequencing and assembling arachnid genomes. Inference in previous
studies, i.e. those by Krehenwinkel & Tautz (2013) and Krehenwinkel et al. (2015), was limited by the
lack of a chromosome-level assembly, as they could only assess single loci rather than whole genomic
regions/chromosomes.
In Chapter 2, we were able to build upon the genome assembly and identify chromosomes 9 and 10
as X chromosomes in A. bruennichi. Knowledge on which of the chromosomes in the assembly
represent X chromosomes would later on, in Chapter 3, allow us to test the expectation of faster
evolution of X chromosomes, and whether these chromosomes may be hotspots for rapid local
adaptation.
The focal study of this thesis is presented in Chapter 3. We compared edge spiderlings to core
spiderlings in a reciprocal transplant common garden experiment, and found very strong evidence for
local adaptation across several traits: edge spiderlings have higher overwintering survival under cold
11

winter treatments, are smaller, have lower supercooling points, and have an increased capacity to
tolerate extremely cold temperatures, relative to core spiderlings. We also investigated population
genomic patterns in a densely sampled latitudinal transect across Europe, and took advantage of the
chromosome-level genome to investigate genome-wide patterns in genetic differentiation and
genetic-environment associations. We found that the turnover from “native” to “invasive” genetic
clusters occurs over a very short geographic distance within Germany, and that many regions of the
genome with high association to environmental variables also show a characteristic signature of
adaptive introgression. The most-differentiated chromosome, with the strongest associations to
environmental variables, is Chromosome 9, which we had identified as an X chromosome in Chapter
2.
Finally, in our exploratory microbiome study, presented in Chapter 4, we discovered a bacterial
symbiont, previously unknown to science, which dominated every tissue type in all individuals from
two populations. We found preliminary evidence that this symbiont is vertically transferred from
mother to offspring, increasing the possibility for coevolution of the bacteria and their hosts. We did
not find any population-level differences in the presence of this symbiont, making it rather unlikely to
play a role in the range expansion, although our work on this project is ongoing (see Conclusions and
perspectives, below).

1.5. Conclusions and perspectives
In this thesis, we used an interdisciplinary approach to explore many potential factors for success
enabling A. bruennichi’s colonization of northern habitats. Given that A. bruennichi populations began
moving poleward in the 1960s, and the species was first recorded in Estonia in 2006 (Algo, 2010), with
one generation per year, local adaptation in this species has arisen over the course of a few dozen
generations. This suggests that adaptation to novel environments can happen over short time frames,
and may be able to keep pace with the rate of climate change. However, we show in this thesis that
the A. bruennichi range expansion was clearly facilitated by adaptive introgression. Therefore, rapid
responses may only be possible for species with sufficient standing genetic variation, or with the
introduction of novel variants through hybridization.
In closing, I would like to point out the questions that remain unanswered, reflect on what could have
been improved, and highlight future directions for research on the A. bruennichi range expansion.
We demonstrate that genetic adaptation has occurred in the edge populations of A. bruennichi with
our common garden experiment, and show that adult phenotypes and genotypes vary with the
environment, and genetic differentiation is high crossing the admixture zone. Including one or more
intermediate populations from the proposed admixture zone in the common garden experiment
would have been highly interesting. However, we would have needed the population genetic
information to select appropriate populations for the experiment, and we did the genomic and
experimental work in parallel. Similarly, having phenotypic/common garden data for the Russian and
Japanese populations would have lent further insight. Methodologically, had I known that our genome
assembly project would turn out so well from the onset, I would have opted for low coverage wholegenome resequencing, rather than ddRAD sequencing, for the population genomics. This would have
increased the SNP density and given us more power to detect adaptive introgression, islands of
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divergence, and identify candidate genes. With our relatively sparse ddRAD SNP set, we may easily
have missed key genomic regions, and we had relatively few SNPs which fell into genes (Lowry et al.,
2017). As a further consideration, because we have not been able to raise A. bruennichi for multiple
generations in the lab, we cannot completely disentangle genetic adaptation from transgenerational
plasticity and maternal effects, or get direct fitness estimates for lab-reared individuals.
In addition to genetic adaptation, we also observed that many cold tolerance traits were plastic, and
we found a high degree of seasonal plasticity. In this thesis, we examine the outcomes of phenotypic
plasticity. All plastic outcomes observed here are the result of altered physiology, and thus there
remains a great deal to learn regarding the mechanisms driving plasticity in A. bruennichi. In order to
achieve a mechanistic understanding of phenotypic plasticity, we need data on the physiological
processes underlying the observed phenotypes. Exploring differential gene expression, as well as
changes in the lipidome, metabolome and proteome, between core and edge populations under
reciprocal conditions would lend mechanistic insight. This angle is now being pursued by a new PhD
student working on the project.
Regarding our discovery of a novel bacterial symbiont in A. bruennichi: We have now used the A.
bruennichi genome sequencing reads to meta-assemble the genome of the symbiont. Annotation of
the symbiont genome revealed dramatic genome reduction, with many major pathways missing; this
suggests either a long co-evolutionary history, a parasitic/commensal lifestyle, or both. Phylogenetic
placement revealed a few enigmatic relatives, all with very small genomes, found in invertebrate hosts
from diverse environments. This work is ongoing, and a manuscript announcing the genome and
phylogenetic placement is in preparation. We have preliminary data to suggest that the symbiont is
present in populations across the Palearctic, with some geographic variation. A full-scale
biogeographic survey and population genetic study of the symbionts could reveal whether there are
locally adapted symbiont strains. We have begun scanning other Argiope species, to check if there are
relatives of this symbiont in A. bruennichi’s relatives. Furthermore, our phylogenetic analysis
highlighted the existence of a new, deeply divergent clade of enigmatic host-associated Tenericutes.
Future work should dig deeper into the biology of this group, as it is probable that more
representatives will be found as exploratory microbiome sequencing projects proliferate. The
question remains, whether the symbiont is intra- or extracellular, and how it is passed from mother
to offspring. To elucidate this point, we plan to visualize the symbiont in spiders and eggs with
fluorescence in situ hybridization.
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Abstract
Background: Argiope bruennichi, the European wasp spider, has been investigated intensively as a focal species for studies on
sexual selection, chemical communication, and the dynamics of rapid range expansion at a behavioral and genetic level.
However, the lack of a reference genome has limited insights into the genetic basis for these phenomena. Therefore, we
assembled a high-quality chromosome-level reference genome of the European wasp spider as a tool for more in-depth
future studies. Findings: We generated, de novo, a 1.67 Gb genome assembly of A. bruennichi using 21.8× Pacific Biosciences
sequencing, polished with 19.8× Illumina paired-end sequencing data, and proximity ligation (Hi-C)-based scaffolding. This
resulted in an N50 scaffold size of 124 Mb and an N50 contig size of 288 kb. We found 98.4% of the genome to be contained
in 13 scaffolds, fitting the expected number of chromosomes (n = 13). Analyses showed the presence of 91.1% of complete
arthropod BUSCOs, indicating a high-quality assembly. Conclusions: We present the first chromosome-level genome
assembly in the order Araneae. With this genomic resource, we open the door for more precise and informative studies on
evolution and adaptation not only in A. bruennichi but also in arachnids overall, shedding light on questions such as the
genomic architecture of traits, whole-genome duplication, and the genomic mechanisms behind silk and venom evolution.
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Data description
Spider genomes are of great interest, e.g., in the context of
silk and venom evolution and biomedical and technical applications. In addition, spiders are fascinating from ecological
and evolutionary perspectives. As the most important predators of terrestrial arthropods, they play a key role in terrestrial
food webs [1–4]. Spiders are distributed on every continent except Antarctica, and diverse habitats can be occupied by single
species or multiple close relatives [5, 6], making them ideal for
studies on environmental plasticity, adaptation, and speciation.
With regards to adaptation, work on cobweb spiders (Theridiidae) has revealed a whole-genome duplication (WGD) that may
have facilitated diversification [7], with other studies highlighting a key role of tandem duplication and neofunctionalization
of genes in the diversification and specialization of spider silks
[8] and venoms [9]. A key aspect that has been missing from
studies to date is the role of genome organization in promoting or impeding adaptation because there have been no studies
on spiders that have provided a chromosomal framework for the
genome.
Understanding the chromosomal organization of a genome
is critical for identification of processes underlying divergence
between populations, adaptation, and speciation. Indeed, the
potential role of chromosomal reorganization in species formation has long been the subject of debate, in particular in
Drosophila species, where polytene chromosomes allowed early
visualization of chromosomal rearrangements [10]. For spiders,
karyotype data are still used to identify changes in chromosomes associated with speciation [11]. With the advent of detailed genomic data, there has been renewed focus on the role
that structural variants in the genome can play as drivers of
adaptation and speciation, associated with translocations, fusions, and inversions [12], as well as with admixture and associated demographic changes [13]. Recent data from sister species
of the genus Drosophila suggest that the establishment of inversion polymorphisms within isolated and/or heterogeneous environments may well set the stage for species formation [14]. To
develop a broader understanding of the role of structural variation in adaptation and speciation [15–22], we need chromosomelevel genomes that provide the ability to map the order of genes,
define chromosomal gene neighborhoods, and identify potential
genomic islands of differentiation [23–26].
To the best of our knowledge, 10 draft spider genomes have
been published to date [7, 27–33], most of which focus on silk and
venom genes, while one discusses WGD [7], and the publication
of the most recent two focuses on gene content evolution across
arthropods [33]. There is one additional, as yet unpublished, spider genome assembly available on NCBI (Anelosimus studiosus,
accession No. GCA 008297655.1). Spider genomes are considered
notoriously difficult to sequence, assemble, and annotate for a
number of reasons, including their relatively high repeat content, low guanine cytosine (GC) content, high levels of heterozygosity in the wild [27], and owing to the fact that they possess
some extremely long coding genes in the spidroin gene families
[28, 29, 34, 35]. As a result of these challenges, the completeness
of the available spider genomes varies greatly between assemblies (Supplementary Table S1). All of them are incomplete and

Figure 1: Female Argiope bruennichi spider in orb web from Loulé (Faro, Portugal).
Photograph by Monica M. Sheffer.

there is no chromosome-level assembly published for any spider to date. While this does not diminish the conclusions of the
aforementioned studies, a chromosome-level assembly would
open doors for more detailed studies on the genomic architecture of gene families, such as silk and venom genes, providing
greater understanding of the evolutionary mechanisms driving
the diversification of these gene families and genome evolution,
in addition to the aforementioned applications in understanding adaptation and speciation.
The European wasp spider, Argiope bruennichi (Scopoli, 1772),
is an orb-weaving spider in the family Araneidae (Fig. 1). Despite
the lack of a reference genome, A. bruennichi has been the focal
species for studies on local adaptation, range expansion, admixture, and biogeography [5, 36–38]. These studies have suggested
that the range expansion and subsequent local adaptation of A.
bruennichi from southern to northern Europe was caused by genetic admixture. However, it is not yet known which regions of
the genome are admixed and whether these regions are truly
responsible for adaptation to colder climates. A. bruennichi has
also been well studied in the context of dispersal and life history
traits [39], as well as sexual selection and chemical communication (e.g., [40–44]). A high-quality reference genome would allow
new insights into our understanding of the genetic basis of these
phenomena. Considering this background, a chromosome-level
reference genome would be desirable for the species.

Sampling, DNA extraction, and sequencing
Adult female Argiope bruennichi individuals (NCBI:txid94029)
were collected in the south of Portugal in 2013 and 2019 (37◦
44.34’ N, 7◦ 51.18’ W). Because inbred lines of the species do not
exist, we selected a population that was previously found to have
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Genome size estimation and coverage
We estimated the genome size of Argiope bruennichi on the basis
of data for closely related species, and bioinformatically on the
basis of previously published Illumina paired-end data derived
from a single female individual from a population in Madeira
(SRA accession No. ERX533198) [5], which we later used for polishing the assembly.
The closely related species Argiope aurantia and Argiope trifasciata have genome size estimates based on Feulgen densitometry data of 1.620 Gb [45] or 1.650 Gb [46] for A. aurantia and 1.690
Gb for A. trifasciata [45, 47]. Using the backmap.pl (v. 0.3) pipeline
[48–55] on the Illumina data from A. bruennichi [5], we generated
a genome size estimate of 1.740 Gb. Averaging these 4 genome
size measurements yields an estimate of 1.675 Gb.
Given this estimate, the PacBio sequencing yielded 21.8× coverage (∼36.65 Gb sequenced, with an estimated genome size of
1.67 Gb). The previously published Illumina data [5] have a coverage of 19.8× (33.05 Gb sequenced).

De novo genome assembly
First, we generated a baseline assembly using 21.8× long-read
PacBio Sequel I sequencing data and the wtdbg2 assembler (v.

Table 1: Argiope bruennichi genome assembly completeness
Genome assembly statistic

Unscaffolded

Scaffolded

Assembly size (bp)
AT/GC/N content (%)
No. of contigs/scaffolds
Longest contig/scaffold (bp)
Contig/scaffold N50 (bp)
Contig/scaffold N90 (bp)
% Repetitive
BUSCO analysisa
Complete (%)
Complete and single-copy (%)
Complete and duplicated (%)
Fragmented (%)
Missing (%)

1,669,116,561
70.7/29.3/0
13,843
2,039,454
288,395
67,231
34.66

1,670,285,661
70.6/29.3/0.1
2,231
143,171,375
124,235,998
119,022,586
34.64

90.2
86.4
3.8
3.3
6.5

91.1
87.8
3.3
2.8
6.1

Genome assembly statistics were calculated using QUAST v. 5.0.2 (QUAST, RRID:
SCR 001228) [60] using default parameters, except –min-contig 0. AT: adenine
thymine.
a
BUSCO analysis using default parameters against the arthropod dataset.

2.3) (WTDBG, RRID:SCR 017225) [56]. Next, we polished the assembly by applying 3 rounds of Pilon (v. 1.23) (Pilon, RRID:SC
R 014731) [57] using the 19.8× of previously published Illumina
paired-end data [5]. Mapping for the 3 rounds of polishing resulted in a mapping rate ranging from 92.55% to 93.69%. The
polishing resulted in 13,843 contigs with an N50 of 288.4 kb, and
an overall assembly size of 1.67 Gb. Analysis of BUSCO (v. 3.1.0)
scores, using the arthropod dataset (BUSCO, RRID:SCR 015008)
[58], showed the presence of 90.2% of complete BUSCOs, with
86.4% complete and single-copy BUSCOs, 3.8% complete and
duplicated BUSCOs, 3.3% fragmented BUSCOs, and 6.5% missing BUSCOs (Table 1). Next, we scaffolded the contigs using a
proximity-ligation-based short-read library [59]. The sequences
from this library had a 94.71% mapping rate against the polished
assembly. Scaffolding using HiRise v. 2.1.7, a software pipeline
designed specifically for using proximity ligation data to scaffold genome assemblies [59], resulted in 12 scaffolds >1 Mb in
size and 1 scaffold just slightly less than 1 Mb in size. These
13 scaffolds comprise 98.4% of the assembly, with a genome assembly scaffold N50 of 124 Mb and BUSCO scores of 91.1% complete genes (Fig. 2, Table 1). Genome assembly statistics were
calculated using QUAST v. 5.0.2 (QUAST, RRID:SCR 001228) [60]
applying default parameters, except setting the minimum contig length (–min-contig parameter) to 0. Previous studies have
inferred the chromosome number of A. bruennichi to be 13, indicating that our genome assembly achieved full-chromosome
level [61, 62]. As an additional assessment of assembly quality,
we ran the K-mer Analysis Toolkit v. 2.4.2 (KAT, RRID:SCR 016741)
[63] “comp” tool, comparing the k-mer content in the Illumina
sequencing data to the k-mer content in the final assembly. Different values of the parameter k (k = 17, 27, 29, 30, and 37) yielded
k-mer completeness estimates ranging from 86.55% to 90.43%
(Supplementary Fig. S1). The missing k-mer content in the final
assembly may be attributed to errors remaining in the assembly,
likely within repeat regions. This could be attributed to the moderate 19.8× coverage Illumina reads used for polishing and their
short read length, which may have been insufficient to correct
the more error-prone PacBio reads.
The 13 largest scaffolds are henceforth referred to as Chromosomes 1–13, ordered according to size (Fig. 2B). The 14thlargest scaffold (Scaffold 839) contained the 16S sequence of a
recently discovered, as yet unnamed, bacterial symbiont of A.
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low heterozygosity in the wild, likely due to naturally high levels
of inbreeding [5].
For the baseline assembly, DNA was extracted from a female collected in 2013 using the ArchivePure blood and tissue kit
(5 PRIME, Hamburg, Germany), according to the manufacturer’s
protocol. An RNA digestion step was included using RNAse A
solution (7,000 U mL−1 ; 5 PRIME). The DNA was stored at −80◦ C
until library preparation in 2017. The DNA extract was cleaned
using a salt: phenol chloroform isoamyl alcohol cleaning step
and had a fragment size distribution of 1,300–165,500 bp (peak at
14,002 bp) before size selection. The library was size selected to
15 kb using Pippin prep and subsequently sequenced in 2018 at
the QB3 Genomics facility at the University of California Berkeley on a Pacific Biosciences Sequel I platform (PacBio, Menlo Park,
CA, USA) on 10 cells.
The specimen collected in 2019 was used to build a
proximity-ligation-based short-read library (Hi-C). Four HiC libraries were prepared from a single individual using a
DovetailTM Hi-C library preparation kit according to the manufacturer’s protocol (Dovetail Genomics, Santa Cruz, CA). The
specimen was anesthetized with CO2 before preparation. In
brief, the legs were removed from the body and stored in liquid nitrogen, and the leg tissue was disrupted in liquid nitrogen
using a mortar and pestle. Chromatin was fixed with formaldehyde, then extracted. Fixed chromatin was digested with DpnII,
the 5 overhangs filled in with biotinylated nucleotides, and the
free blunt ends were ligated. After ligation, cross-links were reversed and the DNA was purified to remove proteins. Purified
DNA was treated to remove biotin that was not internal to ligated fragments. The DNA was then sheared to ∼350 bp mean
fragment size using a Covaris S2 Focused-ultrasonicator. A typical Illumina library preparation protocol followed, with end
repair and Illumina adapter ligation. Biotinylated fragments
were captured with streptavidin beads before PCR amplification
(12 cycles), and size selection was performed using SPRI-select
beads (Beckman Coulter GmbH, Germany) for a final library size
distribution centered at ∼450 bp. The library was sequenced
to ∼440 million paired-end reads on 1 Flowcell of an Illumina
NextSeq 550 with a High Output v2 kit (150 cycles).
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Figure 2: Argiope bruennichi genome assembly completeness. (A) Contact heat map of Hi-C scaffolding shows long-range contacts of paired-end Hi-C reads. Gray
gridlines denote scaffold (chromosome) boundaries. Visualized with Juicebox (v. 1.11.08) [64]. (B) The length of the 20 longest scaffolds in the assembly shows that the
13 putative chromosome scaffolds are much larger than the next largest. Red points represent individual scaffolds, ordered from largest to smallest. (C) Cumulative
length of assembly contained within scaffolds. Note that almost all (98.4%) of the genome is contained within very few scaffolds. Visualized with QUAST v. 5.0.2 [60]
using default parameters, except –min-contig 0.

bruennichi [48]. The remaining 2,217 scaffolds are much smaller,
ranging from 1,747 to 258,743 bp in length (Supplementary Fig.
S2) and will henceforth be referred to as “lesser scaffolds.”

Repeat masking and removal of contaminants
The assembly was repeat-masked using a combination of the
de novo repeat finder RepeatModeler (v. open-1.0.11) (RepeatModeler, RRID:SCR 015027) [65] and the homology-based repeat finder RepeatMasker (v. open-4.0.9) (RepeatMasker, RRID:
SCR 012954) [66]. Repetitive regions accounted for 34.64% of the
genome assembly, of which the majority (20.52% of the genome)
consisted of unclassified repeats, meaning that they have not
been classified in previous studies. The remaining repetitive
elements were made up of DNA elements (i.e., transposable

elements: 6.27%), long interspersed nuclear elements (LINEs:
1.60%), simple repeats (i.e., duplications of 1–5 bp: 1.58%), long
terminal repeat (LTR) elements (0.76%), satellites (0.63%), lowcomplexity repeats (i.e., polypurine or polypyrimidine stretches:
0.42%), and short interspersed nuclear elements (SINEs: 0.08%)
(Table 2). BlobTools (v. 1.0) (Blobtools, RRID:SCR 017618) [67] was
used to search for contamination by bacterial or mitochondrial
sequences, finding none.

Genome annotation
Raw reads from previously published transcriptome sequencing data of different life stages: 20 pooled eggs (accession
No. SRR11861505), 20 pooled first instar spiderlings (accession
No. SRR11861504), 1 whole body of an adult female (accession
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Table 2: Argiope bruennichi repetitive DNA elements
No. of elements

Length (bp)

SINEs
LINEs
LTR elements
DNA elements
Unclassified
Small RNA
Satellites
Simple repeats
Low complexity
Total

4,643
52,648
21,649
282,019
1,359,138
0
28,474
595,962
137,182

1,314,740
26,768,096
12,683,330
104,785,665
342,727,030
0
10,495,658
26,379,486
6,952,634

0.08
1.60
0.76
6.27
20.52
0
0.63
1.58
0.42
34.64

Repetitive elements were classified using RepeatModeler (v. open-1.0.11) [65] and
RepeatMasker (v. open-4.0.9) [66].

Table 3: Argiope bruennichi genome annotation statistics
Statistic

Value

No. of protein-coding genes
Functionally annotated genes (%)
Mean exon length (bp)
Mean intron length (bp)
BUSCO analysisa
Complete (%)
Complete and single-copy (%)
Complete and duplicated (%)
Fragmented (%)
Missing (%)

23,270
81.0
200
4,035

a BUSCO

89.3
76.7
12.6
7.0
3.7

analysis using default parameters against the arthropod dataset.

No. SRR11861502), and 1 whole body of an adult male (accession No. SRR11861503) [5] were mapped against the repeatmasked assembly using HISAT2 (v. 2.1.0) (HISAT2, RRID:SCR 0
15530) [68]. After conversion of the resulting SAM file into a
BAM file and subsequent sorting using SAMtools (v. 1.7) (SAMTOOLS, RRID:SCR 002105) [49], the sorted BAM file was converted to intron-hints for AUGUSTUS (v. 3.3.2) (Augustus, RR
ID:SCR 008417) [69] using AUGUSTUS scripts. AUGUSTUS was
run on the soft-masked genome with the Parasteatoda parameter set. The resulting gff file containing predicted genes was
converted into a gtf file using the AUGUSTUS script gtf2gff.pl.
Additional AUGUSTUS scripts (getAnnoFastaFromJoinGenes.py
and fix in frame stop codon genes.py) were used to find and replace predicted protein-coding genes containing in-frame stop
codons with newly predicted genes. The resulting gtf file containing 23,270 predicted genes (26,318 transcripts) was converted to gff3 format using gtf2gff.pl and protein sequences
of predicted genes were extracted with getAnnoFastaFromJoinGenes.py. Finally, functional annotation was performed using
InterProScan (v. 5.39–77.0) (InterProScan, RRID:SCR 005829) [70,
71] (Table 3). The majority of annotated genes fall on the 13
chromosome scaffolds, although 272 transcripts were predicted
on the lesser scaffolds. The annotation gff3 file and the files
containing predicted transcripts and proteins are available on
GigaDB [72].

Comparative genomic analysis of repeat content
High repetitiveness is characteristic of spider genomes [27]. To
compare the repeat content of A. bruennichi with that of other
spiders, we downloaded the genome assemblies of several other
spider species from NCBI and DDBJ (accession numbers in Table 4), then treated them in the same manner as the A. bruennichi
genome, masking the repeats using RepeatModeler (v. open1.0.11) [65] and RepeatMasker (v. open-4.0.9) [66]. Acanthoscurria geniculata was excluded from this analysis owing to the relatively poorly assembled genome. The A. bruennichi genome has a

slightly lower percentage of repetitive element content (34.64%)
compared to most other spiders (Table 4). Some species, such as
Loxosceles reclusa, Trichonephila clavipes (formerly Nephila clavipes),
Anelosimus studiosus, and Parasteatoda tepidariorum, have similar repetitive content (36.51%, 36.61%, 35.98%, and 36.79%, respectively); other species have much higher repetitive content,
such as Araneus ventricosus, Dysdera silvatica, Stegodyphus dumicola, Stegodyphus mimosarum, and Pardosa pseudoannulata (55.96%,
60.03%, 58.98%, 56.91%, and 48.61%, respectively). Only Latrodectus hesperus has lower repetitive content (20.97%). The classification and relative percentage of these repeats can be found
in Supplementary Table S2 and Supplementary Fig. S3. It is often asserted that the repeat content in spiders is higher in general than in other arthropod groups (i.e., [27]). To test this assertion, we looked into the repeat content in genomes of additional arthropod species. We obtained repeat content estimates, for which the repeats were masked using RepeatModeler and RepeatMasker, for 3 insect species (Bombus terrestris,
Drosophila melanogaster, and Rhodnius prolixus [73]) and 7 tick and
mite species (Ixodes persulcatus, Haemaphysalis longicornis, Dermacentor silvarum, Hyalomma asiaticum, Rhipicephalus sanguineus,
Rhipicephalus microplus, and Ixodes scapularus [74]). We additionally downloaded the genomes of 4 more arthropod species, generated custom species-specific repeat libraries with RepeatModeler, and masked the genomes with RepeatMasker to avoid any
issues of under- or overmasking using other repeat-masking
programs: a butterfly, Heliconius melpomene [75]; a beetle, Tribolium castaneum [76]; a millipede, Helicorthomorpha holstii [77];
and a scorpion, Centruroides sculpturatus [7, 33]. The percentage of
total repetitive content for all of these species is presented in Table 4. In general, spiders do have a higher repetitive content than
insects, but there is a large range of repetitive content in spiders, compared to which the repetitive content in A. bruennichi
is relatively low. All of the selected spider species, aside from L.
hesperus, have higher repetitive content than all other investigated groups, with the exception of ticks and mites, which have
very high repetitive content overall (range: 52.6–64.4% repetitive). We conclude from this preliminary investigation that spider genomes, and arachnid genomes generally, do indeed have
a higher repeat content than other arthropods.

Genome architecture of Hox, spidroin, and venom
genes
Previous studies on spider genomes have focused on WGD, silk
gene evolution, and venom gene evolution [7, 27–30]. Therefore, to place the A. bruennichi genome into the same context,
we manually curated 3 gene sets from publicly available protein sequences: Hox, spidroin (silk), and venom genes. Because
Hox genes are highly conserved across taxa [79], we chose the
most complete sequences for the 10 arthropod Hox gene classes
from spiders without regard to the relatedness of the species to
A. bruennichi (Supplementary File S1). In contrast to Hox genes,
spidroin and venom genes are highly polymorphic and species
specific [80–83]. For the spidroin gene set, we downloaded protein sequences of the 7 spidroin gene classes exclusively from
5 species of the genus Argiope (Supplementary File S2). Venom
genes are best studied in spiders that are medically significant
to humans, which are very distant relatives to A. bruennichi [84–
87]. To allow comparison, we focused on venom gene sequences
available for araneid spiders (2 species, Supplementary File S3);
however, the function and classification of these genes is poorly
understood. With these 3 gene sets (Hox, spidroin, and venom),
we performed a TBLASTN search against our genome assem-
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Table 4: Total repetitive content in the genomes of spiders and selected other arthropods
Order

Species

Arachnida

Araneae

Argiope bruennichi
Araneus ventricosus
Trichonephila clavipes
Dysdera silvatica
Stegodyphus dumicola
Stegodyphus mimosarum
Pardosa pseudoannulata
Loxosceles reclusa
Anelosimus studiosus
Latrodectus hesperus
Parasteatoda tepidariorum
Centruroides sculpturatus
Ixodes persulcatus
Haemaphysalis longicornis
Dermacentor silvarum
Hyalomma asiaticum
Rhipicephalus sanguineus
Rhipicephalus microplus
Ixodes scapularis
Helicorthomorpha holstii
Rhodnius prolixus
Bombus terrestris
Tribolium castaneum
Heliconius melpomene
Drosophila melanogaster

Scorpiones
Acari

Diplopoda
Insecta

Helminthomorpha
Hemiptera
Hymenoptera
Coleoptera
Lepidoptera
Diptera

% Repetitive
34.64
55.96
36.61
60.03
58.98
56.91
48.61
36.51
35.98
20.97
36.79
34.40
64.40
59.30
60.20
52.60
61.60
63.10
63.50
23.50
29.25
12.51
28.50
32.40
19.31

Accession No. [reference]

BGPR01000001-BGPR01300721a [29]
GCA 002102615.1b [28]
GCA 006491805.1b [32]
GCA 010614865.1b [31]
GCA 000611955.2b [27]
GCA 008065355.1b [30]
GCA 001188405.1b [33]
GCA 008297655.1b , c
GCA 000697925.2b [33]
GCA 000365465.3b [7]
GCA 000671375.2b [7, 33]
GCA 013358835.1b [74]
GCA 013339765.1b [74]
GCA 013339745.1b [74]
GCA 01333685.1b [74]
GCA 013339695.1b [74]
GCA 013339725.1b [74]
GCF 002892825.2b [74, 78]
GCA 013389785.1b [77]
GCA 000181055.3b [73]
GCA 000214255.1b [73]
GCA 000002335.3b [76]
GCA 000313835.2b [75]
GCA 000001215.4b [73]

Repetitive elements were classified using RepeatModeler (v. open-1.0.11) [65] and RepeatMasker (v. open-4.0.9) [66].
a
DNA Data Bank of Japan (DDBJ).
b
GenBank, NCBI.
c
[unpublished, Jessica Purcell].

bly (v. 2.10.0+) (TBLASTN, RRID:SCR 011822) [88, 89]. We recorded
the genomic position of the best matches and compared them
with the AUGUSTUS gene predictions for those locations. We
used a conservative E-value cut-off of <1.00 × 10−20 and only
included results with an identity >60%. If hits overlapped on
a scaffold or mapped to the same gene, only the hit with the
highest identity and lowest E-value was retained. In cases where
these metrics conflicted, the hit with the longest match length
was retained. The manually curated FASTA files of each gene
set used for the TBLASTN search are available in Supplementary Files S1–S3 and on GigaDB [72]. A table of the best matches
with accession numbers for each gene set is available in Supplementary Tables S3–S5.

Hox cluster duplication
In 2017, Schwager et al. revealed that a WGD event occurred in
the ancestor of scorpions and spiders, as evidenced by a high
number of duplicated genes, including 2 clusters of Hox genes
in the common house spider P. tepidariorum and the bark scorpion C. sculpturatus [7]. They found 1 nearly complete cluster of
Hox genes on a single scaffold, lacking the fushi tarazu (ftz) gene,
which they argued may be the case for this cluster in all spiders. The second set of Hox genes was distributed across 2 scaffolds, which the authors attributed to incompleteness of the assembly due to patchy sequencing coverage [7]. For consistency,
we use the same nomenclature for Hox genes as used in [7]
(Abdominal-B: AbdB, Abdominal-A: AbdA, Ultrabithorax: Ubx, Antennapedia: Antp, fushi tarazu: ftz, sex combs reduced: scr, Deformed: Dfd,
Hox3, proboscipedia: pb, labial: lab). Corresponding with the results
from P. tepidariorum, we found 2 clusters of Hox genes in A. bruen-

nichi, with no evidence of tandem duplication. The 2 clusters occurred on 2 chromosomes (Chromosomes 6 and 9). In these locations, InterProScan generally annotated the genes as Hox genes
but did not identify the specific type. On Chromosome 9, the Hox
genes were in reverse colinear order (ordered according to their
expression in development), with no overlapping regions. Because the cluster on Chromosome 9 is complete, we refer to it as
“Cluster A.” On Chromosome 6 (“Cluster B”) the genes were out
of colinear order, with the position of AbdA and Ubx switched,
and the coordinates for Dfd, Hox3, and pb from the blast search
overlapping (Fig. 3A). The hits for Antp and ftz in Cluster B fell
onto a single predicted gene in the annotation. Thus, it is unclear whether A. bruennichi lacks 1 copy of ftz, as in P. tepidariorum,
or whether the annotation incorrectly fused the 2 genes in this
cluster. In the study by Schwager et al. [7], low sequencing coverage of Cluster B downstream of Dfd limited their inference. In our
genome assembly, by mapping the PacBio reads against the final
assembly, we calculated that we have an average of >12× coverage across the length of both clusters, suggesting that Cluster B
is not out of order due to problems arising from low coverage. It
is possible that Hox Cluster B in spiders has changed or lost functionality following the proposed ancestral WGD event. To check
whether the 2 Hox-containing chromosomes show evidence of
duplication, we performed an analysis of conserved synteny using the tool SatsumaSynteny2 [90]. “Synteny” here refers to loci
occurring on the same chromosome; chromosomes with conserved synteny will have a high degree of syntenic blocks in common. In the genome of A. bruennichi, Chromosomes 6 and 9 show
a high level of conserved synteny (Fig. 3B). The presence of 2
Hox clusters on highly syntenic chromosomes in our assembly
is suggestive, but not evidence, of WGD in A. bruennichi because
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Figure 3: Duplication of the Hox-containing chromosomes. (A) Hox gene clusters. Genes connected by a black line occur on the same scaffold, in the order depicted.
Cluster A occurs on Chromosome 9, and Cluster B occurs on Chromosome 6. (B) A synteny plot of the results of SatsumaSynteny2 [90] visualized in Circos [92] shows
chromosome-scale conservation of synteny for the Hox-containing chromosomes (Chromosomes 6 and 9). The 2 curved rectangles represent Chromosomes 6 and
9, and the tick marks represent the position on the chromosome, in megabase pairs. Lines between the 2 rectangles show the shared syntenic blocks between the
chromosomes, based on sequence homology. The presence of 2 Hox gene clusters on 2 highly syntenic chromosomes is suggestive of whole-genome duplication in
Argiope bruennichi, as was found previously for Parasteatoda tepidariorum [7].
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it could also have arisen from duplication of only the ancestral
Hox-containing chromosome; future studies will be able to capitalize on the now-available chromosome-level assemblies for
several groups (e.g., horseshoe crabs, ticks, and our spider) [74,
91] to perform more detailed analyses of duplication across chelicerates.

There are 7 classes of silk produced by araneomorph spiders,
each with 1 or more unique uses; it is important to note that the
uses of these silk types are best understood for spiders in the
family Araneidae, and the number and uses of silk types can
vary widely between families [28, 29, 93, 94]. The classes of silk
are major ampullate (MaSp), minor ampullate (MiSp), piriform
(PiSp), aggregate (AgSp), aciniform (AcSp), tubuliform (also referred to as cylindrical) (TuSp), and flagelliform (Flag). In A. bruennichi, spidroin genes occur on 8 of the 13 chromosome scaffolds
(Chromosomes 1, 3, 4, 6, 8, 11, 12, and 13) (Fig. 4). There were no
hits on the lesser scaffolds. We found 4 unique hits for AcSp, 6
hits for AgSp, 1 hit for Flag, 11 hits for MaSp, 3 hits for MiSp, 1 hit
for PiSp, and 4 hits for TuSp. In the majority of cases, all blast hits
for a single spidroin type occurred on a single chromosome; the
only exception was for AgSp, which had hits on 4 different chromosomes. However, these were not all annotated as spidroins;
on Chromosome 6 there were 2 AgSp hits that were annotated
as spidroins and 1 hit that was annotated as a chitin-binding
domain, while on Chromosome 4 the AgSp hit was annotated
as tropoelastin, on Chromosome 3 the hit was annotated as a
chitin-binding domain, and on Chromosome 8 the hit was annotated as a serine protease. All hits for TuSp occurred on Chromosome 1, but there were hits in 2 physically separated areas of the
chromosome; in 1 region there were hits on 3 annotated genes,
and only 1 hit in the other region. There are more sequences
available on NCBI for MaSp than any of the other spidroin types
in the genus Argiope, which allowed us to find matches for several unique MaSp genes in the A. bruennichi assembly. These occur in a small region of Chromosome 12, in close proximity to
one another, suggesting that the spidroin genes in this group
may have diversified via tandem duplication, as has been suggested in previous studies [95].

Venom genes
We found high identity matches for venom toxins on 5 of
the chromosome scaffolds (Chromosomes 1, 2, 7, 10, and 11)
(Fig. 4), but the majority of hits were on Chromosome 1. In most
cases, each region containing venom gene matches contained
only 1 gene, with the exception of a region on Chromosome 1,
which contained 5 genes in very close proximity to one another,
and 2 other regions (on Chromosome 1 and Chromosome 11),
which contained matches to 2 genes. Babb et al. 2017 [28] conducted a study on silk genes in T. clavipes, in which they found
a novel flagelliform-type gene (FLAG-b), which was expressed
most highly in the venom glands, not the flagelliform silk glands.
This added to previous findings in the S. mimosarum genome,
where spidroin-like proteins are also found in the venom glands
[27]. Interestingly, in the A. bruennichi genome assembly, there
are several venom genes on Chromosome 11 in close proximity
to the flagelliform spidroin gene.

We have assembled and annotated the first chromosome-level
genome for a spider. The assembly approach of combining longread, short-read, and proximity ligation data overcame the challenges of assembling arachnid genomes, namely, large genome
size, high repetitiveness, and low GC content. In our study, we
made a preliminary analysis of the location of certain gene families of interest in the context of spider genomics, which hinted
at several interesting directions for future studies on the evolution of silk and venom genes. Furthermore, because this species
has undergone a recent and rapid range expansion, the wellresolved genome assembly will be useful for studies on the
genomic underpinnings of range expansion and evolutionary
adaptation to novel climates.

Data Availability
The final genome assembly and raw data from the PacBio and
Hi-C libraries, as well as the annotation, have been deposited
at NCBI under BioProject PRJNA629526. A publicly accessible
genome browser hub with the annotation, raw transcriptome,
and PacBio read coverage can be found on the UCSC Genome
Browser server (under “My Data” > “Track Hubs” > “My Hubs”
enter the cited URL [96]). Supporting data are available via the
GigaScience data repository, GigaDB, including the softmasked
assembly in FASTA format, the output file from RepeatMasker,
predicted coding genes and their functional annotation in GFF3
formats, predicted coding gene nucleotide and translated sequences in FASTA formats, functional annotation from InterProScan in TSV format, the blast query results for Hox, spidroin,
and venom genes in FASTA format, and the BUSCO output files
in a zip folder [72].

Additional Files
Supplementary Figure S1. KAT plots
Supplementary Figure S2. Histogram of minor scaffold lengths
Supplementary Figure S3. Stacked barplot of repeat content in
spiders
Supplementary File S1. Hox blast query sequences
Supplementary File S2. Spidroin blast query sequences
Supplementary File S3. Venom blast query sequences
Supplementary Table S1. Spider genome assembly statistics
Supplementary Table S2. Repetitive content in spiders
Supplementary Table S3. Hox blast results
Supplementary Table S4. Spidroin blast results
Supplementary Table S5. Venom blast results
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12. Mérot C, Oomen RA, Tigano A, et al. A roadmap for understanding the evolutionary significance of structural genomic
variation. Trends Ecol Evol 2020;35:561–72.
13. Shchur V, Svedberg J, Medina P, et al. On the distribution
of tract lengths during adaptive introgression. G3 (Bethesda)
2020;10:3663–73.
14. Fuller ZL, Koury SA, Phadnis N, et al. How chromosomal rearrangements shape adaptation and speciation: Case studies
in Drosophila pseudoobscura and its sibling species Drosophila
persimilis. Mol Ecol 2019;28:1283–301.
15. Faria R, Navarro A. Chromosomal speciation revisited: Rearranging theory with pieces of evidence. Trends Ecol Evol
2010;25:660–9.
16. White MJD. Chromosomal rearrangements and speciation in
animals. Annu Rev Genet 1969;3:75–98.
17. Rieseberg LH. Chromosomal rearrangements and speciation.
Trends Ecol Evol 2001;16:351–8.
18. Noor MAF, Gratos KL, Bertucci LA, et al. Chromosomal inversions and the reproductive isolation of species. Proc Natl
Acad Sci U S A 2001;98:12084–8.
19. Yannic G, Basset P, Hausser J. Chromosomal rearrangements
and gene flow over time in an inter-specific hybrid zone of
the Sorex araneus group. Heredity (Edinb) 2009;102:616–25.
20. Feulner PGD, De-Kayne R. Genome evolution, structural
rearrangements and speciation. J Evol Biol 2017;30:
1488–90.
21. Castiglia R. Sympatric sister species in rodents are more
chromosomally differentiated than allopatric ones: Implications for the role of chromosomal rearrangements in speciation. Mamm Rev 2014;44, doi:10.1111/mam.12009.
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73. Brůna T, Hoff KJ, Lomsadze A, et al. BRAKER2: Automatic eukaryotic genome annotation with GeneMark-EP+ and AUGUSTUS supported by a protein database. bioRxiv 2020,
doi:10.1101/2020.08.10.245134.
74. Jia N, Wang J, Shi W, et al. Large-scale comparative analyses
of tick genomes elucidate their genetic diversity and vector
capacities. Cell 2020;182(5):1328–40.e13.
75. Dasmahapatra KK, Walters JR, Briscoe AD, et al. Butterfly
genome reveals promiscuous exchange of mimicry adaptations among species. Nature 2012;487:94–8.
76. Kim HS, Murphy T, Xia J, et al. BeetleBase in 2010: Revisions
to provide comprehensive genomic information for Tribolium
castaneum. Nucleic Acids Res 2010;38:D437.
77. Qu Z, Nong W, So WL, et al. Millipede genomes reveal unique
adaptations during myriapod evolution. PLoS Biol 2020;18,
doi:10.1371/journal.pbio.3000636.
78. Miller JR, Koren S, Dilley KA, et al. A draft genome sequence
for the Ixodes scapularis cell line, ISE6. F1000Res 2018;7:
297.
79. Pearson JC, Lemons D, McGinnis W. Modulating Hox gene
functions during animal body patterning. Nat Rev Genet
2005;6:893–904.
80. Gatesy J, Hayashi C, Motriuk D, et al. Extreme diversity, conservation, and convergence of spider silk fibroin sequences.
Science 2001;291(5513):2603–5.
81. Hayashi CY, Shipley NH, Lewis RV. Hypotheses that correlate
the sequence, structure, and mechanical properties of spider
silk proteins. Int J Biol Macromol 1999;24:271–5.
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Supplementary material for Chapter 1, Argiope bruennichi genome
Supplementary Files S1 – S3, FASTA files of blast query sequences, and Supplementary Tables S2 –
S5 are not presented here, but are available online at:
https://academic.oup.com/gigascience/article/10/1/giaa148/6067174#supplementary-data
Supplementary Figure S1: KAT plots show the k-mer content of the raw Illumina data compared to
the k-mer content of the assembly.
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Supplementary Figure S2: A histogram of the minor scaffold lengths shows that most of the 2,217
scaffolds that did not get incorporated into the 13 chromosome-level scaffolds are very short.

Supplementary Figure S3: Stacked barplots of the different types of repeats in spider genome
assemblies. Acanthoscurria geniculata was excluded due to its very large genome. The y-axis
represents the percentage of the whole genome which is composed of repetitive sequences. See
Supplementary Table S2 for numeric representation of repeat statistics.
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Supplementary Table S1: Genome assembly statistics of available spider genome assemblies. Assembly statistics were calculated with
QUAST v. 5.0.2 (QUAST, RRID:SCR_001228) (Gurevich et al., 2013) using default parameters, except --min-contig 0
Species

Total length

Number of contigs

Largest contig

GC %

N50

L50

Araneus ventricosus

3,656,621,265

300,721

9,335,346

32.6

59,619

9,086

Trichonephila clavipesb

2,439,301,466

180,236

1,655,743

31.6

62,959

9,532

Dysdera silvatica

1,359,266,291

65,202

340,047

34.9

38,017

10,436

Stegodyphus dumicola

2,551,871,755

16,532

1,740,957

33.3

254,130

2,973

Stegodyphus mimosarum

2,738,704,917

68,653

4,549,800

33.6

480,636

1,734

Pardosa pseudoannulata

4,207,954,893

609,908

8,106,735

31.4

711,396

1,602

Loxosceles reclusa

3,262,478,678

143,665

715,838

39.4

63,237

13,723

Acanthoscurria geniculata

7,178,402,394

4,986,575

849,588

40.2

20,294

67,646

Anelosimus studiosus

2,033,432,615

956,665

78,878

27.9

4,793

111,447

Latrodectus hesperus

1,233,806,489

161,595

677,069

27.2

39,474

7,336

Parasteatoda tepidariorum

1,228,972,128

59,853

7,604,257

29.4

765,179

414

DNA Data Bank of Japan (DDBJ)
b
Formerly Nephila clavipes
c
National Center for Biotechnology Information (NCBI)
a
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Accession Number (Reference)
BGPR01000001-BGPR01300721 a
(Kono et al., 2019)
GCA_002102615.1 c
(Babb et al., 2017)
GCA_006491805.1 c
(Sánchez-Herrero et al., 2019)
GCA_010614865.1 c
(Liu et al., 2019)
GCA_000611955.2 c
(Sanggaard et al., 2014)
GCA_008065355.1 c
(Yu et al., 2019)
GCA_001188405.1 c
(Thomas et al., 2020)
GCA_000661875.1 c
(Sanggaard et al., 2014)
GCA_008297655.1 c
(unpublished)
GCA_000697925.2 c
(Thomas et al., 2020)
GCA_000365465.3 c
(Schwager et al., 2017)
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Abstract

Differences between sexes in growth, ecology and behavior strongly shape species biology. In some
animal groups, such as spiders, it is difficult or impossible to identify the sex of juveniles. This
information would be useful for field surveys, behavioral experiments, and ecological studies on e.g.
sex ratios and dispersal. In species with sex chromosomes, sex can be determined based on the
specific sex chromosome complement. Additionally, information on the sequence of sex
chromosomes provides the basis for studying sex chromosome evolution. We combined cytogenetic
and genomic data to identify the sex chromosomes in the sexually dimorphic spider Argiope
bruennichi, and designed RT-qPCR sex markers. We found that genome size and GC content of this
spider falls into the range reported for the majority of araneids. The male karyotype is formed by 24
acrocentric chromosomes with an X1X20 sex chromosome system, with little similarity between X
chromosomes, suggesting origin of these chromosomes by X chromosome fission or early duplication
of an X chromosome and subsequent independent differentiation of the copies. Our data suggest
similarly sized X chromosomes in A. bruennichi. They are smaller chromosomes of the complement.
Our findings open the door to new directions in spider evolutionary and ecological research.

Keywords: Argiope bruennichi – Araneae – Araneidae – genome size – karyotype – sex chromosome
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Introduction
In the majority of animals, sex is genetically determined. Genotypic mechanisms of sex determination
are very diverse, depending, for example, on the ratio of X chromosomes to autosomes, on sexdetermining factor(s) localized on autosomes and/or sex chromosomes, on the presence or absence
of a sex chromosome specific for the heterogametic sex (Y or W), or on ploidy level as in many
Hymenoptera (Bachtrog et al., 2014; Hamm, Meisel, & Scott, 2015; Vicoso, 2019).
In animal species with genotypic sex determination, females and males often differ in the type and/or
number of sex chromosomes, with many variations. Knowledge on the karyotype and the specifics of
the sex chromosomes provides the basis for studying a plethora of ecological and evolutionary
questions. For ecological studies, it is desirable to know the sex of collected individuals. Offspring sex
allocation, sex-specific growth and dispersal strategies, and sex differences in early developmental
pathways and physiological plasticity could then be investigated (Cordellier et al., 2020). However, in
many animal groups, the sexes cannot easily be identified in adults and less so in juveniles. The sex of
early stages is often only determinable based on their sex chromosome complement (e.g. Avilés &
Maddison, 1991).
Spiders belong to one of the most diverse animal orders (Coddington & Levi, 1991). While they play
an important role in terrestrial ecosystems, it is impossible to sex juvenile spiders in the field. Spiders
possess complex sex chromosome systems. To date, karyotypes of more than 800 spider species have
been characterized (Araujo et al., 2021). In 67% of karyotyped spiders, and particularly in the
entelegyne spiders, which are the most-studied, there are two X chromosomes, X1 and X2 (X1X20
system), where the male exhibits one copy and the female two copies (♂X1X2/♀X1X1X2X2) (Araujo et
al., 2012). This pattern is probably ancestral for entelegynes (Král et al., 2006). Systems with three X
chromosomes or more also exist. These X chromosomes are supposedly non-homologous based on
their achiasmatic pairing during male meiosis (Kořínková & Král, 2013). Some lineages of entelegyne
spiders exhibit an X0 system, which has originated by X chromosome fusions, or neo-sex
chromosomes, which arose by rearrangements between X chromosome(s) and autosome(s). Neo-sex
chromosome systems contain both X and Y chromosome(s). Systems formed by two or more X
chromosomes are termed multiple X chromosome systems (White, 1973).
As a consequence of the different number of X chromosome copies in males and females, sexing could
be achieved in spiders once targeted molecular markers for X chromosomes are available: the relative
copy number of sequences on the X chromosomes, with males having half the number of copies
relative to females, could be assessed through quantitative PCR and sexing performed in minimally
invasive way, at a throughput that is reasonable for ecological studies.
In recent years, several approaches to identify X chromosomal sequences have been introduced that
rely on high throughput sequencing methods. These methods were reviewed by Palmer et al. (2019),
and vary in their costs, required sample sizes, and on the availability of a reference genome (Al-Dous
et al., 2011; Picq et al., 2014; Gautier, 2014; Hou et al., 2015; Muyle et al., 2016). In species with a
chromosome-level genome assembly, comparing the sequencing coverage depth across
chromosomes between individuals of each sex is a reliable method for identifying sex chromosomes.
Females, as the homogametic sex, would show twice as much coverage as males on X chromosomes
(i.e. Vicoso & Bachtrog, 2011; Fraïsse, Picard, & Vicoso, 2017).
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In 2021, Sheffer et al. published an annotated genome assembled to haploid chromosome level of an
entelegyne orb-weaving spider, Argiope bruennichi (Scopoli, 1772). With this chromosome-level
genome, we can employ the coverage depth approach to identify sex chromosome sequences in this
species. A. bruennichi is a sexually dimorphic species with a Palearctic distribution, which has rapidly
expanded its range in Europe over the course of the last century (Krehenwinkel & Tautz, 2013;
Krehenwinkel, Rödder, & Tautz, 2015; Wawer et al., 2017). Sex differences in early life stages of these
spiders are particularly interesting since juveniles perform aerial dispersal with silk (ballooning), a
behavior which is restricted to the first few instars (Krüger, 2014) and might be sex biased
(Krehenwinkel et al., 2016).
The A. bruennichi genome assembly was based upon female specimens, and is comprised of 13
scaffolds, consistent with the known number of chromosome pairs for females of the species (Zhang
& Tong, 1990). With additional karyological and sequence data for males, it would be possible to
unequivocally ascertain the karyotype/sex determination system of the species and identify the sex
chromosomes in the published assembly.
We set out to (i) determine the karyotype and genome size of A. bruennichi, (ii) identify which
superscaffolds represent sex chromosomes in the genome assembly, and (iii) develop molecular
markers for sexing spiders using qPCR.

Methods
Chromosome preparations and their evaluation
We collected eight subadult A. bruennichi males for chromosomal analysis at village Březová, Czech
Republic (49.901N, 13.887E) in late June 2021. The number of meiotic cells in the testes of these males
was lower than found in subadult or young adult males of other araneids (Kotz and Forman,
unpublished observation). We followed the protocol of Dolejš et al. (2011) for preparation of
chromosome slides and Giemsa staining. We inspected the slides under an Olympus BX 50
microscope, and photographed selected plates using an Olympus DP 71 CCD camera. We measured
chromosome lengths using ImageJ (https://imagej.nih.gov/ij/index.html). The length ratio of sex
chromosomes was established using 20 randomly selected diakinesis and metaphase I plates.
Chromosome morphology was based on centromere position, which was apparent during early
metaphase II.
Determination of genome size and GC content
We determined the diploid genome size (2C value) and guanosine cytosine (GC) content of A.
bruennichi by flow cytometry (FCM) using five adult males and five females (collected in July 2020,
Albrechtice, Czech Republic, 49.924N, 16.658E, stored at −80 °C). Sample preparation was based on
the protocol of Král et al. (2019) with different buffer. We chopped legs together with an internal
plant standard in GBP buffer (Loureiro et al., 2007), with pH adjusted to 9.5 and 1.5% (v/v) of Triton
X-100 (Sigma-Aldrich) and 1.5% (v/v) of polyvinylpyrrolidone (Sigma-Aldrich). After filtration through
a nylon sifter, we added fluorescent dye. We performed two concurrent FCM gauges, using: (i)
Propidium iodide (PI, 50 µg/ml) - nonspecific dye to establish genome size of the sample and (ii) 4′,6Diamidine-2′-phenylindole dihydrochloride (DAPI, 4 µg/ml) as a fluorochrome with higher specificity
to AT pairs. The resulting histograms were evaluated using FloMax software (Partec). We calculated
the 2C value as the ratio of PI fluorescence of sample and standard. We compared PI and DAPI ratios
to establish GC content as described in Šmarda et al. (2008). We measured each individual twice for
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PI and twice for DAPI to account for machine fluctuations. We used fresh leaves of Pisum sativum
cultivar ‘Ctirad’ as internal standard. We used the following genomic values of this plant for
calculations: 2C=7841.27 Mbp, GC=41.77% (Veselý et al., 2012). Primary data used for calculation of
2C and base content are available in Supplementary Table S1.
Whole-genome sequencing of male and female Argiope bruennichi
DNA extraction and library preparation
We will refer to chromosome-level scaffolds in the genome assembly as “superscaffolds” and number
all of them by length. For karyotype, we use the traditional approach and number autosomes by
length and refer to X chromosomes separately.
In order to identify the X chromosomes in the A. bruennichi genome assembly, we sequenced one
adult male and one adult female collected near Klausdorf, Germany at the end of July, 2020 (54.424N,
13.029E). We extracted DNA from eight legs of the male and four legs of the female, as follows: we
disrupted the leg tissue with a mortar, pestle, and liquid nitrogen. The powdered tissue was
transferred into tubes containing Proteinase K and cell lysis buffer (10mM Tris pH 8, 100mM NaCl,
10mM EDTA pH 8, 0.5% SDS, double-distilled water). We incubated the tubes overnight at 55°C,
cooled them to room temperature and added RNAse A. We used 5M NaCl to precipitate proteins and
Isopropanol to precipitate DNA. We cleaned the DNA extract using 70% Ethanol, and eluted it in TE
buffer. We prepared the libraries with the NEBNext Ultra II FS DNA Library Prep Kit (New England
Biolabs, Ipswich, Massachusetts, USA) according to the manufacturer’s protocol. We indexed and
amplified the libraries with six PCR cycles, then pooled them and sequenced the 2x75 bp paired-end
libraries on one Flowcell of an Illumina NextSeq 550 with a High Output v2 kit (150 cycles) (Illumina
Inc., San Diego, California, USA).
Bioinformatic processing and coverage comparison
The reads were demultiplexed using the Illumina bcl2fastq tool in BaseSpace. We removed adapter
sequences using AdapterRemoval (v.2.2.2) (Schubert, Lindgreen, & Orlando, 2016) with the --identifyadapters flag. Read quality was assessed using FastQC (v0.11.8) (Andrews, 2010); all reads were high
quality and no further quality trimming was necessary. Adapter-trimmed reads are available under
BioProject PRJNA629526. We mapped the reads of each specimen onto the A. bruennichi genome
assembly using BWA-MEM (v.0.7.12-r1039) with default settings (Li, 2013), sorted and indexed the
mapped reads using SAMtools sort and SAMtools index (SAMtools v.1.3.1) (Li et al., 2009), then
calculated the coverage of each of the 13 superscaffolds using QualiMap (v.2.2.1) (Okonechnikov,
Conesa, & García-Alcalde, 2016).
Development of sex markers using RT-qPCR
DNA extraction
We extracted genomic DNA from two males collected in Greifswald (54.093N, 13.366E) and four
females collected near Klausdorf (54.424N, 13.029E), Germany at the beginning of August, 2020 with
the Promega ReliaPrepTM gDNA Tissue Miniprep System. We ground two legs from females or four
legs from males with a Dounce homogenizer; we added 200 µl of Tail Lysis Buffer and 30 µl of
Proteinase K Solution to the sample, and extracted the DNA following the manufacturer’s instructions.
We carried out the final elution step twice to a total elution volume of 100 µl. We determined the
DNA concentration for each sample using a NanoDrop spectrophotometer (Thermo Scientific,
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Wilmington, DE) and a Qubit 4 Fluorometer with the Quant-iT™ Qubit™ dsDNA BR Assay Kit (Thermo
Scientific, Wilmington, DE) (Table S2).
Primer design, PCR and RT-qPCR
We designed primers for loci on the putative X chromosomes (superscaffolds 9 and 10 in the A.
bruennichi assembly; see results section) and 2 putative autosomes, superscaffolds 5 and 7, using
Primer3 (version 4.1.0; Untergasser et al., 2012) with the following parameters: length between 20
and 25 nucleotides, melting temperature between 57 and 62°C, region amplified between 150 and
200 bp in length, with one GC clamp (Table S3). We used additional data to select the loci, such as the
location of homologous sequences in spiders Trichonephila senegalensis (Araneidae) (Walckenaer,
1841) (Grewoldt et al., unpublished data) and Stegodyphus mimosarum (Eresidae) (Pavesi, 1883)
(Bechsgaard et al., 2019). We tested the amplification with conventional PCR, checked on a 1.5%
agarose gel with ethidium bromide staining and UV transillumination. We then conducted RT-qPCR
using the EvaGreen® qPCR-Mix II, on a ThermoFisher StepOne™ Real-Time PCR System (Thermo Fisher
Scientific, Waltham, USA). Primer efficiencies were measured by diluting template DNA from a female
in a stepwise manner to obtain a standard curve. After ensuring comparable efficiencies for all primer
pairs, we used DNA from the two females and males as templates and simultaneously measured
amplification in real time for each primer pair in triplicate. One negative control (no DNA template)
was used for each primer combination. Both amplification protocols were conducted with the
following reaction mix: 2 µL EvaGreen® qPCR-Mix II 5x, 0.2 µL forward primer, 0.2 µL reverse primer,
1µL template DNA, and 6.6 µL nuclease free water. We used the following program: initial
denaturation for 15 minutes at 95°C, 40 cycles of denaturation (15 seconds at 95°C), annealing (20
seconds at 60°C), and extension (20 seconds at 72°C), with a final extension at 72°C for 10 minutes,
and a melting curve (ramping from 65°C to 95°C). Ct values were collected for further analysis (Table
S2).
RT-qPCR data analysis
We applied the 2-ΔΔCt method according to Rao et al., 2013 to analyze the RT-qPCR data. To account
for different primer efficiencies (Ereal), the Ct values were normalized to correspond to an optimal
efficiency of 100% (Eopt). We averaged the Ct values of the three technical replicates; if any of the
three replicates showed a standard deviation >1, it was excluded from the average. The ΔCt value was
calculated from the difference between reference sequences (autosomal loci) and a target sequence
of interest (X-linked locus). Further, the female data points were used as the reference, as females
possess two sex-linked and two autosomal gene copies. Consequently, if the number of gene copies
between females and males is the same, a value of 1 is expected, whereas if the number of gene
copies in males is half that in females, a value of 0.5 is expected.

Results
Chromosomes
The male karyotype of A. bruennichi was formed by 24 acrocentric chromosomes; the size difference
between chromosomes was gradual from the longest to the shortest (Figure 1A). Analysis of male
meiotic division revealed an X1X20 sex chromosome system (Figure 1B, E-J). Chromosomes X1 and X2
were similar in length; X2 length corresponded to 91.3% (±5.3) of X1. We observed nearly the complete
course of male meiotic division except anaphase I, telophase I, and telophase II. X chromosomes were
positively heteropycnotic (i.e. they stained more intensively) from the beginning of meiosis until
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diakinesis (Figure 1B-E). The intensity of heteropycnosis decreased during metaphase I; X
chromosomes were isopycnotic or slightly positively heteropycnotic during this period (Figure 1F).
Positive heteropycnosis reappeared during prophase II (Figure 1G). During metaphase II (Fig. 1H), X
chromosomes exhibited a slight positive heteropycnosis only. This pattern was also displayed at late
anaphase II (Figure 1J). Tight pairing of X1 and X2 chromosomes was initiated at zygotene (Figure 1C).
During zygotene and pachytene, sex chromosomes formed a body on the periphery of the plate
(Figure 1C, D). During late prophase I (diplotene-diakinesis), X chromosome pairing was restricted to
centromeric regions (Figure 1E). From metaphase I onwards, X chromosomes were arranged in
parallel (Figure 1F, G, J).
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Figure 1. A. bruennichi male, 2n=24, X1X20, Giemsa stained mitotic (A) or meiotic (B-J) chromosomes. Arrows
points to sex chromosomes. (A) Karyotype, based on spermatogonial prometaphase, (B) leptotene.
Chromosomes X1 and X2 are not associated, (C) two zygotene plates. Sex chromosomes form the body on the
periphery of the nucleus, (D) pachytene. The sex chromosome body persists on the periphery of the nucleus, (E)
diplotene. Heteropycnotic X1 and X2 pair by their centromeric regions, (F) metaphase I. Note a slight positive
heteropycnosis of X chromosomes, which are arranged in parallel on the periphery of the plate, (G) two sister
prophases II. The left plate contains 11 chromosomes and the right plate 13 chromosomes, (H) two sister
metaphases II. Sex chromosomes are slightly positively heteropycnotic (arrowhead - two overlapping
chromosomes), (I) two sister anaphases II. Two half plates with 11 chromosomes and two half plates with 13
chromosomes (half plates separated by dashed line). X chromosomes indistinguishable from the other
chromosomes, (J) late anaphase II, half plate. Note a slight positive heteropycnosis of X chromosomes. Scale bar
= 5 µm.
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Genome size and GC content
Female 2C was 4,079.809 Mbp (standard error (SE) ±256.265) and male 2C 3,921.083 Mbp (SE
±207.799). The average chromosome size (2C/2n) was 160.147 Mbp (156.916 Mbp based on female
and 163.378 Mbp based on male data, respectively). X chromosomes contained 158.727 Mbp of DNA,
based on the difference in female and male 2C. Taking in account the length ratio of X chromosomes,
size of X1 chromosome can be estimated as 82.973 Mbp and size of X2 as 75.754 Mbp. The size of the
X chromosomes was below the average chromosome size. Therefore, X chromosomes belonged to
small chromosomes of the karyotype. The genome contained a low GC proportion, 35.500 % of GC
(SE ±1.289) in females and 36.730% (SE ±1.189) in males, respectively.
Coverage of male and female
The mean coverage (± standard deviation) across the 13 superscaffolds was 15.34 ±2.57 fold for the
male and 16.50 ±0.76 fold for the female. We divided the coverage of the male for each superscaffold
by the coverage of the female, to get the male’s relative coverage. 11/13 superscaffolds have nearly
equal coverage of male relative to female, while two superscaffolds (9 and 10) have half coverage in
the male (Figure 2A).

Figure 2. Identification of the sex chromosomes in the Argiope bruennichi genome assembly. The dashed
horizontal line at 0.5 represents (A) the expected coverage and (B) expected relative DNA abundance for sex
chromosomes in males compared to females. (A) Comparing the relative sequencing coverage of males and
females across the 13 superscaffolds (Scaff) in the genome assembly reveals approximately half coverage for
males for Scaff 9 and 10. (B) RT-qPCR results for autosomal loci show approximately equal DNA abundance for
males and females. Sex-linked loci on Scaff 9 (ABS-9.3, ABS-9.4, ABS-9.5) show half DNA abundance in males. For
the putatively sex-linked locus on Scaff 10 (ABS-10C), males and females have approximately equal DNA
abundance, not fitting expectations. Black vertical lines represent standard errors.
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RT-qPCR
To compare sex-linked with autosomal loci, the efficiency of the primers for each locus were
evaluated. Primer efficiencies ranged from 85.2- 104.8%, for the chosen loci (Table S3). Likewise, a
melting curve was generated for each locus, confirming a specific amplification during RT-qPCR.
X-linkage was validated using RT-qPCR on DNA extracted from two males and two females (Figure 2B).
The respective loci, sex-linked as well as autosomal, were normalized against the average of all
autosomal loci used and the relative DNA abundance in comparison to females was determined using
the 2-(ΔΔCt) method. The sex-linked loci on superscaffold 9 exhibited on average a 0.51-0.58 fold-change
in DNA abundance, while the locus on superscaffold 10 had an average fold-change of 1.04. Foldchange was between 0.87-1.17 on average for the autosomal loci on superscaffolds 5 and 7 (Figure
2B). Sex-linked loci on superscaffold 9 thus show about half the DNA abundance in males with an
average of 0.55 compared to females. For autosomal loci, the average value of 1.01 corresponds to
approximately the same DNA abundance.

Discussion
Our study determined the male karyotype of A. bruennichi. It is composed of 24 chromosomes with
an X1X20 system. The same karyotype was found in other two Argiope species, namely A. minuta
(Datta & Chatterjee, 1988), and A. pulchella (Bole-Gowda, 1958). This karyotype is the most common
in analyzed species of the superfamily Araneoidea, and is probably an ancestral feature of this clade
(Araujo et al., 2015). As in most other entelegyne spiders, the karyotype of A. bruennichi is formed by
acrocentric chromosomes (Kořínková & Král, 2013); this karyotype stucture can be considered
ancestral for entelegynes (Král et al., 2006). Data on three other Argiope species are incomplete or
different from A. bruennichi: the male karyotype of A. amoena is also formed by 24 chromosomes,
X1X20 system, but the chromosome morphology was not determined (Suzuki, 1951). The same diploid
number was found in A. catenulata (Amalin, Barrion, & Rueda, 1992) and A. luzona (Carandang &
Barrion, 1994), but the chromosome complement of A. luzona is reported to consist of both
monoarmed (acrocentric and subtelocentric) and biarmed (metacentric and submetacentric)
chromosomes (Carandang & Barrion, 1994). This karyotype structure is exceptional in entelegynes,
and should be revisited by analysis of metaphase II, when centromeres are unequivocally identifiable.
Biarmed chromosomes of A. luzona could arise from acrocentric chromosomes, such as those found
in A. bruennichi, by pericentric inversions. The karyotype of A. catenulata is reported to be composed
of holocentric chromosomes with an XY system (Amalin et al., 1992). In this case, the authors have
most likely mistaken acrocentric chromosomes for holocentric ones, as they do not report any
features which support holocentric structure of chromosomes. Moreover, other studied Argiope
species have monocentric chromosomes (Kořínková & Král, 2013). Furthermore, the determination of
the XY system by Amalin et al. (1992) is probably also incorrect, as they do not provide any supporting
information on the mode of sex chromosome pairing or sex chromosome segregation during male
meiosis.
As mentioned above, our karyotype analysis revealed 2n=24, X1X20 in male of A. bruennichi. Given the
X1X20 system, where males are hemizygous for two X chromosomes, this result fits with the 13
superscaffolds in the haploid genome assembly of a female A. bruennichi published by Sheffer et al.
(2021): 11 autosomes + X1 + X2. The result showing half coverage for superscaffolds 9 and 10 in the
male indicates that these represent the X chromosomes in the A. bruennichi genome assembly. These
superscaffolds are very similar in length (123.24 Mbp and 122.82 Mbp), which does not match the
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lengths of X1 and X2 (82.973 Mbp and 75.754 Mbp) derived from the comparison of male and female
genome sizes, with the X1:X2 ratio from image-based measurements. However, the genome size
measurements had a relatively high standard error, and the superscaffold lengths fall within this error
margin. The fact that we identified two superscaffolds as putative X chromosomes supports the
hypothesis that X chromosomes are non-homologous or highly divergent (Kořínková & Král, 2013). If
they were homologous, the process of genome assembly would have likely combined them into a
single superscaffold, as for homologous autosomal pairs.
In addition to the multiple X chromosomes, an XY sex chromosome pair has been discovered in two
distantly related entelegyne families, Agelenidae and Lycosidae (Král, 2007; Král et al., 2011). The pair
associates at the centromeres with the multiple X chromosomes during male meiosis (Král, 2007). This
pair has been termed “cryptic sex chromosome pair” (CSCP) (Sember et al., 2020) since the
chromosomes are homomorphic (i.e., exhibit no morphological differentiation), and can only be
detected under optimal conditions due to fragile meiotic association with the X chromosomes (Král,
2007; Král et al., 2011). Due to its discovery in some entelegyne lineages, as well as in more basally
branching spider groups, it has been hypothesized that the CSCP represent ancestral spider sex
chromosomes (Král, 2007; Král et al., 2011, 2013; Sember et al., 2020). Whether or not A. bruennichi
possesses the CSCP is beyond the scope of this study. However, if it does exist in A. bruennichi, then
the differentiation of X and Y must be very low, as we could not detect them with the given data, and
thus the male Y sequences map to the X of the CSCP in the genome assembly. A very low
differentiation between chromosomes X and Y of CSCP is supported by identical morphology of these
chromosomes (Král, 2007; Král et al., 2011, 2013), distribution of chiasmata, which can be formed
along the entire or almost entire chromosome length, as well as by lack of differential hybridization
between chromosomes of the CSCP, probed by comparative genomic hybridization (Sember et al.,
2020).
The X1X20 system of entelegyne spiders is thought to have arisen by X chromosome fission (e.g., Pätau,
1948), nondisjunction of the X chromosome of an X0 system (e.g., Postiglioni & Brum-Zorrilla, 1981),
or nondisjunction of the X chromosome of the CSCP (Král, 2007). The non-homologous nature of X1
and X2 chromosomes found in A. bruennichi could reflect their origin by X chromosome fission.
Alternatively, lack of sequence homology could reflect a homologous origin via early duplication of
the X chromosome in an X0 system (or early duplications of the X chromosome of CSCP) followed by
a long period of structural differentiation of X1 and X2 chromosomes by gene mutations and
chromosomal rearrangements. Recent analyses of karyotype evolution of araneomorph spiders
suggest a considerable age of X1 and X2 chromosomes of the entelegyne X1X20 system (Král et al.,
2006; Ávila Herrera et al., 2021). Differentiation of X chromosome copies could be accelerated by the
inactivation of X chromosome bivalents during meiosis of spider females (Král, 2007).
Interestingly, superscaffold 9 (i.e. chromosome X1) contains Hox cluster “A” in the A. bruennichi
genome assembly (Sheffer et al., 2021). Hox genes are a set of highly conserved genes that regulate
the body plan organization of animals (Pearson, Lemons, & McGinnis, 2005). This result should be
tested with fluorescence in situ hybridization, and compared with other spiders, when chromosomelevel assemblies and sequences for X chromosomes become available for more species. The
localization of the cluster has potential implications of dosage differences in Hox genes for males and
females, and the suspected compensation mechanisms should be investigated further.
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Our measurements of genome size and GC content also roughly matched data from the published
genome assembly (Sheffer et al., 2021). The female measurement of 2C=4,079.809 Mbp ±256.265
corresponds to a haploid (1C) genome size of 2,039.904 Mbp ±128.132 (this study). The genome
assembly has a size of 1,670.286 Mbp (Sheffer et al., 2021). Likewise, the average chromosome size
for females was 156.916 Mbp based on flow cytometry (this study), and 126.475 Mbp in the genome
assembly (Sheffer et al., 2021). The process of genome assembly may collapse repetitive regions, and
usually results in a smaller assembly size than measured via flow cytometry (see Pflug et al., 2020).
The GC content in flow cytometry measurements was 35.5% (this study), while the genome assembly
has a GC content of 29.3%. Reduced GC content is a common trait in spiders, and the estimates
reported here fall within the range reported for entelegyne spiders (27.2-35%, see Krehenwinkel et
al., 2019; Sheffer et al., 2021), and indeed all other investigated spider species (Král et al., 2019). A.
bruennichi exhibits a larger genome than the two other studied Argiope species established using
Feulgen densitometry, A. aurantia (1,584 Mbp) and A. trifasciata (1,653 Mbp) (Gregory & Shorthouse,
2003), but falls into the range of 1C reported for the majority of araneids. Excluding the large genome
of Hyposinga sp. (4,000 Mbp), araneids exhibit a low diversity of genome sizes (1,438 – 2,680 Mbp)
(Gregory & Shorthouse, 2003).
The DNA abundance values obtained by RT-qPCR in males for loci on superscaffold 9 show the
expected pattern of approximately half abundance relative to autosomal markers, and can thus be
reliably used for sexing spiders. The values obtained for ABS-10C, a locus on superscaffold 10, and
thus putatively sex-linked, on the other hand, resemble values obtained for autosomal loci. Given the
compelling evidence from the coverage comparison that supports superscaffold 10 as being one of
the two X chromosomes, this is likely due to technical errors during RT-qPCR validation and requires
further testing. The method tested here is applicable to very small DNA quantities and would allow
sexing juvenile spiders as well as early instar spiderlings inside the egg sac in which they overwinter
or right after their emergence.
Having identified the sex chromosomes in the genome assembly, future work can investigate sex
chromosome evolution in A. bruennichi. In species in which males are hemizygous for the sex
chromosomes, which we have demonstrated is the case for A. bruennichi, the X chromosome is
expected to evolve faster at the molecular level, relative to autosomes. This is due to a number of
factors, such as fewer recombination events, weaker purifying selection or higher positive selection
on recessive alleles relative to autosomes. These processes may lead to the acquisition of specific
gene content on X chromosomes and to an X chromosome to autosome divergence (Charlesworth,
Coyne, & Barton, 1987; Ellegren, 2009). Understanding the forces that drive this specialization, which
genes are involved and whether they are beneficial to females, would help to increase our
understanding of sex chromosome evolution, monogenic versus polygenic sex determination, and
eventually of the evolution of sexual differentiation (Rice, 1984).

Conclusions
We determined the Argiope bruennichi karyotype, genome size and GC content, which is consistent
with the existing genome assembly. By comparing sequencing coverage of males and females, we
were able to identify which of the superscaffolds in the genome assembly represent the multiple X
chromosomes. This result enabled us to develop the first RT-qPCR markers allowing for a molecular
approach to sexing spiders early on. Furthermore, having knowledge on the sex chromosomes in the
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genome assembly will open doors to studies on sex determination, sex allocation, sex specific
dispersal and growth, and sex dependent physiological and developmental trajectories.

Data Availability
Sequencing reads from the male and female specimens are available on NCBI’s Short Read Archive,
under BioProject PRJNA629526. Raw data for the flow cytometry data are available in the
supplementary material, as is the information on RT-qPCR primers and the Ct values from the RTqPCR experiments.

Acknowledgements
We would like to thank Henrik Krehenwinkel and Stefan Prost for discussions and brainstorming on
this project early on. We also thank Lars Jensen for his input on library preparation and sequencing
and Douglas Araujo for access to the paper on the karyotype of Argiope luzona. We are grateful to
Shou-Wang Lin, who provided a translation of the original Argiope bruennichi karyotype paper, which
started us on this path to generate new data. We thank the Deutsche Forschungsgemeinschaft (DFG)
for the funding of this study as part of the Research Training Group 2010 RESPONSE (GRK 2010)
awarded to GU. The cytogenetic part of the study was supported by the Grant Agency of Charles
University (project 1000119) and the Ministry of Education, Youth, and Sports of the Czech Republic
(project LTAUSA 19142).

Author contributions
Other than the first author position, the authors are listed in alphabetical order by last name, not
relative to contributions or institutional hierarchy. MMS, MC, GU, JK and MF conceived of the study.
MMS, MF, and GU collected spiders. MMS and CJ isolated DNA, prepared libraries for the wholegenome sequencing and performed the sequencing, with input and infrastructure from GU and AWK.
KH, MG, and MC selected loci, designed primers, and performed the RT-qPCR analysis. MK and MF
performed the karyological analysis of chromosomes, with input and infrastructure from JK. EL
performed the flow cytometry measurements of genome size and GC content. All authors contributed
to manuscript writing and revision.

References
Al-Dous EK, George B, Al-Mahmoud ME, Al-Jaber MY, Wang H, Salameh YM, Al-Azwani EK,
Chaluvadi S, Pontaroli AC, Debarry J, Arondel V, Ohlrogge J, Saie IJ, Suliman-Elmeer KM, Bennetzen
JL, Kruegger RR & Malek JA. 2011. De novo genome sequencing and comparative genomics of date
palm (Phoenix dactylifera). Nature Biotechnology 29: 521–527.
Amalin DM, Barrion AA & Rueda LM. 1992. Morphology and cytology of Argiope catenulata
(Doleschall) (Araneae: Araneidae). Asia Life Sciences 1: 35–44.
Andrews S. 2010. FastQC: A quality control tool for high throughput sequence data.
Araujo D, Schneider MC, Paula-Neto E & Cella DM. 2012. Sex chromosomes and meiosis in spiders: a
review. In: Swan A, ed. Meiosis: molecular mechanisms and cytogenetic diversity. Rijeka: InTechOpen,
87–108.
Araujo D, Paula-Neto E, Brescovit AD, Cella DM & Schneider MC. 2015. Chromosomal similarities
between Nephilidae and Tetragnathidae indicate unique evolutionary traits among Araneoidea.
Italian Journal of Zoology 82: 513–520.
47

Araujo D, Schneider MC, Paula-Neto E & Cella DM. 2021. The spider cytogenetic database.
Ávila Herrera IM, Král J, Pastuchová M, Forman M, Musilová J, Kořínková T, Šťáhlavský F, Zrzavá M,
Nguyen P, Just P, Haddad CR, Hiřman M, Koubová M, Sadílek D & Huber BA. 2021. Evolutionary
pattern of karyotypes and meiosis in pholcid spiders (Araneae: Pholcidae): implications for
reconstructing chromosome evolution of araneomorph spiders. BMC Ecology and Evolution 21: 75.
Avilés L & Maddison W. 1991. When is the sex ratio biased in social spiders?: Chromosome studies of
embryos and male meiosis in Anelosimus species (Araneae, Theridiidae). Journal of Arachnology 19:
126–135.
Bachtrog D, Mank JE, Peichel CL, Kirkpatrick M, Otto SP, Ashman TL, Hahn MW, Kitano J, Mayrose
I, Ming R, Perrin N, Ross L, Valenzuela N, Vamosi JC, Mank JE, Peichel CL, Ashman TL, Blackmon H,
Goldberg EE, Hahn MW, Kirkpatrick M, Kitano J, Mayrose I, Ming R, Pennell MW, Perrin N,
Valenzuela N & Vamosi JC. 2014. Sex determination: Why so many ways of doing it? PLoS Biology 12:
1–13.
Bechsgaard J, Schou MF, Vanthournout B, Hendrickx F, Knudsen B, Settepani V, Schierup MH & Bilde
T. 2019. Evidence for faster X chromosome evolution in spiders. Molecular Biology and Evolution 36:
1281–1293.
Bole-Gowda BN. 1958. A study of the chromosomes during meiosis in twenty-two species of Indian
spiders. Proceedings of the Zoological Society of Bengal 11: 69–108.
Carandang RB & Barrion AA. 1994. Karyotype of the egg chromosomes of Argiope luzona (Walck), an
orb-weaving spider (Araneae, Araneidae). Philippine entomologist 9: 443–447.
Charlesworth B, Coyne JA & Barton NH. 1987. The relative rates of evolution of sex chromosomes
and autosomes. American Naturalist 130: 113–146.
Coddington JA & Levi HW. 1991. Systematics and evolution of spiders (Araneae). Annual Review of
Ecology and Systematics 22: 565–592.
Cordellier M, Schneider JM, Uhl G & Posnien N. 2020. Sex differences in spiders: From phenotype to
genomics. Development Genes and Evolution 230: 155–172.
Datta SN & Chatterjee K. 1988. Chromosomes and sex determination in 13 araneid spiders of NorthEastern India. Genetica 76: 91–99.
Dolejš P, Kořínková T, Musilová J, Opatová V, Kubcová L, Buchar J & Král J. 2011. Karyotypes of
central European spiders of the genera Arctosa, Tricca, and Xerolycosa (Araneae: Lycosidae).
European Journal of Entomology 108: 1–16.
Ellegren H. 2009. The different levels of genetic diversity in sex chromosomes and autosomes. Trends
in Genetics 25: 278–284.
Fraïsse C, Picard MAL & Vicoso B. 2017. The deep conservation of the Lepidoptera Z chromosome
suggests a non-canonical origin of the W. Nature Communications 8: 1–9.
Gautier M. 2014. Using genotyping data to assign markers to their chromosome type and to infer the
sex of individuals: A Bayesian model-based classifier. Molecular Ecology Resources 14: 1141–1159.
Gregory TR & Shorthouse DP. 2003. Genome sizes of spiders. Journal of Heredity 94: 285–290.
Hamm RL, Meisel RP & Scott JG. 2015. The evolving puzzle of autosomal versus Y-linked male
determination in Musca domestica. G3: Genes, Genomes, Genetics 5: 371–384.
48

Hou J, Ye N, Zhang D, Chen Y, Fang L, Dai X & Yin T. 2015. Different autosomes evolved into sex
chromosomes in the sister genera of Salix and Populus. Scientific Reports 5: 9076.
Kořínková T & Král J. 2013. Karyotypes, sex chromosomes, and meiotic division in spiders. In: Nentwig
W, ed. Spider Ecophysiology. Berlin: Springer, 159–171.
Král J, Musilová J, Št’áhlavský F, Řezáč M, Akan Z, Edwards RL, Coyle FA & Almerje CR. 2006.
Evolution of the karyotype and sex chromosome systems in basal clades of araneomorph spiders
(Araneae: Araneomorphae). Chromosome Research 14: 859–880.
Král J. 2007. Evolution of multiple sex chromosomes in the spider genus Malthonica (Araneae:
Agelenidae) indicates unique structure of the spider sex chromosome systems. Chromosome Research
15: 863–879.
Král J, Kořínková T, Forman M & Krkavcová L. 2011. Insights into the meiotic behavior and evolution
of multiple sex chromosome systems in spiders. Cytogenetic and Genome Research 133: 43–66.
Král J, Kořínková T, Krkavcová L, Musilová J, Forman M, Herrera IMÁ, Haddad CR, Vítková M,
Henriques S, Vargas JGP & Hedin M. 2013. Evolution of karyotype, sex chromosomes, and meiosis in
mygalomorph spiders (Araneae: Mygalomorphae). Biological Journal of the Linnean Society 109: 377–
408.
Král J, Forman M, Kořínková T, Lerma ACR, Haddad CR, Musilová J, Řezáč M, Herrera IMÁ, Thakur S,
Dippenaar-Schoeman AS, Marec F, Horová L & Bureš P. 2019. Insights into the karyotype and genome
evolution of haplogyne spiders indicate a polyploid origin of lineage with holokinetic chromosomes.
Scientific Reports 9: 3001.
Krehenwinkel H, Graze M, Rödder D, Tanaka K, Baba YG, Muster C & Uhl G. 2016. A
phylogeographical survey of a highly dispersive spider reveals eastern Asia as a major glacial refugium
for Palaearctic fauna. Journal of Biogeography 43: 1583–1594.
Krehenwinkel H, Meese S, Mayer C, Ruch J, Schneider J, Bilde T, Künzel S, Henderson JB, Russack J,
Simison WB, Gillespie R & Uhl G. 2019. Cost effective microsatellite isolation and genotyping by high
throughput sequencing. Journal of Arachnology 47: 190–201.
Krehenwinkel H, Rödder D & Tautz D. 2015. Eco-genomic analysis of the poleward range expansion
of the wasp spider Argiope bruennichi shows rapid adaptation and genomic admixture. Global Change
Biology 21: 4320–4332.
Krehenwinkel H & Tautz D. 2013. Northern range expansion of European populations of the wasp
spider Argiope bruennichi is associated with global warming-correlated genetic admixture and
population-specific temperature adaptations. Molecular Ecology 22: 2232–2248.
Krüger J. 2014. Präballooning-Verhalten bei der Wespenspinne Argiope bruennichi.
Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G & Durbin R. 2009.
The Sequence Alignment/Map format and SAMtools. Bioinformatics 25: 2078–2079.
Li H. 2013. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv.
Loureiro J, Rodriguez E, Doležel J & Santos C. 2007. Two new nuclear isolation buffers for plant DNA
flow cytometry: A test with 37 species. Annals of Botany 100: 875–888.

49

Muyle A, Käfer J, Zemp N, Mousset S, Picard F & Marais GA. 2016. SEX-DETector: A probabilistic
approach to study sex chromosomes in non-model organisms. Genome Biology and Evolution 8: 2530–
2543.
Okonechnikov K, Conesa A & García-Alcalde F. 2016. Qualimap 2: Advanced multi-sample quality
control for high-throughput sequencing data. Bioinformatics 32: 292–294.
Palmer DH, Rogers TF, Dean R & Wright AE. 2019. How to identify sex chromosomes and their
turnover. Molecular Ecology 28: 4709–4724.
Pätau K. 1948. X-segregation and heterochromasy in the spider Aranea reaumuri. Heredity 2: 77–100.
Pearson JC, Lemons D & McGinnis W. 2005. Modulating Hox gene functions during animal body
patterning. Nature Reviews Genetics 6: 893–904.
Pflug JM, Holmes VR, Burrus C, Spencer Johnston J & Maddison DR. 2020. Measuring genome sizes
using read-depth, k-mers, and flow cytometry: Methodological comparisons in beetles (Coleoptera).
G3: Genes, Genomes, Genetics 10: 3047–3060.
Picq S, Santoni S, Lacombe T, Latreille M, Weber A, Ardisson M, Ivorra S, Maghradze D, ArroyoGarcia R, Chatelet P, This P, Terral JF & Bacilieri R. 2014. A small XY chromosomal region explains sex
determination in wild dioecious V. vinifera and the reversal to hermaphroditism in domesticated
grapevines. BMC Plant Biology 14: 229.
Postiglioni A & Brum-Zorrilla N. 1981. Karyological studies on Uruguayan spiders II. Sex chromosomes
in spiders of the genus Lycosa (Araneae-Lycosidae). Genetica 56: 47–53.
Rao X, Huang X, Zhou Z & Lin X. 2013. An improvement of the 2ˆ(-delta delta CT) method for
quantitative real-time polymerase chain reaction data analysis. Biostatistics, bioinformatics and
biomathematics 3: 71–85.
Rice WR. 1984. Sex chromosomes and the evolution of sexual dimorphism. Evolution 38: 735–742.
Schubert M, Lindgreen S & Orlando L. 2016. AdapterRemoval v2: Rapid adapter trimming,
identification, and read merging. BMC Research Notes 9: 1–7.
Sember A, Pappová M, Forman M, Nguyen P, Marec F, Dalíková M, Divišová K, DoležálkováKaštánková M, Zrzavá M, Sadílek D, Hrubá B & Král J. 2020. Patterns of sex chromosome
differentiation in spiders: Insights from comparative genomic hybridisation. Genes 11: 849.
Sheffer MM, Hoppe A, Krehenwinkel H, Uhl G, Kuss AW, Jensen L, Jensen C, Gillespie RG, Hoff KJ &
Prost S. 2021. Chromosome-level reference genome of the European wasp spider Argiope bruennichi:
A resource for studies on range expansion and evolutionary adaptation. GigaScience 10: 1–12.
Šmarda P, Bureš P, Horová L, Foggi B & Rossi G. 2008. Genome size and GC content evolution of
Festuca: Ancestral expansion and subsequent reduction. Annals of Botany 101: 421–433.
Suzuki S. 1951. A comparative study of the chromosomes in the family Argiopidae. Journal of Science
of the Hiroshima University, Series B, Division 1 12: 67–98.
Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M & Rozen SG. 2012. Primer3—
new capabilities and interfaces. Nucleic Acids Research 40: e115–e115.
Veselý P, Bureš P, Šmarda P & Pavlíček T. 2012. Genome size and DNA base composition of
geophytes: the mirror of phenology and ecology? Annals of Botany 109: 65–75.
50

Vicoso B. 2019. Molecular and evolutionary dynamics of animal sex-chromosome turnover. Nature
Ecology & Evolution 2019 3:12 3: 1632–1641.
Vicoso B & Bachtrog D. 2011. Lack of global dosage compensation in Schistosoma mansoni, a femaleheterogametic parasite. Genome Biology and Evolution 3: 230–235.
Wawer W, Rutkowski R, Krehenwinkel H, Lutyk D & Pusz- K. 2017. Population structure of the
expansive wasp spider (Argiope bruennichi) at the edge of its range. Journal of Arachnology 45: 361–
369.
White MJD. 1973. Animal Cytology and Evolution. London, UK: Cambridge University Press.
Zhang YJ & Tong SJ. 1990. The routine method for preparing the chromosomes in spiders. Chinese
Journal of Zoology 25: 30–31.

51

Supplementary materials for Chapter 2, Sex Chromosomes
Table S1: Primary data of flow cytometry measurements. FI - fluorescence intensity, the mean value
of a standard’s (P. sativum) peak or sample’s (A. bruennichi) peak for certain fluorochromes and
their ratio. CV - coefficient of variability in (%) of each peak is given in the next column. Dye factor
(DAPI) estimated as ratio of FI ratios (base specific fluorochrome / nonselective fluorochrome). Dye
factor is the parameter used for calculation of base content, for details see Šmarda et al. (2008) and
references therein.
Propidium Iodide

Sex
female

male

FI
Standard
451.38
443.74
410.96
447.2
468.57
430.33
412.18
401.71
403.76
420.8
473.09
493.52
432.38
443.04
463.8
416.72
461.34
398.67
400.73
388.22

CV
1.84
1.37
2.22
2.55
2.89
3.17
2.19
2.285
2.12
1.96
2.48
2.36
1.97
2.75
2.97
1.87
6.17
1.71
1.97
2.75

FI
Sample
225.21
219.29
206.13
221.19
237.5
218.84
228.07
228.74
232.85
209.91
210.87
228.02
223.47
216.14
237.37
217.9
235.43
206.25
208.36
196.37

CV
4.05
4.36
4.87
4.12
4.58
6.84
9.91
6.32
5.58
4.77
4.48
3.5
8.68
11.01
5.72
3.29
4.77
5.43
5.62
6.28

FI
sample/
FI
FI
standard Standard
0.4989
294.15
0.4942
296.26
0.5016
294.02
0.4946
302.57
0.5069
298.18
0.5085
299.98
0.5533
311.77
0.5694
313.43
0.5767
312.43
0.4988
316.22
0.4457
302.02
0.4620
303.85
0.5168
296
0.4879
297.22
0.5118
298.34
0.5229
324.04
0.5103
315.27
0.5173
310.63
0.5200
309.77
0.5058
312.39

52

DAPI

CV
1.74
1.75
1.86
1.61
1.5
1.8
1.67
1.76
1.92
1.58
2.55
1.58
2.19
1.93
1.66
1.96
1.9
2.13
1.89
2.19

FI
Sample
207.74
212.14
208.23
215.7
212.75
214.04
220.94
222.96
222.68
222.62
195.19
196.51
191.52
190.07
194.52
205.67
201.56
203.1
198.96
201.58

CV
3.33
2.96
2.94
2.51
2.02
2.81
3.21
3.14
3.1
2.83
3.55
2.67
3.36
3.44
2.97
5.75
3.85
4.21
5.16
4.02

FI
sample/
FI
standard
0.7062
0.7161
0.7082
0.7129
0.7135
0.7135
0.7087
0.7114
0.7127
0.7040
0.6463
0.6467
0.6470
0.6395
0.6520
0.6347
0.6393
0.6538
0.6423
0.6453

Dye
factor
(DAPI)
1.4155
1.4490
1.4120
1.4413
1.4077
1.4031
1.2807
1.2493
1.2359
1.4113
1.4499
1.3998
1.2519
1.3108
1.2740
1.2138
1.2528
1.2638
1.2353
1.2757

Table S2: DNA quantities obtained prior to RT-qPCR or conventional PCR (“conv. PCR”), and triplicate
Ct values for each locus in each individual from RT-qPCR
Sex
Female

Individual
ID
Ab6

Nanodrop
(ng µL-1)
58.4

Qubit (ng
µL-1)
14.6

RT-qPCR

Ab7

39.8

13.7

RT-qPCR

103.60

31.6

Ab2
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Ab3
Male

Use

Locus

Ct1

Ct2

Ct3

ABA-5
ABA-7
ABS-9.3
ABS-9.4
ABS-9.5
ABS-10C
ABA-5
ABA-7
ABS-9.3
ABS-9.4
ABS-9.5
ABS-10C

24.48
22.75
29.76
25.74
25.31
21.66
21.47
27.49
27.06
25.72
26.63
21.16

26.96
22.77
29.90
25.77
25.36
21.64
21.43
27.44
27.31
25.64
26.71
21.06

24.48
22.80
29.95
25.76
25.37
21.65
21.41
27.55
27.23
25.98
26.74
21.05

conv. PCR

-

-

-

-

NA

conv. PCR

-

-

-

-

ABA-5
ABA-7
ABS-9.3
ABS-9.4
ABS-9.5
ABS-10C
ABA-5
ABA-7
ABS-9.3
ABS-9.4
ABS-9.5
ABS-10C

25.00
25.03
30.66
27.01
26.07
21.97
22.41
27.96
29.98
27.17
28.96
21.94

24.13
22.43
30.60
26.46
25.92
20.97
22.14
27.82
28.49
27.12
27.96
21.85

24.12
22.49
30.54
26.51
25.97
20.95
22.57
27.8
28.46
26.99
28.32
21.72

Ab26

11.1

5.17

RT-qPCR

Ab27

12.4

8.53

RT-qPCR

Table S3: Primers used for quantification in the RT-qPCR approach. ABA-5 and ABA-7 are autosomal
loci, while ABS-10C, ABS-9.3, ABS-9.4 and ABS-9.5 should be sex-linked.
Locus

Scaff

Forward (“fw”)

Reverse (“rv”)

ABA-5

5

CAAGCCGACTGATAGAGATCCC

GACCGAACATTATTAACCGCCG

151

60.03

60.03

ABA-7

7

ACGAGATGTACTGACGGCATAG

TTCCGCTGGTTCTTTTGCATTC

171

59.71

60.29

9

GTGGCACTTTTAGCTGGAACTG

TTCTTACCCATCAAAGGAGGCC

176

60.03

60.03

ABS-9.4

9

AGAGGAGAGTTGGTTGGCTTTC

CCACTTCGCGCATCTGAATAAG

188

60.22

60.03

ABS-9.5

9

CTTCTTATTTTGGCGGGCTAGC

CATCAAGCAGTGTTGTGGAAGG

158

59.97

60.03

ABS-10C

10

ATTCATGTTCGCCGCATTAGTG

GCAGTCCTCAAATGTCCAAACC

191

59.97

60.03

ABS-9.3
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Product Size [bp] Temp fw [°C] Temp rv [°C]

2.3. Chapter 3: Rapid ecological and evolutionary divergence during a poleward
range expansion
Monica M. Sheffer 1 *, Linda Zander 1 , Brian Schulze 1# , Pierick Mouginot 2 ,
Thomas Naef 3 , Jürgen Kreyling 4 , Rosemary G. Gillespie 5 , Katharina J.
Hoff 6,7 , Stefan Prost 8,9,10,11 , Henrik Krehenwinkel 12 and Gabriele Uhl 1
General and Systematic Zoology, Zoological Institute and Museum, University of Greifswald, 17489
Greifswald, Germany

1

PSL Research University, CNRS-EPHE-UPVD, USR 3278 CRIOBE, 66360, Perpignan, France

2

Applied Zoology and Nature Conservation, Zoological Institute and Museum, University of
Greifswald, 17489 Greifswald, Germany

3

Experimental Plant Ecology, Institute for Botany and Landscape Ecology, University of Greifswald,
17489 Greifswald, Germany
4

Department of Environmental Science Policy and Management, University of California Berkeley,
94720 Berkeley, CA, USA

5

Institute of Mathematics and Computer Science, University of Greifswald, 17489 Greifswald,
Germany

6

Center for Functional Genomics of Microbes, University of Greifswald, 17489 Greifswald, Germany

7

Department of Behavioural and Cognitive Biology, University of Vienna, 1090 Vienna, Austria

8

Konrad Lorenz Institute of Ethology, University of Veterinary Medicine, A-1160 Vienna, Austria

9

Natural History Museum Vienna, Central Research Laboratories, 1010 Vienna, Austria

10

South African National Biodiversity Institute, National Zoological Gardens of South Africa, Pretoria
0001, South Africa

11

Department of Biogeography, University of Trier, 54296 Trier, Germany

12

*Indicates corresponding author
Current affiliation: Animal Ecology, Zoological Institute and Museum, University of Greifswald,
17489 Greifswald, Germany

#

Manuscript submitted to eLife on November 8th, 2021 and available as a preprint on bioRxiv under doi:
10.1101/2021.11.04.467261

54

Abstract
Anthropogenic climate change is rapidly altering ecosystems, driving range shifts, range contractions,
dwindling population sizes and local extinctions in many species. Some species, however, are
expanding their ranges and seem to benefit from warming temperatures. This is the case for the wasp
spider, Argiope bruennichi, which has undergone a range expansion from its historic range in the
Mediterranean (“core”), now reaching as far as the Baltic states and Scandinavia (“edge”). The rate of
this range expansion cannot be attributed to climate change alone, and it has been hypothesized that
adaptive introgression lent the genetic variation upon which selection could act, enabling the rapid
range expansion. In the present study, we first quantify the degree of local adaptation and phenotypic
plasticity in cold tolerance in edge relative to core populations, and secondly investigate genomic and
phenotypic turnover across the proposed introgression zone. With a reciprocal transplant common
garden experiment, we provide strong support for the hypothesis that edge populations are locally
adapted to colder winter conditions. We also find evidence of seasonal plasticity in the core
populations, while edge populations have lost this plasticity. Our genome-wide analysis, using a
combination of FST outlier and genetic-environment association tests, supports the hypothesis that
adaptive introgression played a role in environmental adaptation.

Keywords
Range expansion, local adaptation, phenotypic plasticity, cold tolerance, spider, adaptive
introgression
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Introduction
Organisms experience changing environments from season to season, but also in the long term, and
less predictably, facing global climate change. Global change is massively altering ecosystems, leading
to extinction events, dwindling population sizes, and range contractions in many species worldwide.
However, some species seem to profit from these changes, displaying dramatic poleward range
expansions (reviewed in i.e. Parmesan et al., 1999; Hickling et al., 2006; Chen et al., 2011). Such range
expansions have long been explained by environmental change alone. Recent work shows that rangeexpanding populations differentiate from core populations during the process of expansion.
Environmental change may make a new habitat suitable in one dimension, such as sufficiently warm
summer temperatures for development, while other dimensions, such as colder winter temperatures
at the expanding front, may require genetic adaptation or adaptive phenotypic plasticity (Sexton et
al., 2009; Colautti & Barrett, 2013). This is the case, for example, in the range-expanding damselfly,
Ischnura elegans, which has maintained its heat tolerance but altered its lower thermal tolerances,
likely through evolutionary adaptation, during a poleward range expansion (Lancaster et al., 2015,
2016). The rapid establishment and phenotypic differentiation of range-expanding species offers the
opportunity to investigate the roles of plasticity and evolutionary adaptation in responses to novel
environments, and to obtain information on the underlying genomic basis of adaptation. This is
especially true for species with passive dispersal, such as seeds or spiders dispersing in the wind, with
little to no control over where they land.
Phenotypic plasticity, the potential for a single genotype to produce differing phenotypes in response
to differing environmental conditions (see Fordyce, 2006; Whitman & Agrawal, 2009), can facilitate
range expansion, enabling dispersing organisms to persist wherever they arrive. However, even if
plasticity is sufficient for initial survival and establishment, local adaptation may subsequently arise,
i.e. if there is a cost to plasticity (Ghalambor et al., 2007; Auld et al., 2010; Hoffmann & Bridle, 2021).
Common garden and reciprocal transplant experiments allow for disentangling plastic and adaptive
responses, by manipulating the environment while controlling for genetic background. Such
experiments have demonstrated that local genetic adaptation is widespread in nature (i.e. Clausen,
Keck & Hiesey, 1941; Leimu & Fischer, 2008; Hereford, 2009; Fraser et al., 2011). However, the relative
importance of novel mutations or standing genetic variation providing the substrate for selection,
enabling genetic adaptation, cannot be derived from those experiments (Barrett & Schluter, 2008;
Hedrick, 2013; Hoban et al., 2016), and is rarely studied in conjunction with the relative importance
of adaptation and phenotypic plasticity in organismal responses to novel environments.
In theory, adaptation from standing genetic variation should take place more quickly than adaptation
from novel mutations. This has a number of reasons; for instance, variants which may be adaptive
under novel environments are already present in the gene pool and occur at reasonably high
frequencies, while novel mutations seldom arise and start at low frequencies, which are more
susceptible to genetic drift (reviewed in Barrett & Schluter, 2008). A third avenue through which
adaptive variants can arise in a genepool is via introgression, admixture or intraspecific hybridization
of previously isolated populations. Traditionally, hybridization has often been associated with
deleterious effects, such as outbreeding depression (Muhlfeld et al., 2009). More recently, however,
studies have increasingly begun to identify cases of adaptive introgression. For example, introgression
plays a strong role in wing coloration in the Heliconius butterfly mimicry complex (Zhang et al., 2016;
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Moest et al., 2020). Adaptive introgression can be especially rapid, when it involves the sharing of
alleles that are under very strong selection in a novel environment, as has been demonstrated in the
case of rapid pesticide resistance in an African mosquito species (Norris et al., 2015). Another
interesting example for adaptive introgression is the increased fitness at higher altitudes found in
Tibetan humans, which has been shown to stem from introgression of Denisovan-like DNA into
humans (Huerta-Sánchez et al., 2014; Racimo et al., 2015).
Argiope bruennichi is an orb-weaving spider species with a Palearctic distribution, which has
undergone a rapid latitudinal range expansion within Europe in the last century (Follner & Klarenberg,
1995; Algo, 2010; Krehenwinkel & Tautz, 2013; Krehenwinkel et al., 2015; Wawer et al., 2017).
Krehenwinkel & Tautz (2013) attributed the range expansion to climate-mediated adaptive
introgression, with individuals from eastern Asia mixing with the European gene pool via Russia,
providing genetic variation that enabled rapid adaptation to the colder, previously unsuitable
conditions in northern Europe. Indeed, as a consequence of their latitudinal range expansion,
individuals in the expanding populations prefer colder temperatures (Krehenwinkel & Tautz, 2013)
and have a colder climatic niche, as they must endure much more extreme winter temperatures and
higher seasonality than their counterparts in the core of the range (Krehenwinkel et al., 2015). What
remains unclear is whether the observed differences are due to phenotypic plasticity or genetic
adaptation, and where, precisely, adaptive introgression occurred geographically and within the
genome.
To address the first hypothesis, we set out to quantify the level of genetic adaptation and phenotypic
plasticity in edge relative to core populations in a suite of life history and physiological traits which
may enhance their ability to endure the colder winter conditions at the expanding edge. We did this
using a reciprocal transplant common garden experiment, overwintering juvenile spiders
(“spiderlings”) from replicated core or edge populations in either native or foreign conditions. At two
time points, mid-winter and post-winter, we measured their survival, mass, body size, and several
cold tolerance metrics: namely supercooling point, lower lethal temperature, and chill coma recovery
time.
To address the second hypothesis, we investigated phenotypic traits and genomic patterns across
latitude. Our sampling scheme focused on core and edge populations and the area of suspected
introgression. We quantified how adult phenotypes (body size, clutch size, hatching success, and
pigmentation) vary with latitude. We assessed population genomic patterns across latitude, and
scanned for signatures of adaptive introgression in the genome, to test if introgression truly provided
the substrate for selection enabling range expansion in this species.

Material and Methods
Population samples
We collected adult A. bruennichi females in a transect from southern France to Estonia, with dense
sampling in Germany cutting across the admixture zone proposed by Krehenwinkel & Tautz (2013)
from July 29th-August 10th, 2018. We timed the collecting trip according to the mating season, when
the females had mated (indicated by the lack of males, which had been cannibalized) but not yet laid
egg sacs (indicated by the lack of egg sacs in the field). We filled in the gaps between southern France,
57

Germany, and Estonia using DNA extracts from samples previously used in Krehenwinkel & Tautz
(2013). Similarly, we used DNA extracts from that study for outgroup populations from Russia and
Japan (Figure 1). We aimed to collect 10 individuals per site, although we included populations with
as few as three individuals when population densities were low. Our transect within Europe spans 15
degrees of latitude. Exact collecting locations with GPS coordinates and sample sizes can be found in
Table 1.
In addition to the ~10 animals per site collected from the NE-SW transect, we collected 94 more adult
A. bruennichi females from the three sites in Estonia and 80 more from the four sites in southern
France to increase the sample size for our reciprocal transplant common garden experiment
(henceforth “common garden experiment”).

Figure 1. Collecting sites included in this study. Each point represents a collecting locality; point shape and color
corresponds to the data collected at each site.
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Table 1. Collecting sites included in this study. The “Use” column contains a sub-column for the two aspects of
our study: the common garden experiment (CG) and the transect sampling. The transect sub-column contains
either “P” (data for adult phenotypes) and/or “G” (genetic data), or “O” (outgroup genetic data). In the sample
size column (“N”), the number in [square brackets] indicates additional females collected to achieve reasonable
sample sizes for the common garden experiment. Populations in bold text have data for both aspects (transect
and common garden).
Population
Number

Population Name

1
2
3
4
5
6
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Belflou
Casties
Mireval
Perry
Nimes
Lyon
Umkirch
Kenzingen
Offenburg
Brumath
Au Am Rhein
Heidelberg
Graefenhause
Buedingen
Schotten
Bad Hersfeld
Eisenach
Gierstadt
Kelbra
Pegau
Zeits
Barby
Rabenstein
Schulzendorf
Wandlitz
Templin
Mittenwald
Strasburg
Ludwigsburg
Grodziszcze
Poznan
Lebork
Palanga
Liepaja
Salaspils
Ainazi
Ikla
Pulgoja
Paernu
Selikhovy Dvory Village
Khytor Stepnoy Village
Donskoye Village
Yablonevoye Village
Amami oshima Island
Amami oshima Island
Fukuoka

Use
CG Transect
✓
✓
✓
✓
✓
✓
✓
-

P&G
P&G
P&G
P&G
G
G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
P&G
G
G
G
G
G
G
G
P&G
P&G
P&G
O
O
O
O
O
O
O

Country

N

Latitude (˚N)

Longitude (˚E)

France
France
France
France
France
France
Germany
Germany
Germany
France
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Poland
Poland
Poland
Lithuania
Latvia
Latvia
Latvia
Estonia
Estonia
Estonia
Russia
Russia
Russia
Russia
Japan
Japan
Japan

10 [7]
10 [7]
10 [51]
10 [15]
10
10
10
10
10
11
10
10
10
10
10
10
8
10
10
10
4
3
10
10
10
4
7
10
10
7
10
10
10
10
10
10
10 [6]
10 [9]
10 [79]
10
10
10
3
7
9
10

43.32287
43.18677
43.25358
43.07072
43.78
45.48
48.05299
48.17536
48.44384
48.72702
48.95041
49.42313
49.93076
50.24868
50.5284
50.85265
51.02786
51.02483
51.44596
51.16905
51.97261
51.94881
52.056
52.36082
52.74649
53.12951
53.1869
53.54765
54.11404
52.25
52.3
54.55
55.97
56.42
56.85
57.87
57.87248
58.10143
58.29702
51.57
51.73333
52.85
52.61667
28.33
28.33
33.65

1.786019
1.939997
1.961534
2.231319
4.4
4.83
7.758187
7.783603
7.919677
7.689943
8.243427
8.638357
8.594512
9.078187
9.117785
9.743685
10.35974
10.82997
11.10118
12.25069
11.8048
11.9164
12.636
13.56633
13.4346
13.48775
13.66299
13.72238
13.48225
15.533
17.5333
17.78
21.1
21
24.38
24.35
24.35843
24.48833
24.59738
36.07
36.18333
38.78333
39.6
129.32
129.32
130.6833
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Animal husbandry
After collection, we brought the spiders into a climate controlled chamber at the University of
Greifswald, Germany, where they produced one to two egg sacs under shared conditions (80 %
relative humidity, 26°C day temperature, 20°C night temperature, with 12 hours of full day, 10 hours
of full night, and one hour to transition between the day and night temperatures). The spiders were
stored in plastic containers (height: 13 cm, diameter: 12 cm) with a hole filled with cotton on the top
for ventilation; additional humidity was provided by spraying the cotton with water every evening.
We fed the spiders with adults or larvae of Lucilia caesar and Calliphora vomitoria flies twice a week.
After the period for oviposition was over, the adult females were anesthetized using CO2, then
preserved in pure ethanol and stored at -80°C. Females that died of natural causes in the lab were not
used for sequencing, as they were not immediately preserved, and thus the DNA could have degraded
over night until they were checked the next day.

Common garden experiment
Timing of experiments
Egg sacs were laid over a period of one month and 15 days, between August 4, 2018 and September
19, 2018. We will henceforth refer to the number of days between collection and oviposition as
“oviposition latency.” In the field, A. bruennichi females lay their eggs into round flask-shaped egg
sacs, placed ~20 cm above the ground, in the grass (Wawer et al., 2017; MM Sheffer, personal
observation). Females do not guard or tend their egg sacs for extended periods of time, and a single
female can produce multiple egg sacs; we refer to the eggs in each egg sac as a “clutch.” Females in
our study laid up to two egg sacs. The day following oviposition, we placed the egg sacs into 5 x 5 x
3.5 cm plastic boxes with mesh on two sides, and moved them into climate cabinets programmed
with the same day/night conditions under which they were laid, until the onset of winter treatments.
Eggs develop, hatch and molt within two to four weeks following oviposition (Leborgne & Pasquet,
2005; Schneider et al., 2005; Welke & Schneider, 2010). These molted spiderlings overwinter within
the egg sac. Here, it is important to note that because the egg sacs were laid before we began the
winter treatments, and hatching occurs shortly after oviposition, clutch size and hatching success will
not be affected by the winter treatments.
On October 1st, 2018, we changed the climate conditions in the climate cabinets, one with a “warm”
winter treatment, corresponding to the natural conditions in southern France (climate cabinet:
Panasonic Pflanzenzucht- und Klimatestkammer MLR-352H, Ewald Innovationstechnik GmbH, Bad
Nenndorf, Germany), and the other a “cold” winter treatment, corresponding to the natural
conditions in Estonia (climate cabinet: Percival Tieftemperaturkammer LT-36VL mit Fernkondensator,
CLF PlantClimatics GmbH, Wertingen, Germany). The egg sacs from each origin (France “core”, or
Estonia “edge”) were randomly assigned to warm or cold winter treatments, while ensuring
approximately equal sample sizes per origin and treatment (Table 2). For details on the winter
regimens, see Supplemental File 1: Figure S1. All egg sacs from a single mother (up to two) were placed
into the same winter treatment.
At mid-winter (February 4-March 19, 2019) and post-winter (April 4-May 19, 2019) intervals, we
opened a subset of the egg sacs and counted the number of eggs, dead spiderlings, and living
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spiderlings, and performed cold tolerance experiments, described below. Egg sacs opened at midwinter were opened six months (183 +/- 2 days) after the oviposition date, while post-winter egg sacs
were opened eight months (243 +/- 1 days) after oviposition.
Table 2. Sample sizes for the common garden experiment. Egg sacs laid by adult female spiders from French
(core) and Estonian (edge) populations were placed into either warm or cold winter treatments. The egg sacs
were opened at mid- (February-March) or post-winter (April-May). Some, but not all, mothers laid two egg sacs.

Experimental group
Origin
Core
Core
Core
Core
Edge
Edge
Edge
Edge

Winter treatment
Warm
Warm
Cold
Cold
Warm
Warm
Cold
Cold

Season
Mid-Winter
Post-Winter
Mid-Winter
Post-Winter
Mid-Winter
Post-Winter
Mid-Winter
Post-Winter

# 1st Egg sacs
31
31
30
28
33
30
31
30

# 2nd Egg sacs
16
7
8
9
26
20
19
10

For egg sacs with sufficient numbers of living spiderlings, we allotted 15 spiderlings for body size
measurements, 20 spiderlings for lower lethal temperature measurements, 10 spiderlings for chill
coma recovery time measurements, and 8 spiderlings for supercooling point measurements. In some
families with low survival, small clutch size, or low hatching success, slightly fewer spiderlings were
used in some measurements. Precise descriptions of the measurements taken follow below.

Response variables for common garden experiment
Life history traits and survival
We calculated the clutch size of egg sac as the sum of eggs, dead spiderlings, and living spiderlings.
Hatching success was calculated as the sum of dead and living spiderlings (“hatched” spiderlings)
divided by the total clutch size. Survival was calculated as the number of living spiderlings divided by
the total number of hatched spiderlings.
Mass and body size (spiderlings)
After counting the spiderlings, we immediately took the mass of 15 individual spiderlings per clutch
using a Sartorius ME5 scale (Sartorius AG, Goettingen, Germany). After weighing, the spiderlings were
stored individually in 80% ethanol at room temperature. Later, the preserved spiderlings were
removed from ethanol, and the first leg on the right side was removed and photographed using a Zeiss
Discovery V20 Microscope in combination with a Zeiss AxioCam MRc camera with a 0.63X objective
(Zeiss AG, Oberkochen, Germany). From the photos, we measured the length from the proximal end
of the patella to the distal end of the tibia (“Tibia-Patella length”), using the Carl Zeiss AxioVision SE64
Software (v.4.9.1.2, Zeiss AG, Oberkochen, Germany). Tibia-patella length is a commonly-used proxy
for body size in spiders (Uhl & Vollrath, 2000).
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Chill coma recovery time
10 spiderlings per clutch were placed individually into a 3D-printed microwell plate. The wells were
painted bright white with non-toxic water-based paint to increase the contrast between the well and
the spiderlings. The wells were covered with a glass slide to prevent the spiderlings from escaping,
and then the plate was placed into a -9°C freezer for one hour, to induce chill coma. After one hour,
the plate was carefully removed from the freezer, and placed into a climate chamber (15°C, 80%
humidity). The glass slide was changed to prevent fogging, and then the spiderlings were filmed in the
plate for one hour using an iPhone 6 camera. Analysis of the videos was done manually, with the IDs
obscured, by scanning through the video while watching a single spider, until the first movement.
Then the video was re-watched at normal speed from a few seconds before the first movement, and
the time of the very first movement (i.e. a leg twitch, shift in body position) was marked down as the
chill coma recovery time, in seconds. All videos from the mid-winter experiments were re-watched to
determine the repeatability of the measurements; the CCR time did not differ significantly between
the first and second watching, therefore we did not re-watch the post-winter videos.
Supercooling point
An organism’s supercooling point is the temperature at which the body water freezes. This point can
be detected by the heat of crystallization released upon ice formation (Sinclair, Coello Alvarado &
Ferguson, 2015). In order to determine A. bruennichi supercooling points, eight spiderlings per clutch
were placed individually into a pipette tip, which had been sealed at the tip. A thermocouple (Type K)
was inserted into the pipette tip until it came into contact with the spiderling, and was then held in
place with a piece of cotton, so that neither the spiderling nor the thermocouple could move. The
pipette tips were placed into well-fitting holes drilled into a custom-made aluminum block, and the
block was then placed into a dynamic climate chamber (Modell MKT 115, Binder GmbH, Tuttlingen,
Germany). Temperature data from the thermocouples was gathered by Pico USB TC-08 thermocouple
data loggers (Pico Technology, Cambridgeshire, United Kingdom) once every second for the duration
of the trial. Trials started at 5°C and ramped down at a rate of approximately -0.4°C/minute for a total
of 150 minutes. Data was copied from the data logger output program into Excel, and then analyzed
with a custom R script (Supplemental File 2). The supercooling point was calculated as the
temperature immediately before a temperature increase above the threshold of 0.3°C/second. The
threshold was determined by running the script on several sets of data with different thresholds;
0.3°C/second was sensitive enough to detect the more gradual peaks, but not so sensitive that
background changes in temperature were recorded as supercooling points. Each batch of peaks with
supercooling points marked was visually inspected before being entered into the final datasheet.
Lower lethal temperature
Of the 20 spiderlings taken from each clutch, 10 were used as test subjects, and 10 were used as a
control group, to account for mortality unrelated to the test. The tube containing test spiderlings was
placed into a freezer at either -10°C, -18°C, -26°C, or -32°C, for one hour, then placed into a climate
chamber held at 15°C, 80% humidity, to recover. The control spiderlings were handled in the same
way (carried to the freezer, but not placed inside, and then carried to the climate chamber), but
remained at the recovery temperature for the duration of the test (2 hours). After the recovery period,
the test and control tubes were opened (blind to treatment, ID, and test/control status) and the
number of live and dead spiderlings was recorded. A spiderling was considered dead only if it did not
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respond to any stimulus (touch with a paintbrush or submersion in ethanol). Of the 1,738 spiderlings
in control groups, only 15 died.

Statistical analysis of common garden data
Explanatory variables
In order to assess phenotypic plasticity and genetic adaptation in the common garden experiment,
our explanatory variables of central interest were “origin” (southern France or Estonia) and “winter
treatment” (warm or cold). We also investigated seasonal differences with the explanatory variable
“season” (mid-winter or post-winter). All starting models included the interaction of these three
variables, except for clutch size and hatching success, as these could not be affected by the winter
treatments (see “Timing of experiments,” above). For the lower lethal temperature experiments,
exposure temperature (-10°C, -18°C, -26°C, or -32°C) was also included as an explanatory variable.
Additional, potentially biologically relevant, variables were oviposition latency (time from collection
to oviposition), mother’s body size, clutch size, and whether the individual came from a first or second
clutch. Continuous explanatory variables were centered and scaled in order to allow for interpretation
of effects on the same scale (Schielzeth, 2010).
Random effects
The population from which a spider was collected (three populations in Estonia, four populations in
southern France) was included as a random effect. For response variables measured at the individual
spiderling level, the clutch (first or second) and mother’s ID were included as nested random effects
within population – specified in the model as (1 | Population / Mother ID / Clutch). If measurements
were done at the clutch level, only population was included as a random effect (1 | Population).
Modeling approach
We analyzed all common garden data using (generalized) linear mixed models in R, using the package
‘glmmTMB’ (Brooks et al., 2017) for non-Gaussian distributions and the package ‘lme4’ for Gaussian
distributions (Bates et al., 2015). Details of the models for each response variable follow below.
For the data on clutch size, we used a negative binomial distribution with default link function and
linear parameterization (“nbinom1” in R). Hatching success was modeled using a betabinomial
distribution with default link. The hatching success data showed zero inflation due to oviposition
latency, so we included a zero inflation formula to account for the excess of zero hatching success in
late-laid egg sacs. We used a betabinomial distribution with default link for the survival model. As for
hatching success, we also found zero inflation due to oviposition latency (an excess of zero survival in
late-laid egg sacs). Therefore, we included oviposition latency as a zero inflation formula. Mass and
body size were modeled using a Gaussian distribution.
The distribution of chill coma recovery times was highly skewed, and attempts to find an appropriate
distribution family and model to handle the skewness proved unsuccessful. Therefore, we logtransformed the raw data, allowing us to model with a Gaussian distribution. Due to the characteristic
multimodal distribution of supercooling points (i.e. Sinclair et al., 2003), we followed the common
practice in the field, and split the data into “low group” (LG) and “high group” (HG) supercooling points
at -25.5°C, chosen according to visual inspection of a break in the distribution of the raw data
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(Supplemental File 1: Figure S2). The LG SCPs had a normal distribution, and were modeled as a single
response variable with a Gaussian distribution. The HG SCPs were much rarer, and did not allow for
modeling directly. Thus, we calculated the per-clutch ratio of HG:LG SCPs, to test whether any of our
treatment groups had a tendency toward more HG SCPs. This HG:LG comparison was modeled with a
binomial distribution and logit link.
Finally, the lower lethal temperature data were modeled with a betabinomial distribution and default
link. These data were recorded as the number surviving or dying within a subset of one clutch. The
exposure temperature was added as an explanatory variable, along with all other aforementioned
explanatory variables.
For each full starting model, we performed a backward stepwise model selection using AIC, with
random factors always included in the compared models. We did not remove any fixed effects, only
the interactions, according to AIC. The model with the lowest AIC was then assessed further. For
models with a ΔAIC of less than four, we always proceeded with the most parsimonious (i.e. least
complex) model within those criteria. Model assumptions were checked using the R package
‘DHARMa’, which uses simulated residuals to provide easily interpretable checks of assumptions for
many model and distribution types (Hartig, 2021).
Where possible, we used the Nakagawa & Schielzeth method (Nakagawa & Schielzeth, 2013) to
calculate a pseudo-R2, implemented in the ‘performance’ R package (Lüdecke et al., 2021), to assess
how much of the variation in the data was explained by the full model (conditional pseudo-R2), and
by the model without random effects (marginal pseudo-R2). The Nakagawa & Schielzeth method is
not reliable for betabinomial models, thus we used a crude calculation suggested in the ‘glmmTMB’
FAQs (https://bbolker.github.io/mixedmodels-misc/glmmFAQ.html) to understand the goodness of
fit for our betabinomial models (hatching success, overwintering survival, and lower lethal
temperature); precisely, we calculated the squared correlation of the predicted values with the
observed values of the response variable (calculated in R: cor(model.response(model.frame(model)),
predict(model, type = "response"))^2) . This does not provide a comparison of conditional and
marginal R2, thus for betabinomial models we only report the conditional R2. We refer to “significant”
effects as those where the 95% confidence interval (CI) does not cross zero.
To visualize the results, we used the ‘ggpredict’ function from the ‘ggeffects’ R package (Lüdecke,
2018) to compute estimated marginal means and 95% CI of the response variable for specific model
terms. This allows us to visualize results on the observed scale, making biological interpretation more
straightforward. Likewise, although within the model continuous fixed effects were centered and
scaled, we plotted the model estimates with the unscaled values.

Historical climate data across transect
We extracted historical climate data for all collecting sites along the transect, excluding the outgroups
in Russia and Japan, using an R script and data for the 19 standard bioclimatic variables downloaded
from WorldClim at 30 second (~1km2) resolution (Fick & Hijmans, 2017). To summarize and reduce
the number of environmental variables in downstream analyses, we summarized the 19 variables into
fewer dimensions using principal components analysis (PCA) using the R package ‘FactoExtra’
(Kassambara & Mundt, 2020) (Supplemental File 3), following the recommendation of Hoban et al.
(2016). The first five principle components (PCs) accounted for 97.6% of the variation in the climate
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data, and were used as explanatory variables for phenotype-environment and genotype-environment
associations.

Transect data – adult female phenotypes
For the females from the study by Krehenwinkel & Tautz (2013), we have genetic data but do not have
phenotype data, as we directly used their previously extracted DNA and the physical specimens were
not available. Thus, we collected phenotype data for the females collected in 2018 from southern
France, Germany and Estonia, described in detail below.

Adult female body size
We removed and photographed the first leg on the right side from each female using a Zeiss Discovery
V20 Microscope in combination with a Zeiss AxioCam MRc camera with a 0.63X objective (Zeiss AG,
Oberkochen, Germany). From the photos, we measured tibia-patella length as a proxy for body size,
as described above for spiderlings.

Opisthosoma pigmentation
To characterize the pigmentation of the dorsal opisthosoma, we photographed each female in the
field, using an Olympus Tough F2.0 camera with a ring light flash attachment mounted on a wooden
box lined with aluminum foil and blue paper bottom. The spiders were anesthetized using CO2 so that
we could position them for the photograph. When the camera was mounted, no light could enter the
box other than the diffused light from the ring light, thus standardizing the lighting conditions in the
field. The images were processed in Gimp (v.2.10): we cut out the opisthosoma, added a blue
background, and reduced the number of colors in the image to six, using the “posterize” function. The
six colors were then characterized as dark (black, red, green, or violet) or light (white or yellow), and
we calculated the number of light and dark pixels per spider in R.

Clutch size and hatching success
Egg sacs laid by German females were opened approximately two months after oviposition (64 +/- 13
days). As above, we calculated the clutch size as the sum of eggs, dead spiderlings, and living
spiderlings. Hatching success was calculated as the sum of dead and living spiderlings (“hatched”
spiderlings) relative to the total clutch size. For the transect, we only include data from the first clutch.

Statistical analysis of transect phenotype data
To test if the female traits (body size, pigmentation, clutch size and hatching success) varied with the
environment, we used generalized linear mixed models in R, using the package ‘glmmTMB’ (Brooks et
al., 2017). The female traits were used as response variables, and the five environmental principle
components were used as explanatory variables. Body size was modeled with a Gaussian distribution,
clutch size with a negative binomial distribution with quadratic parameterization (“nbinom2” in R),
pigmentation with a binomial (light vs dark pixels) distribution, and hatching success with a
betabinomial distribution. Sampling site was included as a random effect. All models fit linear
assumptions.
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Transect data – population genomics and signatures of adaptation
Library preparation and sequencing
We extracted genomic DNA from the four left legs of the adult female spiders using a plate extraction
protocol, as follows: the legs were placed into single well of a 96-well plate containing 3mm steel
beads, cell lysis buffer (made of 10mM Tris pH 8, 100mM NaCl, 10mM EDTA pH 8, 0.5% SDS, and
double distilled water) and Proteinase K. The plate was then shaken in a GenoGrinder 2010 (OPS
Diagnostics) at 1,200 hz for 2 minutes for physical tissue lysis, followed by overnight incubation at
55°C. The next day, RNAse A was added to digest RNA. We then added NaCl to precipitate the proteins,
and spun the plate down. We retained the supernatant, containing DNA, and discarded the insoluble
protein phase. We used isopropanol to precipitate the DNA from the supernatant, then washed the
DNA pellet twice with 70% ethanol. The ethanol was allowed to evaporate, leaving only DNA. The
extracted DNA was rehydrated in 50 µl of TE Buffer. DNA quantification was carried out using a Qubit
fluorimeter (Thermo Scientific, Waltham, USA) according to the manufacturer’s protocol.
We prepared dual-indexed libraries using a double digest restriction-enzyme-associated DNA
sequencing (ddRADseq) library preparation protocol, based on the Peterson method (Peterson et al.,
2012), as adapted in Maas et al. (2018), with 500ng of DNA as starting material for most samples.
Some samples started with lower input, but library preparation succeeded nonetheless. We digested
the DNA using the restriction enzymes NlaIII (frequent cutter) and SbfI-HF (rare cutter). These
enzymes were chosen based on their GC content, to avoid over-digestion of the AT-rich genome. We
tested the digestion with in silico digestions of the A. bruennichi genome assembly (Sheffer et al.,
2021b) using SimRAD (Lepais & Weir, 2014), as well as testing digestions in the lab according to the
Peterson protocol. We indexed each individual with unique barcodes, then pooled the individuals into
19 libraries of 24 individuals each. Another round of indexing was performed, to give each library of
individuals a unique identifier. We quantified the indexed libraries using RT-qPCR, then pooled all of
the libraries together. We used a Sage Science Pippen Prep to size select 475-696 bp fragments
(including internal adapters), with a peak at 570 bp. The fragment size range was confirmed with a
Bioanalyzer High Sensitivity chip (Agilent). We then sequenced 150 bp single-end reads on three lanes
of Illumina HiSeq 4000 at UC Berkeley’s Vincent J. Coates Genomics Sequencing Lab.

Sequence processing and SNP filtering
We demultiplexed the raw reads based on the individual barcode sequences, then used Trimmomatic
(v.0.39) (Bolger, Lohse & Usadel, 2014) to remove adapter sequences. We mapped the reads of each
sample onto the genome assembly using BWA-MEM (v.0.7.12-r1039) with default settings (Li, 2013),
then sorted and indexed the mapped reads using SAMtools sort and SAMtools index (SAMtools
v.1.3.1) (Li et al., 2009).
We generated a VCF file for all samples using SAMtools mpileup. We then filtered the SNP data using
SNPcleaner (v.2.24) (Fumagalli et al., 2014). SNPs were retained for downstream analyses if they had
a minimum coverage of 3x per individual, no more than 40% of missing data for individual sites, and
a maximum coverage of 240x per individual. The cutoff for maximum coverage is ~10 times higher
than the average coverage per individual, and helps to avoid SNP calls that fall in highly repetitive
regions of the genome.
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We used a custom pipeline to further filter the SNPs based on their position inside/outside of exons
and introns. Intergenic SNPs, which did not fall within introns or exons, were used for population
genomic analyses that call for neutral loci. We will refer to these as “neutral SNPs” henceforth. For
analyses which included all data, including those SNPs falling within genes, we will refer to “all SNPs.”
To account for uncertainty in SNP and genotype calls based on allele counts, which might introduce
noise or bias into downstream analyses (Johnson & Slatkin, 2008; Lynch, 2008), we used an empirical
Bayesian framework, implemented in ANGSD (analysis of next-generation sequencing data;
Korneliussen, Albrechtsen & Nielsen, 2014) to calculate genotype likelihoods instead of generating
SNP genotype calls whenever possible.

Population genetic structure and demography
Because our sampling covered a broad geographic area, it was important to quantify the underlying
demographic patterns and population genetic structure before searching for genomic signatures of
adaptation. To this end, we used several methods: using neutral SNPs, we performed a PCA on the
genotype likelihoods, as implemented in ngsTools “PCAngsd” (Fumagalli et al., 2013). Also using the
neutral SNPs, we calculated the per-individual inbreeding coefficients, as well as the pairwise
relatedness of all individuals included in the study, using ngsF (Vieira et al., 2013) and ngsRelate
(Korneliussen & Moltke, 2015). Using all SNPs, we calculated the pairwise FST for each sampling site in
ANGSD (Fumagalli et al., 2013). We interpreted the FST results using a heatmap, calculated in R (R Core
Team, 2017), as well as a neighbor-joining tree calculated in the R package ‘ape’ (Paradis & Schliep,
2019), visualized with FigTree (Rambaut & Drummond, 2018).
Further, using all SNPs from a random subset of five individuals per population (to reduce run time),
we calculated a phylogenetic tree with a combination of ngsDist (Vieira et al., 2016) and FastME
(v.2.1.6.1) (Lefort, Desper & Gascuel, 2015). We then looked for signatures of admixture at the
individual level using ngsAdmix (Skotte, Korneliussen & Albrechtsen, 2013). Due to the stochastic
nature of simulation-based clustering programs like ngsAdmix and the like (i.e. STRUCTURE and
ADMIXTURE (Pritchard, Stephens & Donnelly, 2000; Alexander, Novembre & Lange, 2009)), for the
ngsAdmix analysis, we ran 50 replicate analyses with values of K ranging from K=2 to K=20. The results
of all replicates were summarized using the program CLUMPAK, which identifies the most common
results across replicates for each value of K (Kopelman et al., 2015). The summarized data was then
used to visualize individual admixture proportions in R.
We used the results of the PCA and ngsAdmix analysis to identify larger groups within our data, for
downstream genome-wide analyses that rely on pairwise comparisons, i.e. FST. Running such pairwise
comparisons for all sampling sites across the genome becomes difficult to interpret, while grouping
at i.e. the country level is not biologically meaningful. Therefore, we used a data-informed approach
and assigned the sampling sites into four groups, following the nomenclature of Krehenwinkel & Tautz
(2013): “native” (all sampling sites from France, as well as thirteen southwestern German sampling
sites), “invasive” (all sampling sites from Estonia, Latvia, Lithuania, Poland, and ten northeastern
German sampling sites), “Russian,” and “Japanese.”

Genome-wide measurements
Two common ways of detecting adaptation at the genomic level are (i) genetic differentiation outlier
tests and (ii) environmental association tests (i.e. Hoban et al., 2016; Ahrens et al., 2018). In these
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tests, one assumes that sites which show (i) much higher than average genetic differentiation, i.e. FST,
among populations, or (ii) high correlation with environmental variables, may play a role in local
(environmental) adaptation. To identify genomic regions of interest in A. bruennichi, we used both of
these methods, with an additional criterion: given the hypothesis that admixture played a role in
driving the range expansion, we additionally scanned the genome for regions where the
invasive/expanding populations show greater similarity (i.e. lower FST) to our Japanese populations,
relative to the native/core populations. The coincidence of high environmental association with high
differentiation between native and invasive populations and relatively low differentiation between
invasive and Japanese populations would be taken as support for the hypothesis that introgression
provided the substrate for selection in A. bruennichi.
For the genetic differentiation outlier approach, using all SNPs, we analyzed genome-wide patterns in
FST as implemented in ANGSD (Fumagalli et al., 2013). We calculated FST in sliding windows, with 50kb
windows and 10kb steps, with our sampling sites grouped into three populations: native, invasive and
Japanese. We do not perform an explicit significance test with FST, but look at positions with values
above the genome-wide average FST. We performed association tests in ANGSD using the -doAsso
method, which uses a generalized linear framework to associate genotype likelihoods with binary,
count, or continuous variables (Skotte, Korneliussen & Albrechtsen, 2012); in this case, we tested the
association of genotypes with continuous environmental variables, namely the first five PCs from the
historical climate data (see section “Historical climate data” above). This test calculates a likelihood
ratio test (LRT) score, and we use a significance cutoff of 0.0005 based on a chi-square distribution,
corresponding to an LRT of 12.116 as our significance threshold.

Results
Common garden
To help understand how well our models represent the data, we calculated a pseudo-R2 value. The
pseudo-R2 value can be interpreted as the amount of variation in the data, which is explained by the
model. The conditional pseudo-R2 includes random effects, while the marginal pseudo-R2 includes
only the fixed effects. A model with perfect fit to the data would have a pseudo-R2 of 1.
The model for clutch size had a conditional pseudo-R2 of 0.773 and marginal pseudo-R2 of 0.617 (Table
3). Spiders from the core of the range had larger clutches than spiders from the edge of the range;
clutch size increased with increasing body size, and decreased with longer oviposition latency
(Supplemental File 1: Figure S3A-C, Table 3). Estimated at average oviposition latency, second clutches
had slightly higher clutch sizes than first clutches, with the marginal means differing by ~19 spiderlings
(Supplemental File 1: Figure S3C). The hatching success model had a significant effect of origin and
oviposition latency, with higher hatching success in clutches from the core of the range and with
shorter latency (Supplemental File 1: Figure S3D). The effects of mother’s body size and clutch (first
or second) on hatching success were not significant (Table 3). The conditional pseudo-R2 was 0.224
(calculating the pseudo-R2 for betabinomial models is not straightforward, thus we do not report a
marginal pseudo-R2; see methods).
Our model for overwintering survival had a pseudo-R2 of 0.262. The interaction of winter treatment
and origin showed a significant effect: under the cold winter treatment, spiderlings from edge
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populations survived at higher percentages than spiderlings from core populations (Figure 2A, Table
3). Survival was higher overall under the warm winter treatment (Figure 2A), and decreased over the
course of winter (Figure 2B). We observed lower survival for clutches with longer oviposition latencies.
Origin on its own was not significant, as it only played a role in interaction with the winter treatment.
The remaining fixed effects, mother’s body size and clutch, were not significant (Table 3).
Table 3: Model table for life history traits: clutch size, hatching success, and overwintering survival. Estimates
are reported on the latent scale, with 95% confidence intervals. Fixed effects are considered to be significant if
their confidence interval does not cross zero; these are indicated in bold text. Fixed effects separated by a colon
indicate an interaction of those effects. Reference level of fixed effects is given in [square brackets].
Response
Variable

Sample
size

Pseudo-R2
(cond.)

Clutch
size

359

0.773

PseudoR2
(marg.)
0.617

Hatching
success

359

0.224

NA

Survival

359

0.262

NA

*centered and scaled

Fixed effects

Estimate

2.5%

97.5%

Origin [edge]
Mother’s body size*
Clutch [2]
Oviposition latency*
Origin [edge]
Mother’s body size*
Clutch [2]
Oviposition latency*
Winter treatment [cold]: Origin [edge]
Winter treatment [cold]
Origin [edge]
Season [post-winter]
Clutch [2]
Mother’s body size*
Oviposition latency*

-0.19213
0.20021
0.11179
-0.49744
-0.7730
-0.05427
0.06178
-0.94689
0.49163
-1.88981
-0.80683
-0.76410
-0.62737
-0.18149
-0.55753

-0.35238
0.14292
0.00232
-0.55604
-1.42442
-0.31531
-0.47923
-1.30692
1.56800
-1.06448
0.16345
-0.22459
0.20182
0.18805
-0.11039

-0.03187
0.25750
0.22127
-0.43884
-0.12164
0.20678
0.60279
-0.58687
1.03031
-1.47714
-0.32169
-0.49434
-0.21278
0.00328
-0.33396

Figure 2: Overwintering survival of spiderlings according to winter treatment and origin (A) and season (B). (A)
Under warm winter conditions, there is high survival of spiderlings from both origins. Under cold conditions,
edge spiderlings have higher survival than core spiderlings. (B) Survival is higher at mid-winter and declines over
the course of winter. Violin plots represent the distribution of the raw data; black points with error bars
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represent estimated marginal means and 95% confidence intervals for discrete predictor variables. Model
predictions are back-transformed to the observed scale.

The model for lower lethal temperature had a pseudo-R2 of 0.719. As expected, survival decreased
with decreasing exposure temperatures. The interaction of exposure temperature and origin showed
that at the lowest temperatures, spiderlings from the edge of the range had higher survival than
spiderlings from the core (Figure 3A). The three-way interaction of exposure temperature, winter
treatment, and season shows that post-winter, spiderlings have a lower survival at low exposure
temperatures if they have experienced a warm winter treatment (Figure 3B, Table 4).

Figure 3: Lower lethal temperature according to (A) origin and exposure temperature and (B) the interaction of
exposure temperature with season (mid- or post-winter) and warm or cold winter treatments. Lines represent
model predictions flanked with their 95% confidence intervals. Model predictions are back-transformed to the
observed scale. (A) Regardless of experimental treatment, edge spiderlings have higher survival at the coldest
exposure temperatures. (B) At mid-winter (left), there is no difference in survival between warm and cold winter
treatments. Post-winter (right), survival at the lowest exposure temperatures decreases dramatically for
spiderlings in the warm winter treatment.

We analyzed the data on supercooling points in two models, due to multimodality of the raw data:
firstly, we analyzed the “low group” (LG) SCPs as a continuous variable, measured at the spiderling
level. SCPs were classified into the LG if they were below -25.5°C. Secondly, we analyzed the perclutch ratio of LG to “high group” (HG) SCPs (SCPs higher than -25-5°C, see methods and Supplemental
File 1: Figure S2). For the LG SCPs, our had a conditional pseudo-R2 of 0.301 and a marginal pseudo-R2
of 0.245. This relatively low R2 may be due to the arbitrary splitting of the data into groups. Overall,
spiderlings from the edge populations had lower SCPs than spiderlings from the core (Figure 4A). The
SCP increased post-winter, and was notably higher in the post-winter warm treatment Table 4. The
model comparing the ratio of LG:HG SCPs had a pseudo-R2 of 0.841. Post-winter, across all treatments,
there is a shift toward more HG SCPs. For egg sacs from the core of the range, post-winter, under a
warm winter treatment, the ratio dips strongly toward more HG SCPs (Figure 4B, Table 4).
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Figure 4. Supercooling points according to winter treatment, origin and season. “Low group” (LG) supercooling
points are plotted in (A), while the ratio (see methods) of LG:HG (“high group”) supercooling points is plotted in
(B). Violin plots represent the distribution of the raw data; black points with error bars represent estimated
marginal means and 95% confidence intervals for discrete predictor variables. Model predictions are backtransformed to the observed scale.

As the last cold-tolerance-related trait, we analyzed the chill coma recovery time of spiderlings, in
response to the interaction of winter temperature, origin and season, and the two-way interactions
of those fixed effects, along with clutch, mother’s leg length, fecundity of the egg sac, and oviposition
latency. The conditional pseudo-R2 was 0.010, and the marginal pseudo-R2 was 0.002. Nearly all
effects were significant, but given the extremely low R2 values, we will not interpret the results of the
model. Estimates and confidence intervals are nonetheless presented in Table 4.
71

Table 4: Model table for cold-tolerance-related traits in offspring. Estimates are reported on the latent scale,
with 95% confidence intervals. Fixed effects are considered to be significant if their confidence interval does not
cross zero; these are indicated in bold text. Fixed effects separated by a colon indicate an interaction of those
effects. Reference level of fixed effects is given in [square brackets].
Response
Variable

Sample
size

PseudoR2 (cond.)

Lower lethal
temperature
survival

371

0.719

Low-group
supercooling
point

1493

Ratio of lowgroup to
high-group
supercooling
points

245

Chill coma
recovery
time

0.301

0.841

PseudoR2
(marg.)
NA

0.245

NA

Fixed effects
Exposure temperature: Winter
treatment [warm]: season [post-winter]
Exposure temperature: Origin [edge]
Winter treatment [warm]: season [postwinter]
Exposure temperature: season [postwinter]
Exposure temperature: winter treatment
[warm]
Oviposition latency*
Clutch [2]
Origin [edge]
Season [post-winter]
Winter treatment [warm]
Exposure temperature
Winter treatment warm: season [postwinter]
Oviposition latency*
Mother’s body size*
Clutch size*
Clutch [2]
Origin [edge]
Season [post-winter]
Winter treatment [warm]
Winter treatment [warm]: Origin [edge]:
Season [post-winter]
Origin [edge]: Season [post-winter]
Winter treatment [warm]: Season
[post-winter]
Winter treatment [warm]: Origin [edge]

2072

0.010

0.002

Oviposition latency*
Mother’s body size*
Clutch size*
Clutch [2]
Season [post-winter]
Origin [edge]
Winter treatment [warm]
Winter treatment [warm]: Origin
[edge]: Season [post-winter]
Origin [edge]: Season [post-winter]
Winter treatment [warm]: Season
[post-winter]
Winter treatment [warm]: Origin [edge]
Oviposition latency*
Mother’s body size*
Clutch size*
Clutch [2]
Season [post-winter]
Origin [edge]
Winter treatment [warm]

*centered and scaled
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2.5%

97.5%

Estimate

0.04335

0.239335

0.14134

-0.10268

-0.01348

-0.05807

0.17541

4.73690

2.45615

-0.00914

0.11022

0.05054

-0.02695

0.08140

0.02722

-0.46991
-0.70801
-2.11262
-0.70449
-0.66658
0.16124

0.00162
0.24224
0.13284
2.24726
1.99523
0.25850

-0.23415
-0.23289
-0.98989
0.77138
0.66433
0.20987

0.31763

0.84627

0.58195

-0.24258
-0.03738
-0.08836
-0.13729
-0.96994
0.37844
-0.09594

-0.00054
0.16173
0.11005
0.28251
-0.53823
0.76854
0.25923

-0.12156
0.06218
0.01085
0.07261
-0.75409
0.57349
0.08164

-0.19075

2.51019

1.15972

-0.81417

1.17615

0.18099

-2.78383

-0.64061

-1.71222

-1.04706
0.14192
-0.19871
-0.30033
-0.92664
-1.41845
-0.73061
-0.58626

0.97327
0.75032
0.29809
0.14671
0.14684
0.17110
0.86961
1.06673

-0.03690
0.44612
0.04969
-0.07681
-0.38990
-0.62367
0.06950
0.24023

-0.17466

-0.03670

-0.10568

0.01149

0.11814

0.06482

0.06088

0.16448

0.11268

-0.00049
0.01005
-0.02633
0.00579
-0.05448
-0.12642
-0.06334
-0.09988

0.09734
0.03846
-0.00047
0.03019
-0.00392
-0.04683
0.02267
-0.02591

0.04842
0.02425
-0.01340
0.01799
-0.02920
-0.08662
-0.02033
-0.06289

The conditional pseudo-R2 for the offspring mass model was 0.794, with a marginal pseudo-R2 of 0.307
(Table 5). Core offspring had higher mass than edge offspring irrespective of season or treatment, and
the warm winter treatment resulted in lower mass overall. Mass decreased over the course of winter
(Figure 5A). In egg sacs with higher clutch sizes, offspring mass was slightly lower. Additionally,
offspring from later-laid egg sacs had lower body mass, while second clutches had higher body mass
(Table 5).
For the leg length model, we could not include the sampling population as a random effect because
of singular fit, due to the very high variance explained by mother’s ID and egg sac. The model had a
conditional pseudo-R2 of 0.817, with a marginal pseudo-R2 of only 0.060 (Table 5). Evidently, offspring
body size has a very strong maternal component. Offspring from the edge of the range are smaller
than offspring from the core of the range (Figure 5B)

Figure 5. Body size of offspring according to winter treatment and origin. (A) Body mass decreased from midto post-winter, and is lower following a warm winter treatment. (B) Spiderlings from the core of the range are
larger than those from the edge of the range. Transparent points represent the raw data; black points with error
bars represent estimated marginal means and 95% confidence intervals for discrete predictor variables. Model
predictions are back-transformed to the observed scale.
Table 5. Model table for offspring body size. Estimates are reported on the latent scale, with 95% confidence
intervals. Fixed effects are considered to be significant if their confidence interval does not cross zero; these are
indicated in bold text. Fixed effects separated by a colon indicate an interaction of those effects. Reference level
of fixed effects is given in [square brackets].
Response
Variable
Offspring
mass

Sample
size
3539

PseudoR2 (cond.)
0.794

Pseudo-R2
(marg.)
0.307

Fixed effects
Winter treatment [warm]: Origin
[edge]: Season [post-winter]
Origin [edge]: Season [post-winter]
Winter treatment [warm]: Season
[post-winter]
Winter treatment [warm]: Origin
[edge]
Winter treatment [warm]
Origin [edge]
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2.5%

97.5%

Estimate

-51.08397

26.81681

-13.28800

-21.82160

36.49953

3.67300

-26.18663

32.26970

3.01500

-6.92649

44.57374

20.85400

-74.86328

-35.33104

-55.53500

-67.48434

-22.59316

-48.81600

Season [post-winter]
Clutch [2]
Clutch size*
Mother’s body size*
Offspring
body size

3539

0.817

0.060

Oviposition latency*
Winter treatment [warm]: Origin
[edge]: Season [post-winter]
Origin [edge]: Season [post-winter]
Winter treatment [warm]: Season
[post-winter]
Winter treatment [warm]: Origin
[edge]
Winter treatment [warm]
Origin [edge]
Season [post-winter]
Clutch [2]
Clutch size*
Mother’s body size*
Oviposition latency*

*centered and scaled

-45.91207
5.51927
-13.72314
-0.55694
-22.97329

-1.31285
35.04812
-0.23715
14.51010
-3.05954

-22.76000
19.82900
-6.72100
5.76000
-12.74300

-43.8826

25.60044

-9.2694

-29.1719

22.78383

-3.1507

-12.98791

39.09495

13.1046

-5.73829

39.98230

17.1617

-32.89174

2.32406

-15.2201

-45.18832
-22.01804
-14.16640
-5.74777
-10.76298
-18.65102

-5.20747
17.68051
12.25400
7.69614
1.28542
-0.88816

-25.2248
-2.2011
-0.953
0.9909
-4.7659
-9.8212

Phenotype-environment associations across transect
We characterized the environmental variation across our sampling sites using PCA. The first five
environmental PCs accounted for 97.6% of the variation in the climate data. PC1 alone accounted for
51.9% of the variation, and varies almost perfectly with latitude (Supplemental File 1: Figure S4). The
strongest loadings of this PC were temperature-related, such as the mean temperature of the coldest
quarter, the minimum temperature of the coldest month, annual mean temperature, isothermality,
and temperature seasonality, although almost all environmental variables had strong contributions
to this PC. PC2 accounted for 24.4% of variation, and separated sites more according to precipitation
than temperature, with the strongest loadings being the precipitation of the warmest quarter,
precipitation of the wettest quarter, annual precipitation, and precipitation of the driest month. PC3
accounted for 11.2% of variation, with the strongest loadings relating to seasonality in temperature
and precipitation, as well as the annual temperature range. PC4, which accounted for 6.7% of
variation, was strongly related to the mean temperature of the wettest quarter. The strongest
loadings for PC5, which accounted for 3.4% of environmental variation, were similar to PC3, but
temperature and seasonal precipitation contributed in opposite directions for this PC. See
Supplemental File 3 for PCA biplots and loadings of each PC.
Using those 5 PCs, we assessed how adult female traits (leg length, opisthosoma pigmentation,
fecundity, and hatching success) vary with the environment. Sampling site was always included as a
random effect. Female fecundity and the hatching success of their egg sacs had no significant
associations with environmental PCs. Female leg length, however, had a significant association with
PC1: leg length is shorter, i.e. spiders mature at a smaller body size, in environments characterized by
lower temperatures and greater seasonality. Opisthosoma pigmentation had a significant relationship
with PC4, but did not vary with latitude (i.e. PC1) (Figure 6, Table 6).
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Figure 6: Female traits according to the environment. Points are colored according to their assignment to
“invasive” or “native” genetic clusters (see population genetic results, i.e. Figure 7, below), and shaped
according to the sampling country. (A) Adult female tibia-patella length, a body size proxy, increases with
environmental PC1, i.e. we observe larger body sizes under the warm temperatures at lower latitudes. (B)
Opisthosoma pigmentation does not vary according to PC1.
Table 6. Model table for adult female traits according to environmental principle components. Estimates are
reported on the latent scale, with 95% confidence intervals. Fixed effects are considered to be significant if their
confidence interval does not cross zero; these are indicated in bold text.
Response
Variable
Adult female
body size

273

Pseudo-R2
(cond.)
0.419

Pseudo-R2
(marg.)
0.187

Opisthosoma
pigmentation

262

0.280

NA

Clutch size

273

0.323

0.012

Hatching
success

273

0.009

NA

Sample size

Fixed effects
PC1
PC2
PC3
PC4
PC5
PC1
PC2
PC3
PC4
PC5
PC1
PC2
PC3
PC4
PC5
PC1
PC2
PC3
PC4
PC5

*centered and scaled
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2.5%

97.5%

Estimate

87.21212
-58.018
-260.58
-44.8432
-226.937
-0.04675
-0.06909
-0.06669
0.026992
-0.01846
-0.05979
-0.08344
-0.11297
-0.08279
-0.18293
-0.12185
-0.05821
-0.23168
-0.34267
-0.63409

250.541
161.5652
192.3862
378.1135
496.4214
0.006182
0.003372
0.08155
0.164237
0.215921
0.033122
0.039135
0.14434
0.155782
0.227001
0.033268
0.147993
0.205299
0.045613
0.058033

168.93
51.46
-33.77
167.04
133.94
-0.02029
-0.03286
0.007431
0.095615
0.098732
-0.01333
-0.02215
0.015687
0.036496
0.022036
-0.04429
0.04489
-0.01319
-0.14853
-0.28803

Genomic data
SNP calling and filtering
After demultiplexing and trimming adapters, the ddRAD libraries for 423 adult females yielded more
than 362 million reads, with an average of 815,796 reads per sample (min: 5,296 reads, max:
12,597,258 reads). An average (mean) of 86.89% of reads per sample mapped to the reference
genome, with a mean coverage of 4.94X for each of the 13 chromosome-level superscaffolds (Sheffer
et al., 2021b). SNP calling resulted in 22,372 biallelic SNPs. We then filtered the SNPs according to
their position within exons and introns: 13,832 “neutral” SNPs did not fall within exons or introns.

Population genetic structure and demography
We performed several analyses to understand the underlying population structure and demographic
processes in A. bruennichi. Firstly, we used the neutral SNP subset to perform a principal components
analysis (PCA) using PCAngsd (Meisner & Albrechtsen, 2018), with three subsets of the samples: (i) all
populations, including Japan; (ii) all populations, excluding Japan; and (iii) all European populations,
excluding Japan and Russia, as the main focus of our study is the transect through Europe. Results for
the PCA including Japan, and the PCA excluding Japan but including Russia, can be found in the
supplementary material (Supplemental File 1: Figure S5, Figure S6). In the Europe-only PCA, PC1
accounted for 17.4% of genetic variation, separating French and southwestern German populations
from the northeastern European populations, while PC2 accounted for 3.4% of the variation,
separating Estonian populations from the remaining European populations (Figure 7).
Using ngsAdmix (Skotte et al., 2013), we calculated individual admixture proportions, with values of
K ranging from K=2 to K=20. Plots for K=4-8 can be found in the supplementary material (Supplemental
File 1: Figure S7); here, we present the results for K=2, to correspond with the previous STRUCTURE
analysis from Krehenwinkel & Tautz (2013), and K=3, which best shows the transition between native
and invasive populations (Figure 7B). In the analysis with K set to 2, we find, as in Krehenwinkel &
Tautz (2013), that the proportion of assignment to the “Japanese” cluster gradually increases with
latitude, and is highest in Russian populations. The K=3 results show a rapid turnover within Germany:
in southwestern Germany, individuals are assigned to the “native” genetic cluster, and in the center
of Germany, there is turnover to individuals being assigned to the “invasive” cluster. The turnover
occurs between populations 20 and 21, which are just 85 kilometers apart.
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Figure 7. Population genetic structure. (A) Principal components analysis of European populations using neutral
SNPs. Ellipses represent 95% confidence intervals; points represent individual samples, with shape indicating
the sampling country. Points and ellipses are colored according to the site’s “native” (orange) or “invasive” (blue)
assignment. (B) Stacked barplots of individual ancestry assignment, using ngsAdmix results for K=2 and K=3.
Numbers below the bars show the sampling sites. For small sampling sites where a number did not fit, *
represents population number 22, † represents 23, ‡ represents 27, and # represents 45.

We calculated the levels of inbreeding at every sampling site, to gain insight into the levels of isolation
of our populations. The Japanese populations showed high levels of inbreeding, while the remaining
populations were mostly outbreeding, especially the Russian populations (Figure 8A). Interestingly,
the populations at the edge of the range in Estonia (population numbers 39, 40, and 41) show a linear
increase in the level of inbreeding with latitude.
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We also calculated the pairwise FST between all sampling sites, which ranged from 0.018 between two
Russian sampling sites to 0.358 between a site in Japan and a site in southern France. As in the PCA,
the highest differentiation was found between Japanese and all other populations (Supplemental File
1: Table S1). Within the European (native and invasive) populations, FST was quite low, ranging from
0.025-0.130. FST was lower among “native” populations (max: 0.074) than among “invasive”
populations (max: 0.130) (Figure 8B), and FST was very low among Russian populations (max: 0.036)
(Supplemental File 1: Table S1). As an additional visualization, we used the pairwise FST matrix to
calculate a neighbor-joining tree in the R package ‘ape’ (Paradis & Schliep, 2019), which showed the
native populations in one cluster, while the invasive populations did not cluster as clearly, and were
more similar to the Russian and Japanese populations (Figure 8C).

Figure 8. Demography and differentiation. (A) Boxplots of individual inbreeding coefficients for every sampling
site. Boxes encompass the 1st and 3rd quartiles of the data and are colored according to sampling region. Thick
horizontal lines represent the median, thin vertical lines represent 1.5 times the upper and lower interquartile
range, and black points represent outliers. (B) Symmetrical heat-map of pairwise FST between all European
populations. The color scale runs from light yellow (lowest differentiation) to dark red (highest differentiation).
Color blocks on the right side of the heat-map represent the groupings of populations into “native” and
“invasive” clusters. (C) Neighbor-joining tree of FST matrix. Branch labels represent the population numbers, and
branches are colored by their regional groupings. In (A) and (B), populations are ordered in the same way, to
directly compare between the two different statistics.
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We constructed another phylogenetic tree using ngsDist (Vieira et al., 2016) and FastME (v.2.1.6.1)
(Lefort et al., 2015), which revealed the same large-scale groupings of native, invasive, Russian and
Japanese populations as the PCA, admixture, and FST analyses (Supplemental File 1: Figure S8).
Bootstrap support was high for the splits between the Japanese, Russian, and European clades, but
was quite low within Europe.

Genome-wide evidence for environmental adaptation
We analyzed genome-wide patterns of genetic differentiation (FST) and genotype-environment
associations to identify potential regions of adaptive introgression. Using the output of both tests, we
searched for genomic regions where FST between native and invasive populations was particularly
high, association with the environment was strong, and FST between invasive and Japanese sites was
relatively low. We will interpret this pattern as a signature of adaptive introgression.
Firstly, we looked at associations with environmental PC1, which represents the environmental
variables that vary with latitude, mostly relating to cold temperatures. 589 SNPs had significant
associations with this latitudinal environmental variation. We found windows showing signatures of
adaptive introgression on almost all chromosomes, with particularly strong signatures on
chromosome 9. Two regions on chromosome 9, centered at around 29Mbp and 58Mbp, show exactly
the pattern we would expect for adaptive introgression: high association with the environment, high
differentiation within Europe, and lower differentiation between invasive and Japanese populations.
There is another region on chromosome 9, centered at around 107 Mbp, which shows very high
environmental association and high differentiation within Europe, but the last criterion of similarity
between invasive and Japanese populations is less striking in this region. We also found a very
interesting region on chromosome 2; while the range of values on this chromosome was lower, there
is an approximately 30 Mbp-long region showing a possible signature of adaptive introgression (Figure
10). Boxplots of significant LRT values per chromosome can be found in Supplemental File 1: Figure
S10.
For the other environmental principal components, PC2-5, we found relatively few significant
associations: 84 for PC2, 186 for PC3, 53 for PC4, and 109 for PC5. For PC2 and PC4, there were no
characteristic patterns of adaptive introgression, and indeed few areas where outliers were found
between both the environmental associations and FST. Environmental PCs 2 and 4 are characterized
by variables related to precipitation. On the other hand, environmental PC3 is driven by seasonality
in temperature and precipitation, and in that case, we see more significant associations, and more
signatures of adaptive introgression. Similarly, PC5 is also related to seasonality, in a slightly different
way, as it differentiates between precipitation seasonality and temperature seasonality. The genomic
regions displaying signatures of adaptive introgression for PC3 and PC5 are the same as those for PC1.
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Figure 9. Genomic signatures of adaptation on chromosome 9. Genomic regions underlain with grey bars
represent interesting patterns when comparing among the three panels. (A) Association of SNPs with the first
environmental principle component. On the y-axis is the likelihood ratio test statistic, x-axis SNP position. The
points represent single SNP association statistics; the solid line represents a locally estimated scatterplot
smoothing (LOESS) curve to identify patterns in the data. The dashed line represents the significance threshold
of p=0.0005 based on a chi-square distribution with one degree of freedom. (B) FST between native and invasive
populations. Points represent sliding window FST estimates. Again, the solid line represents a LOESS curve, while
the dashed line represents the mean genome-wide FST between the two groups. (C) FST between native and
Japanese populations in orange, between invasive and Japanese in blue. Points represent sliding window FST
estimates, solid lines are LOESS curves, and dashed lines represent the mean genome-wide FST between the
given groups.
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Figure 10. Genomic signatures of adaptation on chromosome 2. Genomic regions underlain with grey bars
represent interesting patterns when comparing among the three panels. (A) Association of SNPs with the first
environmental principle component. On the y-axis is the likelihood ratio test statistic, x-axis SNP position. The
points represent single SNP association statistics; the solid line represents a LOESS curve to identify patterns in
the data. The dashed line represents the significance threshold of p=0.0005 based on a chi-square distribution
with one degree of freedom. (B) FST between native and invasive populations. Points represent sliding window
FST estimates. Again, the solid line represents a LOESS curve, while the dashed line represents the mean genomewide FST between the two groups. (C) FST between native and Japanese populations in orange, between invasive
and Japanese in blue. Points represent sliding window FST estimates, solid lines are LOESS curves, and dashed
lines represent the mean genome-wide FST between the given groups.

81

Discussion
We found strong evidence that the wasp spider range expansion was facilitated by adaptive
introgression, and that range edge populations are locally adapted to endure cold and highly seasonal
environments at the northern range edge. We observed a latitudinal cline in adult body size and
substantial genetic turnover over a very short geographic distance, suggesting very strong selection
to maintain this differentiation.

Core versus edge: Common garden experiment
Oviposition latency: The earlier the better
In nearly all investigated traits, we found a significant negative effect of oviposition latency: clutches
that were laid later had lower clutch sizes, lower hatching success, reduced survival, and higher SCPs.
Seemingly, early oviposition is advantageous in core and edge populations. The consequence of late
oviposition has been documented in A. bruennichi in the field (Leborgne & Pasquet, 2005). That study
also showed that body condition, affected by feeding, has an effect on clutch size. Thus, the negative
effect of late oviposition found in our study may be a combination of an inherent decrease in clutch
viability with time, as well as a lab effect due to less frequent prey acquisition in the lab. For survival
and SCP, in addition to a lab effect, the effect of oviposition latency could also be explained by the
time until onset of winter: with more time to prepare for winter, i.e. by accumulating cryoprotectants,
offspring from earlier clutches may show greater cold tolerance and overwintering survival. In the few
spider species in which seasonal variation in supercooling points has been thoroughly investigated,
the accumulation of putative cryoprotectants and thermal hysteresis factors begins ahead of winter,
i.e. around September in the northern hemisphere (Kirchner & Kestler, 1969; Tanaka, 1995a). Thus,
spiderlings that hatch late in September have less time to accumulate the necessary substances to
suppress their supercooling points.

Reproductive success
Because egg sacs were laid and offspring hatched before we began the winter treatments, we cannot
disentangle the effects of genetic adaptation and phenotypic plasticity in clutch size and hatching
success, and only look at differences between origins. Females from the core of the range had larger
clutches and higher hatching success than females from the edge of the range. Populations at the
edge of a species range face very different selective pressures than those at the core of the range. In
range-expanding species, low population densities at the expanding front, as well as predator release,
are hypothesized to select for higher reproductive investment (Phillips, Brown & Shine, 2010). In birds,
clutch size generally increases with latitude, the cause of which has been the focus of many competing
classical hypotheses (i.e. Lack’s rule, Ashmole’s hypothesis, reviewed in Lundblad & Conway, 2021).
This background led us to expect that clutch size in A. bruennichi would increase with latitude, which
makes it all the more interesting that we find the opposite pattern. In life-history theory, clutch size
is often considered in the context of a trade-off between clutch size and the level of offspring
provisioning (approximated with egg size in many species) (Tanaka, 1995b; Hassall et al., 2006).
However, we found that edge spiders not only have smaller clutches, they also have smaller offspring,
so this tradeoff is not apparent at the full geographic scale. However, in the data overall, we did find
a slight negative effect of clutch size on offspring mass: offspring from large clutches had slightly lower
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mass, suggesting that there is a tradeoff (Table 5). It could thus be hypothesized that edge spiders
have smaller clutch sizes to optimize the per-offspring size, if resources are limited by the shorter
reproductive season in northern latitudes, and that this tradeoff operates at a local scale rather than
range-wide.
Our result for clutch size contrasts with the findings of Wolz et al. (2020), where they found equal
clutch size between origins in A. bruennichi; in that study, the authors suggested that because core
females are larger, reproductive investment, relative to body size, is higher in edge females. In our
study, we explicitly include female body size as an explanatory variable, and estimate the effects of
core vs. edge at median body size. While we do find that larger females have higher clutch sizes, this
is true in both populations, and core females have higher clutch sizes overall. While clutch size might
naturally vary between years, one difference in our study from that of Wolz et al. is the inclusion of
multiple clutches per female, and of oviposition latency as a fixed effect. If we exclude all second
clutches from our data set and do not account for oviposition latency, we find the same results, that
clutch size, relative to body size, is higher in edge females (Supplemental File 1: Table S2, Figure S9).
Because in our study, core spiders tended to lay their egg sacs later, we may be overcorrecting for
oviposition latency and inflating the estimate of core females’ clutch size. However, looking at the raw
data (Supplemental File 1: Figure S3A-B), our results appear to reflect the differences well: although
the core females started to oviposit later, there is still substantial overlap, and their early egg sacs
have higher clutch sizes than edge spiders’ early egg sacs, and this is consistent over time. Oviposition
latency has a very strong effect in A. bruennichi and needs to be included when investigating
reproductive success in this species, to avoid drawing potentially incorrect conclusions.

Genetic adaptation in cold tolerance
We found that overwintering survival was highest under warm winter conditions for both core and
edge spiderlings. However, under the cold winter treatment, edge spiderlings had higher survival than
core spiderlings (Figure 2A). This suggests that the edge populations have adapted to cope with the
colder winters, and plasticity does not allow the core spiderlings to cope as well under these
conditions. Likewise, in our lower lethal temperature assays, edge spiderlings had higher survival at
the lowest exposure temperatures. While survival was similar between origins at exposures to
temperatures between -10 and -18°C, at more extreme cold temperatures, edge spiderlings had
significantly higher survival. Across all treatments, edge spiderlings had lower LG SCPs. Slightly more
nuanced is the difference in the proportion of LG:HG SCPs. At mid-winter, across both treatments and
both origins, the majority of spiderlings have LG SCPs. However, post-winter, in the warm winter
treatment, spiderlings from the core switch to having a majority of HG SCPs, possibly indicating a
switch in strategy depending on environmental cues. This is likely adaptive for the spiderlings from
the core of the range, as they can respond to environmental cues in the spring and decrease their
investment in maintaining their cold tolerance when it is no longer necessary. We discuss this aspect
in more detail below, in the section, “Seasonal variation in cold tolerance plasticity.”
Determination of an organism’s cold tolerance strategy (chilling intolerant, freeze avoidant, or freeze
tolerant) requires data on the lower lethal temperature and supercooling point (Sinclair et al., 2015).
Due to methodological constraints, we could not assess lethal temperature and supercooling points
simultaneously in a single assay per individual. Thus, we have to compare between the two different
assays to determine the A. bruennichi cold tolerance strategy. Pooling all of the data across treatment
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groups, the median SCP in A. bruennichi was -27.93°C. Using our model for lower lethal temperature
survival, we predict 50% survival at -27.5°C. Thus, the median supercooling point is very similar to the
average lethal temperature, suggesting that A. bruennichi is a freeze avoidant species: they survive
until freezing, and do not succumb to the effects of cold temperatures before that point. This is
consistent with all other reports on cold tolerance strategies of spiders from temperate habitats
(Kirchner, 1973, 1987; Cubillos et al., 2018; Anthony, 2019; Anthony et al., 2019).
We also found significant differences in body size between core and edge spiderlings: edge spiderlings
were smaller both in leg length and in mass. Mass varied with winter treatment, according to
expectation: spiderlings had lower mass following a warm winter treatment than a cold winter
treatment. Due to the linear relationship between metabolic rate and temperature in arthropods, and
the fact that the spiderlings do not feed over the course of winter (Turnbull, 1973; Welke & Schneider,
2012), they use up more of their energy reserves under warm conditions. This loss of mass continued
over the course of winter, with lowest mass post-winter in the warm treatment. Edge spiderlings had
consistently lower mass than core spiderlings across treatments. Lower mass in spiderlings from the
edge of the range may allow for greater cold tolerance, as body size is linked to cold tolerance in many
freeze avoidant arthropods: smaller individuals contain less water, and the probability of ice
nucleation is directly related to the number of water molecules in the body (Lee, 2010). Thus,
producing smaller offspring at the range edge may be beneficial in A. bruennichi. Another possibility
is that lower mass in edge spiderlings indicates lower resource provisioning from mothers to offspring.
Even if this is the case, the offspring do not seem to have lower quality (i.e. demonstrate lower survival
or poorer cold tolerance capacity). Furthermore, the edge spiderlings, under their native cold winter
treatment, have almost exactly the same mass as core spiderlings under their native warm winter
treatment (Figure 5). Thus, edge spiderlings may have exactly the resources they need given the
predictably cold winter in Estonia. However, if winter temperatures increase due to global climate
change, this may prove maladaptive (Williams, Henry & Sinclair, 2015b). We found a very strong
contribution of our random effects in the model for leg length – with a conditional pseudo-R2 of 0.817
and almost no contribution of the fixed effects (marginal pseudo-R2 = 0.060), mother identity seems
to determine offspring body size more than anything else.
Taken together, our results indicate that the edge spiderlings have evolved greater cold tolerance and
smaller body size than their counterparts in the core of the range. Given that the A. bruennichi
expansion began in the 1960s, and the species first arrived in Estonia in 2006 (Algo, 2010), this
adaptation to the colder winter temperatures in northeastern Europe arose over the course of
decades. With one generation per year, this corresponds to only a few dozen generations. Local
adaptation in cold tolerance has been found in other species with large latitudinal ranges, correlated
with greater variability and seasonality towards the poles (Addo-Bediako, Chown & Gaston, 2000;
Lancaster et al., 2015).

Seasonal variation in cold tolerance plasticity
In addition to the observed differences between origins, many traits showed seasonal differences,
and especially seasonal differences in the degree of plasticity. For example, at mid-winter, there are
no differences between the warm and cold winter treatments in lower lethal temperature. However,
post-winter, survival decreases dramatically in the warm treatment at the lower exposure
temperatures. This coincides closely with the SCP results. At mid-winter, there is no plasticity, i.e. no
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winter treatment effects, in the LG SCPs or in the proportion of LG:HG SCPs; at post-winter, there is
plasticity, with higher LG SCPs in the warm treatment, and more HG SCPs in general, with a significant
switch to HG SCPs in core spiderlings under the warm treatment. This is further evidence that the
lower lethal temperature is related to the SCP. Furthermore, the fact that the switch toward HG SCPs
was not observed in edge spiderlings suggests that adaptations have arisen to suppress plasticity in
this trait and maintain a low SCP even with an early, warm spring, whereas the core spiderlings are
plastic. According to theory, plasticity is favored under predictably variable environments, where no
single phenotype has higher fitness in all environments (Ghalambor et al., 2007). Thus, plasticity loss,
such as that seen in the LG:HG SCP ratio in edge spiderlings under warm conditions, should only arise
when a trait is under very strong selection.

Latitudinal variation in adult phenotypes and genotypes across transect
Female body size, but not pigmentation, clutch size, or hatching success, varies with
latitude
We found that adult body size varies with latitudinally varying climatic variables. A. bruennichi females
are smaller under colder, more seasonal environments. A. bruennichi, as many other arthropod
species, follows the Converse Bergmann’s rule (Mousseau, 1997; Blanckenhorn & Demont, 2004;
Chown & Gaston, 2010; Williams, Chick & Sinclair, 2015a). Whether this is due to a shorter growing
season or a faster development time cannot be discerned in this study, but it is interesting to note
that the smaller body size of edge spiders is already present at the spiderling stage.
Contrary to our expectation, given the fact that many ectothermic animals (i.e. reptiles, insects) show
darker coloration at northern latitudes (Watt, 1968; Guppy, 1986; Svensson & Waller, 2013; MartínezFreiría et al., 2020), we did not find darker opisthosoma pigmentation with increasing latitude.
However, we did find a significant association of pigmentation with one environmental principal
component (PC4). This PC is strongly related to the mean temperature of the wettest quarter –
populations with low temperatures in the wettest quarter had less dark coloration. This effect is very
difficult to interpret, and is also not particularly strong. One possible explanation for why we found
no latitudinal variation, is that spiders may perform some degree of behavioral thermoregulation by
orienting either their dorsal or ventral side toward the sun, as has been documented in some other
spider species and within the Argiope genus (Robinson & Robinson, 1978; Tolbert, 1979). In A.
bruennichi, as in many other spider species, the ventral opisthosoma is much darker than the dorsal
opisthosoma. By measuring the pigmentation of the dorsal side, we may have missed variation in
ventral pigmentation, or there is simply no adaptive variation in pigmentation, as behavioral
thermoregulation may be sufficient across the range. It is also possible that opisthosoma
pigmentation is plastic, and may vary according to the presence or absence of sun. Some spiders are
able to very rapidly alter their coloration in response to environmental stimuli, although this has never
been documented in any Argiope species (reviewed by Holl, 1987). Given that we measured
pigmentation from photographs taken in the field, at varying times of day and under varying
environmental conditions, we are not able to test this with our data. Alternatively, although the dorsal
opisthosoma pattern is a striking feature in this species, the pigmentation of the legs and/or prosoma
may be more important, as these body parts contain more muscles. Darker pigmentation would allow
the muscles to warm up, which may be important to optimize foraging success on sunny days, when
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prey insects are more active. Lastly, the dorsal opisthosoma pattern may have evolved under
different, non-thermoregulatory, selection pressures, i.e. to prevent the formation of a searching
image for predators, or to attract insect prey (Bond, 2007; Bush, Yu & Herberstein, 2008).
We also did not find any pattern in hatching success or clutch size according to environmental factors.
Although our results from the core and edge show that edge spiders have lower clutch sizes and
hatching success, this seems not to be consistent across the whole transect. It is possible that the
populations at the very edge of the range suffer from edge effects that are not reflected in
intermediate populations along the transect. Another possibility is that hatching success and clutch
size are highly variable within populations, and our sample size along the transect, of 10 females per
population, was not high enough to detect a signal, given the noise. The very low pseudo-R2 values of
our models for clutch size and hatching success suggest that this is likely to be the case (Table 6), and
thus we prefer to interpret the core and edge results, above, where the sample sizes are much higher,
as are the pseudo-R2 values (Table 2, Table 3).

Population genetic statistics show strong differentiation over a short geographic
distance
Our population clustering analyses revealed that the “native” and “invasive” populations are
genetically differentiated, and this differentiation arises over a very short geographic distance. Along
our transect, the turnover from “native” to “invasive” occurs over an 85 km stretch within the middle
of Germany (Figure 7), and is far less gradual than might be expected, given the level of gene flow
possible in such a dispersive species that shows overall low genetic variation across the Palearctic
(Krehenwinkel et al., 2016). Our results provide strong support, in great detail, to the hypothesis
presented by Krehenwinkel & Tautz (2013): introgression occurred in populations within central
Germany. We demonstrate this here by showing that there is greater genetic diversity in the
“invasive” populations, and more genetic similarity of invasive populations to the Russian and
Japanese populations than found in the French populations.
We calculated individual-level inbreeding coefficients, and compared these across populations. The
Japanese populations were highly inbred, while Russian populations were outbred, and there were
intermediate inbreeding levels within European populations (Figure 8). High inbreeding of the
Japanese populations is unsurprising; A. bruennichi spiderlings disperse via aerial ballooning, which
should be selected against in island populations, as the likelihood of dispersing into unsuitable areas,
i.e. the ocean, is very high. Within the populations at the edge of the range in Estonia, we observed a
linear increase in inbreeding levels with latitude. This may be explained by the lower dispersal
propensity of edge populations of A. bruennichi found by Wolz et al. (2020). In that study, edge
spiderlings were less dispersive than core spiderlings, which was in contrast to the authors’
expectations of spatial sorting and Olympic village effects considered typical at the leading edge of a
range expansion (Shine, Brown & Phillips, 2011). Wolz et al. hypothesized that there may be strong
selection against dispersal at the edge of the range in this case, due to possibly fragmented habitat
patches and/or low population densities. Lower dispersal propensity may then lead to increased
inbreeding, or vice versa. In light of our results for the lower lethal temperature and supercooling
points, we find the explanation for selection against dispersal highly plausible. Further north and
inland of our collecting sites, temperatures can dip below -32°C when arctic cold fronts move over
Estonia. Such low temperatures are likely fatal for A. bruennichi spiderlings, even for short exposure
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times, based on our data. Thus, it seems that the populations in Estonia are no longer an expansion
front, but have reached a range border, beyond which survival over winter is unlikely. This is
consistent with the findings of many studies, that poleward range limits are set by direct
environmental limitations, where adverse conditions exceed species’ tolerance levels (MacArthur,
1972; Root, 1988; Parmesan et al., 2005; Mazaris et al., 2013).

Support for adaptive introgression
Throughout the genome, we found genomic windows with strong environmental associations, high
differentiation of native/invasive populations in FST, and relatively lower FST between invasive and
Japanese populations. This pattern suggests that in A. bruennichi, adaptive introgression may have
truly provided the genomic substrate for selection, enabling adaptation to colder winters. We found
that the same regions of the genome were associated with multiple environmental principal
components. In order to parse apart the precise environmental drivers of adaptation, we will need to
test the associations with single bioclimatic variables, rather than summarized principal components.
This will also allow us to see if the same genomic regions are associated with adaptation to multiple
environmental factors, or if there are different patterns given different, more specific, environmental
variables. Further investigation into the genes present in these regions is needed, to shed light on
their potential functions. What is clear from our results is that precipitation, strongly represented in
PCs 2 and 4, does not exert a strong selection pressure in this system. Temperature and seasonality,
on the other hand, show more and stronger genetic associations. Although the sampling design in our
study is not intended to identify the precise donor population for introgression, based on our results
and those of previous studies (Krehenwinkel & Tautz, 2013; Krehenwinkel et al., 2015), it is highly
likely that the introgression came from the east, as represented here by Japanese populations,
through Russia. The A. bruennichi populations in Russia are characterized by a strongly seasonal
climate, with an annual temperature range of 35-40°C, and very cold winters. Thus, it stands to reason
that admixture of the European and Russian populations could have enabled introgression of alleles
from eastern populations that evolved under cold and seasonal environments.
One very interesting aspect of our results is the high level of differentiation and environmental
association we found on chromosome 9, which has recently been identified as an X chromosome
(Sheffer et al., 2021a). A. bruennichi possesses a multiple X chromosome system, where males are
hemizygous for two X chromosomes (9 and 10), meaning females have two copies of each X
chromosome while males have one copy of each. Therefore, the effective population size and
recombination rate for X chromosomes should be lower than autosomes. This leads to the theoretical
prediction of increased evolutionary rates of X chromosomes under natural selection, especially in the
case of recessive variants (Charlesworth, Coyne & Barton, 1987; Ellegren, 2009; Bechsgaard et al.,
2019). In the case of A. bruennichi, it seems that at least one of the X chromosomes has indeed evolved
more quickly than autosomes. Chromosome 10 shows weaker patterns than chromosome 9, and does
not stand out in its range of LRT or FST values in the same way (Supplemental File 1: Figure S10).
Although they have a different sex determination system, there are interesting introgression patterns
in X chromosomes found at the house mouse (Mus musculus/M. domesticus) hybrid zone. One central
region of the X chromosome in the house mouse has been identified as an area of reduced gene flow,
and is thought to be a candidate region for reproductive isolation, while another region shows a
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signature of adaptive introgression (Payseur, Krenz & Nachman, 2004). Our work builds on the existing
evidence that sex chromosomes can – and do – evolve rapidly.

Conclusion
Our study had two central aims: first, to quantify genetic adaptation and phenotypic plasticity in cold
tolerance in edge relative to core populations, and second, given a strong role of genetic adaptation
in enabling the establishment and persistence of expanding populations, to test if the range expansion
and subsequent adaptation was enabled by adaptive introgression. Our reciprocal transplant common
garden experiment revealed that the edge populations are clearly locally adapted in cold tolerance.
Although there is significant plasticity, especially in the spring, edge spiderlings are more cold tolerant
across all investigated traits. Our population genomic analysis revealed striking differentiation over a
short geographic distance, suggesting strong selection. Going deeper, looking at genome-wide
population genetic outliers and environmental associations, we find compelling, if correlative,
evidence for adaptive introgression providing the substrate for selection to the colder, more seasonal
environments in northeastern Europe. Taken together, all of our results suggest that A. bruennichi
populations in Estonia are no longer an expanding front, but have reached a poleward range limit.

Data availability
The scripts for filtering SNPs in and outside of exons were written by KJH and can be shared upon
reasonable request. The genome-wide results for all chromosomes for each environmental PC (65
graphs, thus excluded from the supplement for brevity) can be shared by MMS upon request.
Observed means and variances of spider traits will be uploaded to the World Spider Trait Database
(https://spidertraits.sci.muni.cz/) for utility in meta-analyses.
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Supplemental File 1

Figure S1. Climate simulations used for overwintering in our reciprocal common garden transplant. Spiderlings
were placed under either conditions found at the core of the range (Southern France) or at the edge of the range
(Estonia). Simulations are based on data averaged over 10 years (2004-2014), derived from
www.weatheronline.co.uk

Figure S2. Multimodal distribution of supercooling points (SCPs). We split the data into two groups: low group
(LG) SCPs, below -25.5°C (dashed red line), and high group (HG) SCPs, above -25.5°C. The LG distribution was
Gaussian, and we only used the HG SCPs to calculate a per-family ratio of LG:HG SCPs.
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Figure S3. Clutch size and hatching success depending on mother’s leg length, oviposition latency, and clutch.
Transparent points represent the raw data; lines represent model predictions flanked with their 95% confidence
intervals. Black points with error bars represent estimated marginal means and 95% confidence intervals for
discrete predictor variables. Model predictions are back-transformed to the observed scale.
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Figure S4. Environmental PC1 varies with latitude. Points represent single collecting sites, and are colored
according to their assignment to “native” (orange) or “invasive” (blue) genetic clusters. Shapes represent
countries.

Figure S5. Principle components analysis of all populations using neutral SNPs. Ellipses represent 95%
confidence intervals; points represent individual samples, with shape indicating the sampling country. Points
and ellipses are colored according to the site’s grouping region, Japan (purple), Russia (black), “invasive” (blue),
“native” (orange).
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Figure S6. Principle components analysis of all non-Japanese populations using neutral SNPs. Ellipses represent
95% confidence intervals; points represent individual samples, with shape indicating the sampling country.
Points and ellipses are colored according to the site’s grouping region, Russia (purple), “invasive” (blue), “native”
(orange).
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Figure S7. Stacked barplots of individual ancestry assignment, using ngsAdmix results for K=2 through K=8.

100

Table S1. Pairwise FST matrix for all populations. Cells are colored by value (low: yellow, high: red). Populations are numbered as in Table 1 in the main text.
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Figure S8. Phylogenetic tree based on ngsDist and FastME. Node labels are colored by bootstrap support.
Branches are colored by the individual’s assignment to regional groupings: Japan (purple), Russia (green),
“invasive” (blue), “native” (orange).
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Table S2. Model table for clutch size, if we do not include 2nd clutches or oviposition latency. Estimates are
reported on the latent scale, with 95% confidence intervals. Fixed effects are considered to be significant if their
confidence interval does not cross zero; these are indicated in bold text. Reference levels for fixed effects are
given in [square brackets].
Response
Variable

Sampl
e size

Pseudo-R2 Pseudo-R2
(cond.)
(marg.)

Fixed effects

Estimate

2.5%

97.5%

Clutch
size

244

0.230

Origin [edge]

0.493875

0.21490

0.772849

Mother’s leg length*

0.314927

0.21427

0.415588

0.185

*centered and scaled

Figure S9. Model predictions for total clutch size (“Total,” i.e. total number of eggs), in our supplementary
exploratory model. We excluded 2nd clutches as well as the fixed effect “Oviposition latency” and only included
origin (A) and mother’s body size (B) as explanatory variables. The x-axis in (B) – “CS_Mother_LegLength_um”
– represents centered and scaled leg length. Black points with error bars represent estimated marginal means
and 95% confidence intervals for discrete predictor variables. Model predictions are back-transformed to the
observed scale.
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Figure S10. Boxplots of significant associations of SNPs with environmental PC1. Chromosome 9, one of the X
chromosomes, shows more and stronger associations with the environment than autosomes. For the purpose
of visualization, we excluded non-significant SNPs from this plot.
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Supplemental File 2
Script to get Supercooling Point
By: Brian Schulze & Monica M. Sheffer
Obtain supercooling points from datalogger data
First, load libraries
library(openxlsx)
library(grDevices)

Then, set the threshold temperature change in degrees C to detect the heat of
crystallization and read in the data file (edit file path to where your data is stored, or use
file.choose())
threshold = 0.3
file = "Z:\\AllgSystZoo\\aaSharing\\GrakoRESPONSE\\DataGrako2018_2019\\SupercoolingData\\MidWinterSup
ercooling\\SC_150219_2_PA-88.xlsx"
dat = read.xlsx(file,startRow=4,colNames=F)
names= read.xlsx(file,colNames=F)[1,]

Now plot the data to get an overview, and then click on the plot to set new limits to zoom in
on the peaks
cols = rainbow(ncol(dat)-1)
plot(dat$X1,dat$X2,type="l",col=cols[1],main="Click to choose limits [1.
top left; 2. bottom right]",xlab="time [sec]",ylab="temp [C戼㸰]")
for(i in 3:ncol(dat))
{
points(dat$X1,dat[,i],type="l",col=cols[i-1])
}
pos1 = locator(n=1) # top left
pos2 = locator(n=1) # bottom right
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Plot the peaks with new limits obtained above, for a closer visual inspection of the data
#normally we click on the plots, but interactive interfaces don't work
with Rmarkdown, so we have to specify the positions manually in this
example
pos1=list(x=4298.419,y=-9.202457)
pos2=list(x=7626.119,y=-33.03759)
plot(dat$X1,dat$X2,type="l",col=cols[1],xlim=c(round(pos1$x),round(pos2$x)
),ylim=c(round(pos2$y),round(pos1$y)),xlab="time [sec]",ylab="temp [C戼㸰
]")
for(i in 3:ncol(dat))
{
points(dat$X1,dat[,i],type="l",col=cols[i-1])
}
#Having checked the data visually (everything looks good), now calculate
the SCPs, as well as the height of the peak and area below the curve,
using the threshold set above
scps = matrix(NA,ncol=5,nrow=ncol(dat)-1)
scps[,1] = unlist(c(names[1,-1]))
for(i in 2:ncol(dat))
{
for(j in round(pos1$x):round(pos2$x)-1)
{
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if((dat[j+1,i]-dat[j,i])>=threshold)
{
#print(paste(i-1,j,dat[j,i],dat[j+1,i],sep=" "))
scps[i-1,2] = j
scps[i-1,3] = dat[j,i]
#peak height
scps[i-1,4] = max(dat[j:(j+10),i]) - dat[j-1,i]
#approximate area under peak
t = (j-5):(j+60) # time of interest (5 seconds before to 60 seconds
after SCP peak)
yt = dat[t,i]
coeff = lm(c(dat[j-5,i],dat[j+60,i])~c(j-5,j+60))$coefficients
area = sum(abs(coeff[2]*t+coeff[1])-abs(yt))
scps[i-1,5] = round(area,2)
break()
}
}
}
# plot and print scps
cat("SCPs:\n")
## SCPs:
for(i in 1:nrow(scps))
{
points(scps[i,2],scps[i,3],col=cols[i],pch=16)
cat(scps[i,1],"\t",scps[i,3],"\t",scps[i,4],"\t",scps[i,5],"\n",sep="")
}
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##
##
##
##
##
##
##
##

E18-PA-88-A
E18-PA-88-B
E18-PA-88-C
E18-PA-88-D
E18-PA-88-E
E18-PA-88-F
E18-PA-88-G
E18-PA-88-H

-30.39
-29.44
-24.55
-28.13
-28.83
-21.12
-22.47
-29.97

6.72
10.17
15.81
20.08
3.72
10.88
15.52
7.45

69.94
75.56
93.59
114.97
57.46
86.12
82.95
71.83

After obtaining the SCPs, we copied them into our larger dataset
writeClipboard(scps[,3])
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Supplemental File 3
Script for Environmental Principal Components Analysis
By: Monica M. Sheffer

Calculate principle components to summarize environmental variation across
sampling sites
First, load libraries, read and filter the data
library(factoextra)
library(tidyverse)
dat=read.csv("C:/Users/Uhl_4/Dropbox/Argiope_ddRAD/climate_data/output/spi
der_allBioClim.csv")
#dat file has a separate row for each individual, but we just need one
value per site, so filter by distinct population numbers
dat_unique = dat %>% distinct(population_number,.keep_all = TRUE)
#we only need bioclimatic data for sites in Europe, so filter out Japan
and Russia
dat_filtered=dat_unique[which(dat_unique$Country!="Russia" &
dat_unique$Country!="Japan"),]
#group Estonia, Latvia and Lithuania into "Baltic" for cleaner plotting
dat_filtered$groups=dat_filtered$Country
dat_filtered$groups[which(dat_filtered$Country=="Estonia"|dat_filtered$Cou
ntry=="Lativa"|dat_filtered$Country=="Lithuania")]="Baltic"

Calculate and visualize the PCA
#calculate PCA
res.pca_noJnoR=prcomp(dat_filtered[,18:36],scale=T)
#vizualize PCA
fviz_eig(res.pca_noJnoR)
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fviz_pca_biplot(res.pca_noJnoR,axes=c(1,2),col.ind=dat_filtered$groups,rep
el=T,addEllipses = TRUE,mean.point=F,geom="point")
## Too few points to calculate an ellipse
## Warning: ggrepel: 8 unlabeled data points (too many overlaps). Consider
## increasing max.overlaps
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fviz_pca_biplot(res.pca_noJnoR,axes=c(2,3),col.ind=dat_filtered$groups,rep
el=T,addEllipses = TRUE,mean.point=F,geom="point")
## Too few points to calculate an ellipse
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fviz_pca_biplot(res.pca_noJnoR,axes=c(3,4),col.ind=dat_filtered$groups,rep
el=T,addEllipses = TRUE,mean.point=F,geom="point")
## Too few points to calculate an ellipse
## Warning: ggrepel: 15 unlabeled data points (too many overlaps).
Consider
## increasing max.overlaps
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fviz_pca_biplot(res.pca_noJnoR,axes=c(4,5),col.ind=dat_filtered$groups,rep
el=T,addEllipses = TRUE,mean.point=F,geom="point")
## Too few points to calculate an ellipse
## Warning: ggrepel: 17 unlabeled data points (too many overlaps).
Consider
## increasing max.overlaps
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Print specific loadings of the PCs
sort(res.pca_noJnoR[["rotation"]][,"PC1"])
##
tempSeasonality
##
-0.27102370
## meanTempWettestQuarter
##
-0.01920380
##
precipWettestMonth
##
0.17512415
##
precipDriestQuarter
##
0.23528249
##
meanDiurnRange
##
0.25802749
##
isothermality
##
0.28742502
## meanTempColdestQuarter
##
0.29975360

precipSeasonality
tempAnnRange
-0.19418552
-0.16450314
precipWarmestQuarter
precipWettestQuarter
-0.01890199
0.14805015
precipDriestMonth
annPrecip
0.19302953
0.20868676
precipColdestQuarter meanTempDriestQuarter
0.24663256
0.24753941
maxTempWarmestMonth meanTempWarmestQuarter
0.26150117
0.26204398
annMeanTemp
minTempColdestMonth
0.29361680
0.29645808

sort(res.pca_noJnoR[["rotation"]][,"PC2"])
##
##
##
##
##
##

precipWarmestQuarter
-0.39690373
precipDriestMonth
-0.33073533
precipWettestMonth
-0.24307533

precipWettestQuarter
-0.34801214
precipDriestQuarter
-0.29354691
tempSeasonality
-0.09048024
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annPrecip
-0.33588406
precipColdestQuarter
-0.24590297
tempAnnRange
0.03506497

##
precipSeasonality
##
0.11606285
## meanTempColdestQuarter
##
0.14598218
## meanTempDriestQuarter
##
0.17917805
## meanTempWettestQuarter
##
0.23017698

minTempColdestMonth
isothermality
0.13427019
0.14388219
annMeanTemp meanTempWarmestQuarter
0.15910666
0.16629178
meanDiurnRange
maxTempWarmestMonth
0.18794679
0.19266831

sort(res.pca_noJnoR[["rotation"]][,"PC3"])
##
tempAnnRange
##
-0.475428324
##
tempSeasonality
##
-0.281000718
##
maxTempWarmestMonth
##
-0.217642295
##
annMeanTemp
##
-0.086738727
## meanTempColdestQuarter
##
0.002638099
##
precipWarmestQuarter
##
0.113134186
##
precipDriestMonth
##
0.170342286

precipSeasonality
precipWettestMonth
-0.444724070
-0.390397428
precipWettestQuarter meanTempWarmestQuarter
-0.273090805
-0.261345177
meanTempDriestQuarter
annPrecip
-0.155451097
-0.117161640
precipColdestQuarter
meanDiurnRange
-0.078688021
-0.060974214
minTempColdestMonth
precipDriestQuarter
0.083023900
0.104256699
isothermality meanTempWettestQuarter
0.136119231
0.145361505

sort(res.pca_noJnoR[["rotation"]][,"PC4"])
## meanTempWettestQuarter
precipWarmestQuarter
##
-0.69162758
-0.39009622
##
tempAnnRange
precipDriestMonth
##
-0.22438006
-0.17408335
##
tempSeasonality meanTempWarmestQuarter
##
-0.13759165
-0.11523039
##
precipWettestQuarter
precipWettestMonth
##
-0.09394129
-0.04957857
##
annMeanTemp
minTempColdestMonth
##
-0.04433973
-0.00712530
## meanTempColdestQuarter
annPrecip
##
0.03166551
0.03238765
## meanTempDriestQuarter
##
0.32012586

meanDiurnRange
-0.22923774
maxTempWarmestMonth
-0.16097378
isothermality
-0.09492883
precipDriestQuarter
-0.04437050
precipSeasonality
0.02247883
precipColdestQuarter
0.22098703

sort(res.pca_noJnoR[["rotation"]][,"PC5"])
##
##
##
##
##
##

tempAnnRange
-0.52716728
precipDriestQuarter
-0.18770326
maxTempWarmestMonth
-0.10805523

meanDiurnRange
-0.31030178
precipDriestMonth
-0.15034559
isothermality
-0.10269024
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tempSeasonality
-0.22280938
precipColdestQuarter
-0.14219453
annPrecip
-0.02936224

## meanTempDriestQuarter meanTempWarmestQuarter
##
-0.02144636
-0.01313582
## meanTempColdestQuarter
precipWarmestQuarter
##
0.12209270
0.13787975
## meanTempWettestQuarter
precipWettestQuarter
##
0.23263255
0.25508775
##
precipSeasonality
##
0.44035083
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annMeanTemp
0.07925481
minTempColdestMonth
0.19799805
precipWettestMonth
0.28617036
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Abstract: Many ecological and evolutionary processes in animals depend upon microbial symbioses.
In spiders, the role of the microbiome in these processes remains mostly unknown. We compared
the microbiome between populations, individuals, and tissue types of a range-expanding spider,
using 16S rRNA gene sequencing. Our study is one of the first to go beyond targeting
known endosymbionts in spiders and characterizes the total microbiome across different body
compartments (leg, prosoma, hemolymph, book lungs, ovaries, silk glands, midgut, and fecal pellets).
Overall, the microbiome differed significantly between populations and individuals, but not between
tissue types. The microbiome of the wasp spider Argiope bruennichi features a novel dominant bacterial
symbiont, which is abundant in every tissue type in spiders from geographically distinct populations
and that is also present in offspring. The novel symbiont is affiliated with the Tenericutes, but has
low sequence identity (<85%) to all previously named taxa, suggesting that the novel symbiont
represents a new bacterial clade. Its presence in offspring implies that it is vertically transmitted.
Our results shed light on the processes that shape microbiome differentiation in this species and raise
several questions about the implications of the novel dominant bacterial symbiont on the biology and
evolution of its host.
Keywords: microbiome; symbiosis; endosymbiont; transmission; range expansion; Araneae; spiders;
Argiope bruennichi; invertebrate host; Tenericutes

1. Introduction
All multicellular life evolved from and with microbes. Consequently, the interactions between
animals and microbes are not rare occurrences, but rather fundamentally important aspects of animal
biology from development to systems ecology [1]. The holobiont, defined as a host and all of its
symbionts, is considered as a unit of biological organization, upon which selection can act [2–5].
The nature of the relationships between host and symbionts has been of intense interest in recent years;
while some form obligatory, coevolutionary symbioses [6–10], others are environmentally derived
Microorganisms 2020, 8, 8; doi:10.3390/microorganisms8010008
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and/or unstable and temporary [11,12]. The collective microbial symbionts and their environment
within a certain host or tissue can also be referred to as a microbiome [13]. For example, the intensive
research on the human microbiome of the last decade has shed light on many roles of the microbiome
of different tissues in health and disease [14]. In addition, correlations have been found between the
microbiome and a number of traits across different levels of biological organization and states (from
population-level [15] down to the level of tissue-specific microbiomes [14,16] as well as across different
age and disease states [17]).
A striking feature of the microbiomes of some hosts is the presence of microbial endosymbionts.
Endosymbionts, which typically reside within the cells of their hosts, can play a major role in
speciation in many organisms through mechanisms such as assortative mating and reproductive
isolation [18]. Wolbachia endosymbiont infections are highly prevalent in invertebrates [19,20] where
they can induce parthenogenesis, cause cytoplasmic incompatibility between uninfected and infected
individuals, affect host fecundity, fertility, and longevity [21,22], and affect the sex ratio of host species
via feminization of males and male killing [23–25]. Non-Wolbachia (endo)symbiotic bacteria can also
manipulate host physiology and behavior in diverse ways, from increasing heat tolerance in aphids [26]
to determining egg-laying site preference in Drosophila melanogaster [27]. If microbial symbionts are
vertically transmitted, these modifications in behavior and/or physiology can result in changing
selection pressures and eventually the coevolution of the symbionts and their hosts [4,6,28–30].
The function of a symbiont within its host is often predictive of its location within tissues. Wolbachia
infections are often specifically located in reproductive tissues, but can also be distributed widely
throughout somatic cells, depending on the host species [31,32]. Beyond Wolbachia, many studies on
bacterial symbionts have focused on blood- and sap-feeding insects; these specialist feeders require
symbionts within their digestive tissues to assist in the utilization of their nutrient-poor diets [6,33–40].
Therefore, endosymbiont presence, and thus microbiome composition, can vary widely between tissue
types and organ systems.
Among arthropods, insects have been the primary focus of microbiome studies. In comparison,
investigations into the microbiome of spiders are scarce but suggest that spiders host diverse
assemblages of bacteria, some of which alter their physiology and behavior. In a survey of 8
spider species from 6 different families, in which DNA (deoxyribonucleic acid) was extracted from the
whole body, putative endosymbionts dominated the microbiome of all species [41]. The endosymbionts
discovered (assumed by the authors to be endosymbionts of the spiders, not endosymbionts of their
insect prey) were largely reproductive parasites, including Wolbachia, Cardinium, Rickettsia, Spiroplasma,
and Rickettsiella, which corresponds to the findings on other spider species across families [42–44].
The non-endosymbiont bacterial taxa were typical insect gut microbes, which could be nutritional
symbionts of the spiders or represent the microbiome of prey the spiders consumed. As to the effect
of endosymbionts on spider hosts, relatively little is known. Wolbachia has been shown to bias the
sex ratio in the dwarf spider Oedothorax gibbosus [45] and Rickettsia infection changed the dispersal
probability of another dwarf spider species Erigone atra [46]. The abundance of Rhabdochlamydia was
found to vary with population and with sex (higher infection rate in females than males) in Oedothorax
gibbosus [44]. The studies mentioned above have focused on endosymbionts alone within a single
family of spiders. It has not yet been investigated whether there are intraspecific differences in the total
(endosymbiont and non-endosymbiont) microbial community between different spider populations,
the composition of the microbiome in certain tissue types, or whether there is vertical transmission of
the microbiome in spiders.
Argiope bruennichi (Scopoli, 1772), an orb-weaving spider with a Palearctic distribution [47], is an
ideal candidate for a pioneering microbiome study given the wealth of knowledge that exists on
the biology of the species and the genus Argiope [48]. It has been the subject of many studies due
to a number of interesting traits, such as sexual dimorphism and sexual cannibalism (i.e., [49–51]),
and its recent and rapid range expansion within Europe [47,52–55]. Since spider dispersal behavior
can also be affected by endosymbiont infection [46] and dispersal behavior influences the rate of range
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expansion, the microbiome might play a role in the rapid range expansion of A. bruennichi. Although
some studies on A. bruennichi have used targeted approaches to look for specific reproductive parasites,
finding none [43,56], a holistic approach to investigating the microbiome of A. bruennichi has not been
carried out to date. In the present study, we investigated the total bacterial community of A. bruennichi
from geographically distant, but genetically similar, populations in Germany and Estonia, asking the
following questions: (1) does A. bruennichi possess a multi-species microbiome? (2) If so, are there
population-level differences in the microbiome? (3) Are specific microbes localized in certain tissues?
And (4) is the microbiome vertically transmitted?
2. Materials and Methods
2.1. Sample Collection
For this study, mature female Argiope bruennichi were collected for two purposes: first, for
dissection into different tissue types and, second, to produce offspring. The females used for dissection
came from two sites: one in Germany (Greifswald: 54.11 N, 13.48 E; n = 3) and one in Estonia (Pärnu:
58.30 N, 24.60 E; n = 3). These locations were selected because they are geographically distant from
one another and yet are in the same haplotype group, according to a previous population genetic
study [54], thereby controlling for evolutionary differentiation of the microbiome within the species.
The sample size (n = 3 per sampling site) was decided upon as the minimum size required for statistical
tests of variability within and between collecting sites due to the time-intensive and delicate nature
of dissection. The females that produced offspring came from two sites (Plech, Germany: 49.65 N,
11.47 E; n = 1; Pärnu, Estonia: 58.30 N, 24.60 E; n = 1) and were maintained in the lab until they
produced an egg sac. It is important to note that A. bruennichi females lay their eggs into a simple
egg sac, which is then wrapped in a silk casing consisting of two layers: one “fluffy” silk layer and
one tough outer layer [57]. Eggs hatch within the first weeks, but the juvenile spiders, “spiderlings,”
remain in the egg sac for several months over winter [57]. The spiderlings that hatched from the egg
sacs produced in the lab were preserved in the silk casing in the freezer until the day of DNA extraction
for microbiome analysis.
2.2. Sample Preparation
Three adult specimens each from Greifswald and Pärnu were dissected within two days of
collection and the spiders were not fed between the point of collection and dissection. Before dissection,
the spiders were anaesthetized using CO2 , after which the prosoma and opisthosoma were separated
using sterilized scissors. A 10 µL sample of hemolymph was immediately taken from the aorta at
the point of separation with a sterile pipette. Next, the legs were removed and a single leg was
taken as a sample and stored separately from the whole prosoma. Sterilized forceps were used for
dissection of the opisthosoma. The cuticle was removed dorsally and a sample of the midgut was
taken from the dorsal side and stored. The cuticle was then cut ventrally, between the epigynum
(genital opening) and the spinnerets. The two cuticular flaps were pulled to loosen the internal organs
and the digestive tubules were teased apart to reveal the rest of the organs. The major ampullate silk
glands, which produce structural and dragline silk and are the largest and easiest to remove of all
the silk glands [58–61], were removed and stored. Then, a sample of the ovaries was removed and
stored. Removal of the ovaries revealed the cloaca and existing fecal pellets and the surrounding fluid
in the cloaca were sampled using a sterile pipette. Finally, the book lungs were removed and stored.
All tissue samples were stored in sterile tubes and frozen until the time of DNA extraction.
For the spiderling samples, one egg sac each from Plech and Pärnu was opened with sterilized
forceps and 5 spiderlings from each egg sac were placed directly into phenol-chloroform for
DNA extraction.
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2.3. DNA Extraction and Illumina Amplicon Sequencing
DNA was extracted from tissue samples using a phenol-chloroform extraction protocol,
as described in [62]. Mechanical lysis was performed via bead beating in a FastPrep 24 5G (MP
Biomedicals, Irvine, CA, USA) with FastPrep Lysing Matrix E. A fragment of the 16S rRNA gene
was amplified from the extracted DNA with a primer pair recommended by the Earth Microbiome
Project, targeting the V4 region of the 16S rRNA gene (515f: 50-GTGYCAGCMGCCGCGGTAA-30,
806r: 50-GGACTACNVGGGTWTCTAAT-30 [63]) coupled to custom adaptor-barcode constructs.
PCR amplification and Illumina MiSeq library preparation and sequencing (V3 chemistry) was
carried out by LGC Genomics in Berlin. Sequences have been submitted to the NCBI short
read archive and can be found under the BioProject number PRJNA577547, accession numbers
SAMN13028533- SAMN13028590.
In addition, PacBio long-read SMRT (single molecule real-time) sequencing of almost full-length 16S
rRNA gene amplicons was performed for two of the samples (a prosoma extract from a German spider
and a spiderling extract from Estonian spiderlings). For this, ~1500 bp amplicons were amplified using
the primers Ba27f (AGAGTTTGATCMTGGCTCAG) and Ba1492r (CGGYTACCTTGTTACGACTT)
tailed with PacBio universal sequencing adapters (universal tags) in a first round of PCR with 25 cycles.
After PCR product purification, a second round of PCR was done with distinct barcoded universal F/R
primers as provided by the manufacturer (PacBio, Menlo Park, CA, USA). SMRTbell Library preparation
and SMRT sequencing on a PacBio Sequel System was also done according to manufacturer instructions.
Approximately 20 barcoded amplicons were multiplexed per SMRT cell. Initial processing of SMRT
reads and exporting of CCS (circular consensus sequencing) data was done with the SMRT Link analysis
software as recommended by the manufacturer. Raw reads are available on the NCBI short read archive
and can be found under the BioProject number PRJNA577547, accession number SAMN13046638.
The resulting sequences were clustered and consensus sequences derived using IsoCon [64].
The highest abundant sequence, dubbed DUSA (dominant unknown symbiont of Argiope bruennichi–see
Results section) was identified by comparing the short V4 amplicon with the SMRT IsoCon consensus
sequences and choosing the sequence with the highest match.
2.4. Sequence Processing
Sequences clipped from adaptor and primer sequence remains were received from the LGC
Genomics sequencing facility and then processed using the DADA2 (divisive amplicon denoising
algorithm 2) package in R (Version 1.6.0 [65]) [66]. The R script used for sequence processing can be
found in Supplementary File S1. Forward and reverse Illumina reads were simultaneously filtered and
truncated to 200 bp. Error rates were estimated using the maximum possible error estimate from the
data as a first guess. Sample sequences were de-multiplexed and unique sequences were inferred using
the core denoising algorithm in the DADA2 R package. Following sample inference, paired forward
and reverse reads were merged. Chimeric sequences accounted for less than 0.5% of the total sequence
reads and were removed using the removeBimeraDenovo function. Taxonomic classification was
performed using the DADA2 package’s implementation of the RDP’s naïve Bayesian classifier [67],
with a minimum bootstrap confidence of 50, drawing from the Silva database [68]. The resulting
unique amplicon sequence variants (ASVs) with taxonomic classification were used to build a table
containing relative abundances of ASVs across all samples.
2.5. Data Analysis and Visualization
To control for possible contamination during the process of extraction and sequencing, given low
DNA yield from some tissue types, a control extraction using sterile water was performed alongside
each extraction. These negative controls were included in the sequencing run. A series of cutoffs
were employed as quality control on the relative abundance table. First, samples with low sequencing
depth (less than 4000 reads) were removed. Then, the data was strictly filtered to remove any ASVs
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found in extraction blanks (with an abundance of 50 reads or more). After the removal of those
possible contaminants, another sequencing depth cutoff was enforced, removing samples with less
than 400 reads.
ASVs were aggregated by bacterial class to obtain an overview of the microbiome. Low-abundance
classes (less than 1000 reads total, meaning less than 0.1% of filtered reads) were aggregated into a
category called “Other.” The relative abundance of each class was then visualized in the form of pie
charts using the ggplot2 package [69] in R.
To test for and visualize dissimilarity in ASV composition between tissue types, sampling sites,
and individuals, non-metric multidimensional scaling was performed on Hellinger-transformed
sequence variant counts using Bray–Curtis distance, implemented in the vegan package (vegan
function ‘metaMDS’) (version 2.5-1 [70]) in R. Hellinger transformation was used to account for
differences in library size and to reduce the effect of low abundance sequences. Explanatory power of
tissue type, sampling site, and individual was calculated using a PERMANOVA test (vegan function
‘adonis’). This analysis was done on filtered reads, once with the most dominant ASV (DUSA) excluded
due to its overwhelming influence on the data, which might mask the patterns of the rest of the bacterial
community, and once with DUSA included. The R script used for filtering, statistical analysis, and data
visualization of the 16S amplicon sequences can be found in Supplementary File S2.
The almost-full length 16S rRNA gene sequence of DUSA generated by SMRT amplicon sequencing
was compared to that of well-known endosymbiotic bacterial taxa retrieved from Silva and GenBank,
along with two archaeal sequences as an outgroup. The sequences were aligned using ClustalW
implemented in MEGA [71,72] and a consensus tree was calculated using IQ-TREE [73] with
5000 bootstrap iterations. The consensus tree was visualized using FigTree [74]. For clarity of
visualization, branches were collapsed by phylum for distant taxa and by genus for Tenericutes;
for an un-collapsed tree of the Tenericutes and all accession numbers see Supplementary Table S2 and
Supplementary Figure S1.
3. Results
Illumina amplicon sequencing of the V4 region of the 16S SSU rRNA (small subunit ribosomal
ribonucleic acid) gene of 6 adult spiders (8 tissue types each) and two spiderling samples from
2 locations resulted in 5.2 million reads with an arithmetic mean of 90,377 reads per sample (min = 711,
max = 981,405). Of total raw reads, 86.8% passed quality filtering and chimera removal. Chimeras
counted for less than 0.5% of all reads. We first removed samples with low sequencing depth (less
than 4000 reads), which eliminated 4 samples: 1 prosoma sample from Estonia, 1 silk gland sample
from Estonia, 1 hemolymph sample from Estonia, and 1 ovary sample from Estonia. We then removed
sequences with high abundance in negative controls (more than 50 reads in control samples), resulting in
the removal of a total of 337 possible contaminant sequences. Lastly, we again filtered out samples with
low sequencing depth (less than 400 reads), eliminating 4 more samples: 1 leg sample from Estonia,
1 hemolymph sample from Estonia, 1 fecal pellet sample from Estonia, and 1 hemolymph sample from
Germany. After these filtering steps, 1.77 million reads remained, with an average of 41,182 reads per
sample (min = 477, max = 629,137). In total, post-filtering, 574 amplicon sequence variants (ASVs)
were detected in the tissues and spider populations.
3.1. A Bacterial Symbiont in Argiope bruennichi
The microbiome of A. bruennichi was dominated by a single ASV, making up 84.56% of all filtered
reads (Figure 1). This ASV had less than 85% identity to any sequence in the NCBI (National Center
for Biotechnology Information) database. Long read sequencing of two samples generated a near full
length 16S rRNA gene amplicon sequence corresponding to the dominant ASV, which allowed us
to further investigate the identity of this dominant symbiont (Table 1). All low-similarity matches
originated from environmental samples and uncultured microbes. There was no match to a named
taxon, making it difficult to classify the sequence taxonomically. An exploratory gene tree (Figure 2)
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Table 1. Best matches of the dominant unknown symbiont of Argiope bruennichi (DUSA) short and long
amplicons in different databases. Results from BLASTN searches against GenBank and from SILVA
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3.2. Tissue Localization and Population Differentiation
With DUSA excluded from the analysis, tissue types did not differ significantly in microbiome
community composition (PERMANOVA, R2 = 0.180, p = 0.366). However, microbiome community
composition varied significantly between populations (PERMANOVA, R2 = 0.045, p < 0.01) and
Microorganisms 2020, 8, 8
8 of 15
individuals (PERMANOVA, R2 = 0.059, p < 0.001). The interaction between individual and population
was also significant (PERMANOVA, R2 = 0.044, p < 0.01) (Figure 3).
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With DUSA included in the analysis, the results were similar but p and R2 values were slightly
different:
tissue
type: PERMANOVA R2 = 0.231, p = 0.131; population: PERMANOVA R2 = 0.039,
3.3. Vertical
Transmission
p < 0.1; individual: PERMANOVA R2 = 0.040, p < 0.1; and interaction of individual and population:
JuvenileRspider
(spiderling)
2 = 0.057,
PERMANOVA
p < 0.05.samples were dominated by DUSA (Figure 1). Other bacterial classes
made up less than 6% of the filtered reads in spiderlings from Germany and less than 0.001% of reads
in spiderlings from Estonia.

4. Discussion
4.1. An Unknown Symbiont Dominates the Argiope bruennichi Microbiome
We demonstrated that A. bruennichi spiders contain a multi-species microbiome, answering the
first of our research questions. However, the A. bruennichi microbiome is dominated by an unknown
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3.3. Vertical Transmission
Juvenile spider (spiderling) samples were dominated by DUSA (Figure 1). Other bacterial classes
made up less than 6% of the filtered reads in spiderlings from Germany and less than 0.001% of reads
in spiderlings from Estonia.
4. Discussion
4.1. An Unknown Symbiont Dominates the Argiope bruennichi Microbiome
We demonstrated that A. bruennichi spiders contain a multi-species microbiome, answering
the first of our research questions. However, the A. bruennichi microbiome is dominated by an
unknown symbiont sequence (DUSA). DUSA likely represents a novel bacterial clade, due to the low
sequence identity to known taxa [76]. A robust evolutionary placement is not possible without further
genomic analysis. However, our gene tree suggested that it is likely a close relative or member of the
Tenericutes. Due to this placement within the Tenericutes, DUSA may have similar attributes to other
arthropod-associated symbionts in the phylum. It is important to note that we use the word “symbiont”
in the broadest sense of the term, as an intimate relationship between two organisms, whether that
relationship be mutualistic, parasitic, etc. (sensu de Bary, 1879). The Mollicutes, a class within
Tenericutes, contain a number of species known to be associated with arthropods. These mollicute
species are generally endosymbiotic and are vertically transmitted [77,78]. Their effects on hosts are
diverse: some are pathogenic [79], while others increase host fitness under parasitism [80], or form
nutritional mutualisms via nutrient recycling [78]. In such close symbioses, the endosymbiont genomes
usually evolve much faster than free-living species; this can be due to gene loss and/or gain if the
hosts provide metabolites to their endosymbionts and vice versa [81–85]. This tendency toward rapid
evolution of endosymbionts may explain the low 16S rRNA sequence similarity to other bacteria in the
database and would suggest that DUSA forms a close relationship, such as endosymbiosis, with the
spider host.
Of the three mollicute ASVs detected in our samples, two were assigned to the genus Spiroplasma,
but were detected in very low abundance. The third was assigned to the genus Mesoplasma and was
the second-most abundant ASV in our study. It was only found to be abundant in German spiders
and primarily in midgut and fecal pellet samples from a single individual. If this Mesoplasma ASV is a
facultative nutritional symbiont of the spider (i.e., [77,78] for Mesoplasma in insects), we would expect
it to be present in most investigated members of a species or population. Alternatively, it could be a
symbiont of the spider prey, which is more likely since Mesoplasma and its relatives are very common
symbionts of insects [42,77,78,86,87]. Considering that Mesoplasma was found only in the midgut and
fecal pellets, it can be assumed that it is prey-derived and its presence within the host is transient.
4.2. The Argiope bruennichi Microbiome Varies between Individuals and Populations, but Not between
Tissues
Our analysis of the microbial community composition of tissue types, individuals, and populations
showed that there is high variability between all samples. Because the A. bruennichi microbiome is
dominated by DUSA, the other ASVs had lower sequencing coverage, which could contribute to
the observed variability. Alternatively, the sequencing coverage may be representative of a true lack
or low abundance of other microorganisms if DUSA has a high fitness within the host and thereby
outcompetes other bacteria. Despite this, we found significant differences between individuals and
between populations, thereby answering our second research question. It could be that the microbiome
(excluding DUSA) of these spiders is transient and taken up from the environment and especially from
their diet, as is the case in some insects [11]. For instance, across many butterfly species, the larval
microbiome largely reflects the microbiome of the food plant’s leaves [12]. To test the hypothesis of a
partly prey-derived microbiome for A. bruennichi, future studies could sequence both the microbial
and prey communities by combining the methods used in our study with gut content sequencing, as
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described in [88]. Different prey communities between populations and individuals (at the time of
sampling) could lead to the differences observed in our study.
We found no significant differences in the microbial community between tissue types, with or
without DUSA included in the analysis, addressing our third research question. Although endosymbiont
infections are often localized within reproductive tissues, which could lead to tissue differentiation [31,
32], infection of somatic tissues may facilitate horizontal transfer of a symbiont through feces, as in
the Triatomid bug vectors of Chagas disease [89], or to parasites, as in the case of a Nasonia wasp and
its fly host [90]. There are also cases of symbionts that live primarily in insect hemolymph and are
thus found in all tissues [91,92]. Tissue differentiation could also arise in the presence of nutritional
symbionts in the gut of a host, but no study has explicitly tested this in spiders. Additionally, there are
no reported cases of nutritional symbionts in spiders. If there are differences between organ systems in
A. bruennichi, they are too subtle be detected with the current sample size.
4.3. Evidence of Vertical Transmission of DUSA
We analyzed the microbiome of spiderlings to address our fourth research question, whether
the microbiome of A. bruennichi is vertically transmitted. Our data suggest that at least DUSA is
indeed vertically transmitted. Spiderling samples contained a high abundance of DUSA reads and
few other ASVs. Spiderlings could recruit bacteria from the environment or from their mothers via
different avenues. Environmental colonization could possibly occur before or after the closing of the
silken egg sac, in the moments between oviposition and encasement in silk, or by passing through the
tough outer case (refer to the Methods section for a description of A. bruennichi egg sac components).
We consider these environmental avenues to be unlikely given the extremely short amount of time
that the eggs are exposed to the environment before encasement (M.M. Sheffer, G. Uhl, personal
observation) and because A. bruennichi egg sac silk is extremely dense and egg sac silk of other spider
species has been shown to inhibit growth of bacteria [93]. Vertical transmission of bacteria from mother
to offspring could occur while the eggs are in the ovaries or by deposition during the egg-laying
process. We consider vertical transmission to be the most likely avenue for bacterial presence within
spiderling tissue, supported by the low diversity of bacteria found in spiderling samples and the
presence of DUSA in female ovaries. Whether transmission occurs before or after egg laying could
be tested using fluorescence in situ hybridization to visualize DUSA in or on eggs. Taken together,
the high divergence of DUSA from other bacterial taxa and its evident vertical mode of transmission
suggest the potential for a tight coevolutionary relationship between DUSA and A. bruennichi.
4.4. Implications for Future Studies of Argiope bruennichi and Beyond
The presence of an endosymbiont might explain the incongruence between mitochondrial and
nuclear DNA markers found by a study investigating the phylogeographic history of A. bruennichi [47].
The authors offered three possible explanations for this result: male-biased dispersal, selection
on mitochondria, or reproductive parasites (e.g., Wolbachia spp.). The authors considered the last
explanation the least likely as no previous study had identified Wolbachia spp. or other reproductive
parasites in A. bruennichi [42,47,56]. However, these studies targeted a handful of known reproductive
parasites using specific primers and PCR (polymerase chain reaction) assays [42,56], which excluded
the possibility of discovering any novel symbionts. Given our discovery of DUSA, the hypothesis that
infection with reproductive parasites caused incongruence between molecular markers in A. bruennichi
should be revisited. To that end, future efforts should focus on characterizing DUSA, for example,
by in-depth genomic analysis to determine its phylogenetic placement as well as by exploring its
distribution across the host species’ range and its localization and functions inside the host. Further
investigations could illuminate whether the relationship between A. bruennichi and DUSA is pathogenic,
commensal, or mutualistic. Importantly, the presence and/or absence of DUSA in other spider or insect
species should be explored, perhaps thereby providing clues into the origin of this novel symbiosis.
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Our study adds to a growing body of literature suggesting that bacterial symbionts, especially
endosymbionts, play an important role in spider biology. Two other recent studies that surveyed
the microbiomes of several spider species found putative endosymbiotic taxa to be both prevalent
(70% of surveyed individuals [94]) and dominant within certain hosts (>90% of bacterial reads [41,95]).
We demonstrated, in addition, that spiders are a source of novel symbiont taxa, which make them
interesting targets for discoveries of new types of symbiotic interactions that may impact host biology
in yet unimaginable ways. Several unique aspects of spider biology make them particularly exciting
for studying symbiosis. For example, their predatory lifestyle offers ample opportunities for symbiont
taxa from their prey to enter the spider host, in some cases giving rise to new stable associations.
In addition, spiders employ external digestion by secreting digestive fluids into their prey, which sets
them apart from the internal digestive systems of most insect hosts that have until now been the subject
of (endo)symbiosis research. The implications of these peculiarities on spider-bacterial interactions are
yet unchartered territory, opening up promising new research avenues on symbiosis.
5. Conclusions
Our study is the first to look into the localization of microbial symbionts in spider tissues.
The principal discovery was that of a novel symbiont, which was found to dominate the microbiome
of all individuals and tissue types investigated. Its characteristics, such as low sequence identity
to other bacteria and possible vertical transmission, suggest that it may belong to a novel clade of
bacterial endosymbionts with a tight association to its host. Our findings highlight the need for holistic
microbiome studies across many organisms, which will increase our knowledge of the diversity and
evolution of symbiotic relationships.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/1/8/s1,
Table S1: Taxonomy Table, File S1: Sequence Processing Script, File S2: Data Analysis Script, Table S2: Accession
Numbers, Figure S1: Un-collapsed Gene Tree.
Author Contributions: Conceptualization, M.M.B., G.U. and T.U.; methodology, M.M.B. and T.U.; data curation,
M.M.S. and M.M.B.; formal analysis, M.M.S, M.M.B. and S.P.; funding acquisition, G.U.; investigation, M.M.S.
and T.L.; resources, M.M.S., M.M.B, G.U., T.U. and T.L.; visualization, M.M.S.; writing—original draft, M.M.S.;
writing—review & editing, M.M.S., M.M.B., G.U., T.U., S.P. and T.L. All authors have read and agreed to the
published version of the manuscript.
Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG) as part of the Research
Training Group 2010 RESPONSE granted to G.U. We acknowledge support for the Article Processing Charge
from the DFG (German Research Foundation, 393148499) and the Open Access Publication Fund of the University
of Greifswald
Acknowledgments: We thank Susanne Kublik of the Microbiome Analysis Core Facility of the Helmholtz Zentrum
München for her valuable expertise and support in SMRT sequencing, Philip O.M. Steinhoff for early comments
on the manuscript, and Sebastian Petters for advice in the lab.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References
1.

2.

3.
4.

McFall-Ngai, M.; Hadfield, M.G.; Bosch, T.C.G.; Carey, H.V.; Domazet-Lošo, T.; Douglas, A.E.; Dubilier, N.;
Eberl, G.; Fukami, T.; Gilbert, S.F.; et al. Animals in a bacterial world, a new imperative for the life sciences.
Proc. Natl. Acad. Sci. USA 2013, 110, 3229–3236. [CrossRef]
Margulis, L. Symbiogenesis and symbionticism. In Symbiosis as a Source of Evolutionary Innovation: Speciation
and Morphogenesis; Margulis, L., Fester, R., Eds.; MIT Press: Cambridge, MA, USA, 1991; pp. 1–14.
ISBN 9780262132695.
Bordenstein, S.R.; Theis, K.R. Host biology in light of the microbiome: Ten principles of holobionts and
hologenomes. PLoS Biol. 2015, 13, e1002226. [CrossRef] [PubMed]
Rosenberg, E.; Zilber-Rosenberg, I. Microbes drive evolution of animals and plants: The hologenome concept.
MBio 2016, 7, e01395-15. [CrossRef]

Microorganisms 2020, 8, 8

5.
6.

7.
8.

9.

10.

11.
12.
13.
14.
15.

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

12 of 15

Zilber-Rosenberg, I.; Rosenberg, E. Role of microorganisms in the evolution of animals and plants:
The hologenome theory of evolution. FEMS Microbiol. Rev. 2008, 32, 723–735. [CrossRef]
Baumann, P.; Baumann, L.; Lai, C.-Y.; Rouhbakhsh, D.; Moran, N.A.; Clark, M.A. Genetics, physiology, and
evolutionary relationships of the genus Buchnera: intracellular symbionts of aphids. Annu. Rev. Microbiol.
1995, 49, 55–94. [CrossRef] [PubMed]
Douglas, A.E. Reproductive failure and the free amino acid pools in pea aphids (Acyrthosiphon pisum) lacking
symbiotic bacteria. J. Insect Physiol. 1996, 42, 247–255. [CrossRef]
Wilkinson, T.L.; Koga, R.; Fukatsu, T. Role of host nutrition in symbiont regulation: Impact of dietary nitrogen
on proliferation of obligate and facultative bacterial endosymbionts of the pea aphid Acyrthosiphon pisum.
Appl. Environ. Microbiol. 2007, 73, 1362–1366. [CrossRef]
Brinza, L.; Viñuelas, J.; Cottret, L.; Calevro, F.; Rahbé, Y.; Febvay, G.; Duport, G.; Colella, S.; Rabatel, A.;
Gautier, C.; et al. Systemic analysis of the symbiotic function of Buchnera aphidicola, the primary endosymbiont
of the pea aphid Acyrthosiphon pisum. C. R. Biol. 2009, 332, 1034–1049. [CrossRef]
Burstein, D.; Sun, C.L.; Brown, C.T.; Sharon, I.; Anantharaman, K.; Probst, A.J.; Thomas, B.C.; Banfield, J.F.
Major bacterial lineages are essentially devoid of CRISPR-Cas viral defence systems. Nat. Commun. 2016,
7, 10613. [CrossRef] [PubMed]
Engel, P.; Moran, N.A. The gut microbiota of insects—Diversity in structure and function. FEMS Microbiol.
Rev. 2013, 37, 699–735. [CrossRef]
Hammer, T.J.; Janzen, D.H.; Hallwachs, W.; Jaffe, S.P.; Fierer, N. Caterpillars lack a resident gut microbiome.
Proc. Natl. Acad. Sci. USA 2017, 114, 9641–9646. [CrossRef] [PubMed]
Marchesi, J.R.; Ravel, J. The vocabulary of microbiome research: A proposal. Microbiome 2015, 3, 31.
[CrossRef] [PubMed]
Cho, I.; Blaser, M.J. The human microbiome: at the interface of health and disease. Nat. Rev. Genet. 2012,
13, 260–270. [CrossRef] [PubMed]
Nishijima, S.; Suda, W.; Oshima, K.; Kim, S.-W.; Hirose, Y.; Morita, H.; Hattori, M. The gut microbiome of
healthy Japanese and its microbial and functional uniqueness. DNA Res. 2016, 23, 125–133. [CrossRef]
[PubMed]
Ursell, L.K.; Clemente, J.C.; Rideout, J.R.; Gevers, D.; Caporaso, J.G.; Knight, R. The interpersonal and
intrapersonal diversity of human-associated microbiota in key body sites. J. Allergy Clin. Immunol. 2012,
129, 1204–1208. [CrossRef]
Shoemark, D.K.; Allen, S.J. The microbiome and disease: Reviewing the links between the oral microbiome,
aging, and Alzheimer’s disease. J. Alzheimer’s Dis. 2015, 43, 725–738. [CrossRef]
Shropshire, J.D.; Bordenstein, S.R. Speciation by symbiosis: The microbiome and behavior. MBio 2016,
7, e01785. [CrossRef]
Kozek, W.J.; Rao, R.U. The discovery of Wolbachia in arthropods and nematodes—A historical perspective.
Issues Infect. Dis. 2007, 5, 1–14.
Werren, J.H.; Windsor, D.; Guo, L. Distribution of Wolbachia among neotropical arthropods. Proc. R. Soc. B
Biol. Sci. 1995, 262, 197–204.
Bourtzis, K.; O’Neill, S.L. Wolbachia infections and arthropod reproduction. Bioscience 1998, 48, 287–293.
[CrossRef]
Werren, J.H.; Baldo, L.; Clark, M.E. Wolbachia: master manipulators of invertebrate biology. Nat. Rev. Microbiol.
2008, 6, 741–751. [CrossRef] [PubMed]
Hurst, G.D.; Jiggins, F.M. Male-killing bacteria in insects: mechanisms, incidence, and implications.
Emerg. Infect. Dis. 2000, 6, 329–336. [CrossRef] [PubMed]
Engelstädter, J.; Hurst, G.D.D. The impact of male-killing bacteria on host evolutionary processes. Genetics
2007, 175, 245–254. [CrossRef] [PubMed]
Stouthamer, R.; Breeuwer, J.A.J.; Hurst, G.D.D. Wolbachia pipientis: microbial manipulator of arthropod
reproduction. Annu. Rev. Microbiol. 1999, 53, 71–102. [CrossRef]
Montllor, C.B.; Maxmen, A.; Purcell, A.H. Facultative bacterial endosymbionts benefit pea aphids
Acyrthosiphon pisum under heat stress. Ecol. Entomol. 2002, 27, 189–195. [CrossRef]
Fischer, C.; Trautman, E.P.; Crawford, J.M.; Stabb, E.V.; Handelsman, J.; Broderick, N.A. Metabolite exchange
between microbiome members produces compounds that influence Drosophila behavior. eLife 2017, 6, e18855.
[CrossRef]

Microorganisms 2020, 8, 8

28.
29.
30.
31.

32.
33.
34.
35.
36.

37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

47.

48.

49.
50.
51.

13 of 15

Roughgarden, J.; Gilbert, S.F.; Rosenberg, E.; Zilber-Rosenberg, I.; Lloyd, E.A. Holobionts as Units of Selection
and a Model of Their Population Dynamics and Evolution. Biol. Theory 2018, 13, 44–65. [CrossRef]
Veneti, Z.; Clark, M.E.; Karr, T.L.; Savakis, C.; Bourtzis, K. Heads or tails: Host-parasite interactions in the
Drosophila-Wolbachia system. Appl. Environ. Microbiol. 2004, 70, 5366–5372. [CrossRef]
Moran, N.A.; Baumann, P. Bacterial endosymbionts in animals. Curr. Opin. Microbiol. 2000, 3, 270–275.
[CrossRef]
Dobson, S.L.; Bourtzis, K.; Braig, H.R.; Jones, B.F.; Zhou, W.; Rousset, F.; O’Neill, S.L. Wolbachia infections are
distributed throughout insect somatic and germ line tissues. Insect Biochem. Mol. Biol. 1999, 29, 153–160.
[CrossRef]
McGraw, E.A.; O’Neill, S.L. Wolbachia pipientis: intracellular infection and pathogenesis in Drosophila.
Curr. Opin. Microbiol. 2004, 7, 67–70. [CrossRef] [PubMed]
Buchner, P. Studien an intracellularen Symbionten V. die symbiontischen Einrichtungen der Zikaden.
Z. Morphol. Ökologie Tiere 1925, 4, 88–245. [CrossRef]
Douglas, A.E. Nutritional interactions in insect-microbial symbioses: aphids and their symbiotic bacteria
Buchnera. Annu. Rev. Entomol. 1998, 43, 17–37. [CrossRef] [PubMed]
Shigenobu, S.; Watanabe, H.; Hattori, M.; Sakaki, Y.; Ishikawa, H. Genome sequence of the endocellular
bacterial symbiont of aphids Buchnera sp. APS. Nature 2000, 407, 81–86. [CrossRef] [PubMed]
Wu, D.; Daugherty, S.C.; Van Aken, S.E.; Pai, G.H.; Watkins, K.L.; Khouri, H.; Tallon, L.J.; Zaborsky, J.M.;
Dunbar, H.E.; Tran, P.L.; et al. Metabolic complementarity and genomics of the dual bacterial symbiosis of
sharpshooters. PLoS Biol. 2006, 4, 1079–1092. [CrossRef] [PubMed]
Hosokawa, T.; Koga, R.; Kikuchi, Y.; Meng, X.-Y.; Fukatsu, T. Wolbachia as a bacteriocyte-associated nutritional
mutualist. Proc. Natl. Acad. Sci. USA 2010, 107, 769–774. [CrossRef] [PubMed]
Nikoh, N.; Hosokawa, T.; Moriyama, M.; Oshima, K.; Hattori, M.; Fukatsu, T. Evolutionary origin of
insect-Wolbachia nutritional mutualism. Proc. Natl. Acad. Sci. USA 2014, 111, 10257–10262. [CrossRef]
Van Leuven, J.T. The Evolution of Nutritional Co-Endosymbionts in Cicadas. Ph.D. Thesis, University of
Montana, Missoula, MT, USA, 2015.
Rio, R.V.M.; Attardo, G.M.; Weiss, B.L. Grandeur alliances: symbiont metabolic integration and obligate
arthropod hematophagy. Trends Parasitol. 2016, 32, 739–749. [CrossRef]
Zhang, L.; Yun, Y.; Hu, G.; Peng, Y. Insights into the bacterial symbiont diversity in spiders. Ecol. Evol. 2018,
8, 4899–4906. [CrossRef]
Duron, O.; Bouchon, D.; Boutin, S.; Bellamy, L.; Zhou, L.; Engelstädter, J.; Hurst, G.D. The diversity of
reproductive parasites among arthropods: Wolbachia do not walk alone. BMC Biol. 2008, 6, 27. [CrossRef]
Duron, O.; Hurst, G.D.D.; Hornett, E.A.; Josling, J.A.; Engelstädter, J. High incidence of the maternally
inherited bacterium Cardinium in spiders. Mol. Ecol. 2008, 17, 1427–1437. [CrossRef] [PubMed]
Vanthournout, B.; Hendrickx, F. Endosymbiont dominated bacterial communities in a dwarf spider. PLoS ONE
2015, 10, e0117297. [CrossRef] [PubMed]
Vanthournout, B.; Swaegers, J.; Hendrickx, F. Spiders do not escape reproductive manipulations by Wolbachia.
BMC Evol. Biol. 2011, 11, 15. [CrossRef] [PubMed]
Goodacre, S.L.; Martin, O.Y.; Bonte, D.; Hutchings, L.; Woolley, C.; Ibrahim, K.; George Thomas, C.;
Hewitt, G.M. Microbial modification of host long-distance dispersal capacity. BMC Biol. 2009, 7, 32.
[CrossRef] [PubMed]
Krehenwinkel, H.; Graze, M.; Rödder, D.; Tanaka, K.; Baba, Y.G.; Muster, C.; Uhl, G. A phylogeographical
survey of a highly dispersive spider reveals eastern Asia as a major glacial refugium for Palaearctic fauna.
J. Biogeogr. 2016, 43, 1583–1594. [CrossRef]
Schneider, J.; Uhl, G.; Herberstein, M.E. Cryptic Female Choice within the Genus Argiope: A Comparative
Approach. In Cryptic Female Choice in Arthropods: Patterns, Mechanisms and Prospects; Peretti, A., Aisenberg, A.,
Eds.; Springer International Publishing: Cham, Switzerland, 2015; pp. 55–77. ISBN 9783319178943.
Fromhage, L.; Uhl, G.; Schneider, J.M. Fitness consequences of sexual cannibalism in female Argiope bruennichi.
Behav. Ecol. Sociobiol. 2003, 55, 60–64. [CrossRef]
Schneider, J.M.; Fromhage, L.; Uhl, G. Extremely short copulations do not affect hatching success in Argiope
bruennichi (Araneae, Araneidae). J. Arachnol. 2005, 33, 663–669. [CrossRef]
Welke, K.W.; Schneider, J.M. Males of the orb-web spider Argiope bruennichi sacrifice themselves to unrelated
females. Biol. Lett. 2010, 6, 585–588. [CrossRef]

Microorganisms 2020, 8, 8

52.

53.
54.

55.

56.
57.
58.
59.
60.
61.
62.

63.

64.
65.
66.
67.

68.

69.
70.

71.
72.

73.
74.

14 of 15

Guttmann, R. Zur Arealentwicklung und Ökologie der Wespenspinne (Argiope bruennichi) in der
Bundesrepublik Deutschland und den angrenzenden Ländern (Araneae). Bonner Zool. Beiträge 1979,
30, 454–486.
Kumschick, S.; Fronzek, S.; Entling, M.H.; Nentwig, W. Rapid spread of the wasp spider Argiope bruennichi
across Europe: A consequence of climate change? Clim. Chang. 2011, 109, 319–329. [CrossRef]
Krehenwinkel, H.; Tautz, D. Northern range expansion of European populations of the wasp spider
Argiope bruennichi is associated with global warming-correlated genetic admixture and population-specific
temperature adaptations. Mol. Ecol. 2013, 22, 2232–2248. [CrossRef] [PubMed]
Krehenwinkel, H.; Rödder, D.; Tautz, D. Eco-genomic analysis of the poleward range expansion of the
wasp spider Argiope bruennichi shows rapid adaptation and genomic admixture. Glob. Chang. Biol. 2015,
21, 4320–4332. [CrossRef] [PubMed]
Yun, Y.; Peng, Y.; Liu, F.; Lei, C. Wolbachia screening in spiders and assessment of horizontal transmission
between predator and prey. Neotrop. Entomol. 2011, 40, 164–169. [PubMed]
Becker, H. Verhaltensbiologie der Wespenspinne. Biol. Unserer Zeit 1981, 11, 86–90. [CrossRef]
Wilson, R.S. The control of dragline spinning in the garden spider. J. Cell Sci. 1962, 104, 557–571.
Vollrath, F.; Knight, D.P.; Hu, X.W. Silk production in a spider involves acid bath treatment. Proc. R. Soc.
Lond. Ser. B Biol. Sci. 1998, 265, 817–820. [CrossRef]
Vollrath, F.; Porter, D. Spider silk as archetypal protein elastomer. Soft Matter 2006, 2, 377. [CrossRef]
Ko, F.K.; Wan, L.Y. Engineering properties of spider silk. In Handbook of Properties of Textile and Technical Fibres;
Woodhead Publishing: Sawston, UK, 2018; pp. 185–220. ISBN 9780081012727.
Urich, T.; Lanzén, A.; Qi, J.; Huson, D.H.; Schleper, C.; Schuster, S.C. Simultaneous assessment of soil
microbial community structure and function through analysis of the meta-transcriptome. PLoS ONE 2008,
3, e2527. [CrossRef]
Walters, W.; Hyde, E.R.; Berg-Lyons, D.; Ackermann, G.; Humphrey, G.; Parada, A.; Gilbert, J.A.; Jansson, J.K.;
Caporaso, J.G.; Fuhrman, J.A.; et al. Improved Bacterial 16S rRNA Gene (V4 and V4-5) and Fungal Internal
Transcribed Spacer Marker Gene Primers for Microbial Community Surveys. mSystems 2016, 1, e00009-15.
[CrossRef]
Sahlin, K.; Tomaszkiewicz, M.; Makova, K.D.; Medvedev, P. Deciphering highly similar multigene family
transcripts from Iso-Seq data with IsoCon. Nat. Commun. 2018, 9, 4601. [CrossRef]
Callahan, B.J.; Mcmurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution
sample inference from illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef] [PubMed]
R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2019; Available online: https://www.R-project.org/. (accessed on 26 November 2019).
Wang, Q.; Garrity, G.M.; Tiedje, J.M.; Cole, J.R. Naïve Bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261–5267. [CrossRef]
[PubMed]
Pruesse, E.; Quast, C.; Knittel, K.; Fuchs, B.M.; Ludwig, W.; Rg Peplies, J.; GlöCkner, F.O. SILVA:
A comprehensive online resource for quality checked and aligned ribosomal RNA sequence data compatible
with ARB. Nucleic Acids Res. 2007, 35, 7188–7196. [CrossRef] [PubMed]
Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016;
ISBN 978-3-319-24277-4.
Oksanen, J.; Blanchet, G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’Hara, R.B.;
Simpson, G.L.; Solymos, P.; et al. Vegan: Community Ecology Package. 2018. Available online: https:
//cran.r-project.org/web/packages/vegan/index.html (accessed on 26 November 2019).
Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis
across computing platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]
Thompson, J.D.; Higgins, D.G.; Gibson, T.J. CLUSTAL W: Improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice.
Nucleic Acids Res. 1994, 22, 4673–4680. [CrossRef]
Nguyen, L.-T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast and Effective Stochastic
Algorithm for Estimating Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 2015, 32, 268. [CrossRef]
Rambaut, A.; Drummond, A. FigTree: Tree Figure Drawing Tool 2018. Available online: http://tree.bio.ed.ac.
uk/software/figtree/ (accessed on 26 November 2019).

Microorganisms 2020, 8, 8

75.
76.
77.
78.
79.
80.

81.
82.
83.

84.

85.
86.
87.
88.

89.
90.
91.

92.
93.
94.
95.

15 of 15

Brown, D.R. Tenericutes. In Bergey’s Manual of Systematics of Archaea and Bacteria; John Wiley & Sons, Ltd.:
Chichester, UK, 2018; pp. 1–3.
Whitman, W.B. Bergey’s Manual Trust. In Bergey’s Manual of Systematics of Archaea and Bacteria; John Wiley
and Sons Inc.: Hoboken, NJ, USA, 2015; ISBN 9781118960608.
Tully, J.G.; Rose, D.L.; Carle, P.; Bove, J.M.; Hackett, K.J.; Whitcomb, R.F. Acholeplasma entomophilum sp. nov.
from gut contents of a wide range of host insects. Int. J. Syst. Bacteriol. 1988, 38, 164–167. [CrossRef]
Sapountzis, P.; Zhukova, M.; Shik, J.Z.; Schiott, M.; Boomsma, J.J. Reconstructing the functions of
endosymbiotic Mollicutes in fungus-growing ants. eLife 2018, 7, e39209. [CrossRef]
Meeus, I.; Vercruysse, V.; Smagghe, G. Molecular detection of Spiroplasma apis and Spiroplasma melliferum in
bees. J. Invertebr. Pathol. 2012, 109, 172–174. [CrossRef]
Xie, J.; Tiner, B.; Vilchez, I.; Mateos, M. Effect of the Drosophila endosymbiont Spiroplasma on parasitoid wasp
development and on the reproductive fitness of wasp-attacked fly survivors. Evol. Ecol. 2011, 25, 1065–1079.
[CrossRef]
Moran, N.A.; von Dohlen, C.D.; Baumann, P. Faster evolutionary rates in endosymbiotic bacteria than in
cospeciating insect hosts. J. Mol. Evol. 1995, 41, 727–731. [CrossRef]
Moran, N.A.; McCutcheon, J.P.; Nakabachi, A. Genomics and evolution of heritable bacterial symbionts.
Annu. Rev. Genet. 2008, 42, 165–190. [CrossRef] [PubMed]
Delaney, N.F.; Balenger, S.; Bonneaud, C.; Marx, C.J.; Hill, G.E.; Ferguson-Noel, N.; Tsai, P.; Rodrigo, A.;
Edwards, S.V. Ultrafast evolution and loss of CRISPRs following a host shift in a novel wildlife pathogen,
Mycoplasma gallisepticum. PLoS Genet. 2012, 8, e1002511. [CrossRef]
Bennett, G.M.; McCutcheon, J.P.; McDonald, B.R.; Moran, N.A. Lineage-specific patterns of genome
deterioration in obligate symbionts of sharpshooter leafhoppers. Genome Biol. Evol. 2016, 8, 296–301.
[CrossRef] [PubMed]
Wernegreen, J.J. Genome evolution in bacterial endosymbionts of insects. Nat. Rev. Genet. 2002, 3, 850–861.
[CrossRef]
Mouches, C.; Bové, J.M.; Albisetti, J. Pathogenicity of Spiroplasma apis and other spiroplasmas for honey-bees
in Southwestern France. Ann. l’Institut Pasteur Microbiol. 1984, 135, 151–155. [CrossRef]
Seemüller, E.; Garnier, M.; Schneider, B. Mycoplasmas of Plants and Insects. In Molecular Biology and
Pathogenicity of Mycoplasmas; Springer US: Boston, MA, USA, 2002; pp. 91–115.
Krehenwinkel, H.; Kennedy, S.; Pekár, S.; Gillespie, R.G. A cost-efficient and simple protocol to enrich prey
DNA from extractions of predatory arthropods for large-scale gut content analysis by Illumina sequencing.
Methods Ecol. Evol. 2017, 8, 126–134. [CrossRef]
Wood, S.F. Importance of feeding and defecation times of insect vectors in transmission of Chagas’ disease.
J. Econ. Entomol. 1951, 44, 52–54. [CrossRef]
Werren, J.H.; Zhang, W.; Guo, L.R. Evolution and phylogeny of Wolbachia: Reproductive parasites of
arthropods. Proc. R. Soc. Lond. Ser. B Biol. Sci. 1995, 261, 55–63.
Williamson, D.L.; Sakaguchi, B.; Hackett, K.J.; Whitcomb, R.F.; Tully, J.G.; Carle, P.; Bové, J.M.; Adams, J.R.;
Konai, M.; Henegar, R.B. Spiroplasma poulsonii sp. nov., a new species associated with male- lethality in
Drosophila willistoni, a neotropical species of fruit fly. Int. J. Syst. Bacteriol. 1999, 49, 611–618. [CrossRef]
Sakaguchi, B.; Poulson, D.F. Distribution of “sex-ratio” agent in tissues of Drosophila willistoni. Genetics 1961,
46, 1665–1676. [PubMed]
Wright, S.; Goodacre, S.L. Evidence for antimicrobial activity associated with common house spider silk.
BMC Res. Notes 2012, 5, 326. [CrossRef] [PubMed]
White, J.A.; Styer, A.; Rosenwald, L.C.; Curry, M.M.; Welch, K.D.; Athey, K.J.; Chapman, E.G. Endosymbiotic
bacteria are prevalent and diverse in agricultural spiders. Microb. Ecol. 2019. [CrossRef] [PubMed]
Zhang, L.; Zhang, G.; Yun, Y.; Peng, Y. Bacterial community of a spider, Marpiss magister (Salticidae). 3Biotech
2017, 7, 371. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

Supplementary material for Sheffer et al. 2020. Microorganisms.
Supplementary Files 1 - 4, the taxonomy table of all identified ASVs, and R scripts for sequence
processing and data analysis, and accession numbers for all species included in the gene tree, are
too long to include here, but are available online at http://www.mdpi.com/2076-2607/8/1/8/s1
Supplementary File 5: 16S rRNA gene tree, expanded Tenericutes. The dominant unknown symbiont
of Argiope bruennichi is highlighted in yellow. Tenericutes clades are bounded by grey boxes.

133

3. Affidavits
3.1. Eigenständigkeitserklärung
Hiermit erkläre ich, dass diese Arbeit bisher von mir weder an der MathematischNaturwissenschaftlichen Fakultät der Universität Greifswald noch einer anderen wissenschaftlichen
Einrichtung zum Zwecke der Promotion eingereicht wurde.
Ferner erkläre ich, dass ich diese Arbeit selbstständig verfasst und keine anderen als die darin
angegebenen Hilfsmittel und Hilfen benutzt und keine Textabschnitte eines Dritten ohne
Kennzeichnung übernommen habe.
I hereby declare that I have submitted this work so far neither at the Faculty of Science and
Mathematics at the Greifswald University nor at any other university with the purpose to earn a PhD
degree.
Furthermore, I declare that I have written this work as an independent effort and did not use any
other sources and guides than those cited in the work. I did not copy any paragraphs of a third
author without marking them as a citation.

12.06.2022

Monica M. Sheffer

Datum (Date)

134

3.2. Anteile aller Autoren an den zugrundeliegenden Publikationen
Hiermit erkläre ich, dass die in der folgenden Inhaltsübersicht mit meinem Namen gekennzeichneten
Kapitel von mir selbständig verfasst worden sind:
I hereby declare that I have written the chapters marked with my name in the following table of
contents:
Abstract

Sheffer, MM (English)
Sheffer, MM & Uhl, G (Deutsch)

1. Summary

Sheffer, MM

2. Publications
2.1. Chromosome-level reference genome of the Sheffer, MM; Hoppe, A; Krehenwinkel, H;
European wasp spider Argiope bruennichi: a resource for Uhl, G; Kuss, AW; Jensen, L; Jensen, C;
studies on range expansion and evolutionary adaptation Gillespie, RG; Hoff, KJ & Prost, S
2.2. Identification of sex chromosomes using genomic Sheffer, MM; Cordellier, M; Forman, M;
and cytogenetic methods in a range expanding spider, Grewoldt, M; Hoffmann, K; Jensen, C;
Argiope bruennichi (Araneae: Araneidae)
Kotz, M; Král, J; Kuss, AW; Líznarová, E &
Uhl, G
2.3. Rapid ecological and evolutionary divergence during Sheffer, MM. ; Zander, L; Schulze, B;
a poleward range expansion
Mouginot, P; Naef, T; Kreyling, J; Gillespie,
RG; Hoff, KJ; Prost, S; Krehenwinkel, H; &
Uhl, G.
2.4. Tissue- and population-level microbiome analysis of Sheffer, MM; Uhl, G; Prost, S; Lueders, T;
the wasp spider Argiope bruennichi identified a novel Urich, T & Bengtsson, MM
dominant bacterial symbiont
Ich erkläre weiterhin, das ich („MMS“) die im folgenden beschriebenen Teile derjenigen Kapitel, bei
denen ich nicht Alleinautor bin, selbstständig verfasst habe:
I further declare that I (“MMS”) have independently written the following parts of chapters where I
was not the sole author:
Abstract
MMS wrote the abstract, and translated it into German with the aid of an automated online translator
(DeepL). GU gave input on the contents of the abstract and fine-tuned the German translation.
2.1. Chapter 1 – Chromosome-level reference genome of the European wasp spider Argiope
bruennichi: a resource for studies on range expansion and evolutionary adaptation
HK, GU, SP and MMS conceived of the study. HK, GU and MMS collected the samples. MMS performed
the majority of all lab work and sequencing, with help from HK and CJ. AH, SP and MMS performed
135

the genome assembly. AH and KJH performed the genome annotation. MMS interpreted the results,
and wrote the manuscript as first and corresponding author, with input from AH, SP and KJH. All
authors contributed to revision of the manuscript.
2.2. Chapter 2 – Identification of sex chromosomes using genomic and cytogenetic methods in a range
expanding spider, Argiope bruennichi (Araneae: Araneidae)
GU, MF, MC, JK and MMS conceptualized the study. MMS, GU, and MF collected samples. MMS and
CJ extracted and sequenced the DNA from male and female spiders. MMS performed the
bioinformatic processing of reads for the comparison of coverage across chromosomes. KH, MG, and
MC established and performed the sexing with RT-qPCR. MF, MK, and JK performed the karyological
analysis of chromosomes. EL performed the flow cytometry measurements. MMS wrote the
manuscript as first and corresponding author. All authors contributed to revision of the manuscript.
2.3. Chapter 3 – Rapid ecological and evolutionary divergence during a poleward range expansion
GU, HK, SP, and MMS designed the study. Samples were collected by GU, HK, LZ, BS, and MMS. DNA
was extracted by HK and MMS. MMS performed the library preparation and sequencing. With help
from SP and KJH, MMS performed all population genomic analyses. LZ, BS, GU and MMS
photographed the spiders in the field. Phenotyping and analysis of adult spiders was done by LZ, BS
and MMS. The common garden experiment and subsequent physiological/phenotypic measurements
of offspring were designed and run by MMS, with help from LZ and BS. MMS performed all statistical
analysis of the adult phenotypes, environmental variables, and common garden data, with input from
PM and TN. MMS interpreted the results and wrote the draft as first and corresponding author, with
input from GU, HK and SP. Before submission of this manuscript to a journal, all listed authors will
read and contribute to the draft.
2.4. Chapter 4 – Tissue- and population-level microbiome analysis of the wasp spider Argiope
bruennichi identified a novel dominant bacterial symbiont
This study was conceptualized by GU, MMB, and TU. GU and MMS collected and dissected the
samples. MMS performed the DNA extractions and analyzed the data, with input from TU, SP, TL and
MMB. MMS led the interpretation of the results, and wrote the manuscript as first and corresponding
author. All authors read and approved the final manuscript.

12.06.2022

Monica M. Sheffer

Datum (Date)

Prof. Dr. Gabriele Uhl

Datum (Date)

136

4. Curriculum Vitae
Personal Information
Name: Monica Molly Sheffer
Address: Burgstrasse 11, 17489 Greifswald
E-Mail: monicasheffer.research@gmail.com
Date of birth: March 15th, 1995
Place of birth: Eureka, California, USA
Nationality: USA

Education
PhD Student, University of Greifswald: Zoological Institute and Museum,
General and Systematic Zoology

Since 04/2018

Dissertation topic:
“Environmental and genetic effects on fitness-relevant traits in a rangeexpanding spider”
Masters equivalency certification, Greifswald Graduate School of Science,
University of Greifswald

08/2017 – 02/2018

Bachelor of Science, University of California Berkeley

08/2013 – 05/2017

Cumulative GPA: 3.746 | Upper division GPA: 3.877
Major: Molecular Environmental Biology
Concentration: Insect Biology and Arthropod Science

Publications
Sheffer, MM.; Hoppe, A; Krehenwinkel, H; Uhl, G; Kuss, AW; Jensen, C; Gillespie, RG; Hoff, K & Prost, S.
2021. Chromosome-level reference genome of the European wasp spider Argiope bruennichi: a
resource for studies on range expansion and evolutionary adaptation. GigaScience. DOI:
doi.org/10.1093/gigascience/giaa148
Winter, S; Prost, S; de Raad, J; Coimbra, R; Wolf, M; Nebenfuehr, M; Held, A; Kurzawe, M.; Papapostolou,
R.; Tessien, J.; Bludau, J.; Kelch, A.; Gronefeld, S.; Schoeneberg, Y; Zeitz, C; Zapf, K; Prochotta, D;
Murphy, M; Sheffer, MM; Sonnewald, M; Nilsson, M; Janke, A. 2020. Chromosome-level genome
assembly of a benthic associated syngnathiformes species: the common dragonet, Callionymus lyra.
GigaByte 1. DOI: https://doi.org/10.46471/gigabyte.6
Sheffer, MM; Uhl, G; Prost, S; Lueders, T; Urich, T; Bengtsson, MM. 2020. Tissue- and population-level
microbiome analysis of the wasp spider Argiope bruennichi identified a novel dominant bacterial
symbiont. Microorganisms 8: 8. DOI: doi.org/10.3390/microorganisms8010008

137

Research experience
PhD research

Since 04/2018

Supervised by Prof. Dr. Gabriele Uhl
-

-

Planned and managed a PhD project from data acquisition and analysis to publication, resulting in
two first-authored, peer-reviewed publications, one first-authored manuscripts submitted for
peer review, and two manuscripts in preparation, one as first and one as second author
Co-supervised two master theses, five bachelor theses, and two intern projects within the scope
of my PhD project

California Conservation Genomics Project

Since 02/2020

Collaborative research project with Prof. Dr. Rosemary G. Gillespie and students
-

-

Planned and contributed to a citizen-science-based project as part of a state-funded initiative to
produce a comprehensive and taxonomically diverse genomic dataset to help manage regional
biodiversity
Participated in writing the project proposal, designing the sampling scheme, and engaging citizen
scientists on iNaturalist, project ongoing

Senckenberg Museum

11/2019

Invited by Dr. Stefan Prost
-

Invited research stay, to establish Omni-C and Hi-C library preparation protocols in the LOEWECenter for Translational Biodiversity Genomics
Prepared Omni-C and Hi-C libraries for a spider (Argiope bruennichi), a magpie (Pica pica) and a
fish species (Callionymus lyra)
Resulted in a publication of the fish genome, at chromosome-level

Honors thesis research

01/2016 – 05/2017

Supervised by Prof. Dr. Rosemary G. Gillespie
-

-

Planned and managed a research project on dietary and special niche partitioning in Hawaiian
spiders, from obtaining research funds, planning and executing field research for five weeks in
native Hawaiian rain forests across three islands, to lab work (gut content sequencing) and data
analysis
Presented results at a students’ research symposium and scientific conference
Manuscript in preparation

Research assistant, Dimensions of Biodiversity

06/2015 – 05/2017

Supervised by Prof. Dr. Rosemary G. Gillespie
-

Assisted with field, organizational and lab work, collecting and identifying arthropod communities
from Hawaii, as well as recreuiting, interviewing and training other students

Field assistant, Jumping spider collection

01/2016 – 05/2017

138

Supervised by Prof. Dr. Damian Elias and Dr. Benji Kessler
- Collected Habronattus formosus jumping spiders on multiple trips in Northern California
Research assistant, Biological Control

06/2015 – 12/2015

Supervised by Prof. Dr. Kent Daane
- Assisted with experiments and animal husbandry for a project on biological control of the invasive
fruit fly, Drosophila suzukii

Grants and awards
Individual grants and awards
European Congress of Arachnology: 1st Place for student talks

2021

111th Annual Meeting of the German Zoological Society: 1st Place for Nikon poster competition

2018

111th Annual Meeting of the German Zoological Society: 3rd Place for general conference poster 2018
competition
RESPONSE Exchange Grant for Research on Biological Responses to Novel and Changing
2017
Environments: 2,900€
Institute of European Studies Berkeley-Greifswald Scholarship: 3,900€
2017
Institute of International Studies: Undergraduate Merit Scholarship: $2,000

2017

Institute of International Studies: Best Research Summary: $1,000

2017

Margaret C. Walker Fund for Teaching and Research in Systematic Entomology: $1,200

2016

UC Berkeley College of Natural Resources Travel Grant: $600

2016

UC Berkeley Sponsored Projects for Undergraduate Research (Student-Initiated Project): $2,000

2016

UC Berkeley Academic Opportunity Fund: $400

2016

Hopland BioBlitz Photography Competition: First Place

2016

Collaborative grants and awards
California Conservation Genomics Project: $50,238 awarded to Rosemary G. Gillespie

2020

RISE Germany Fellowship: 3,450€ awarded to intern, Jasper Murphy

2019

Institute of European Studies Berkeley-Greifswald Scholarship: 2,250€ awarded to intern, Kate
V. Miller
UC Berkeley Chancellor’s Advisory Committee on Sustainability: Sustainability Award Winner,
awarded to student group

2019
2017

Conference contributions
European Congress of Arachnology: talk; “Phenotypic plasticity and genetic adaptation in the
wasp spider: response to variation in winter conditions”

2021

Society for Experimental Biology: talk; “Phenotypic plasticity and genetic adaptation in the wasp
spider: response to variation in winter conditions”

2021

139

111th Annual Meeting of the German Zoological Society: Evolutionary Biology Session: poster
presentation and poster primer; “Zooming in on range expansion: insights into the
microbiome of the European Wasp Spider, Argiope bruennichi”

2018

111th Annual Meeting of the German Zoological Society: Satellite Symposium on Phenotypic
Plasticity and Environmental Change: poster presentation; “Environmental and genetic effects
on fitness-relevant traits in a range-expanding spider”

2018

European Congress of Arachnology: poster presentation; “Dietary and spatial niche partitioning
in Hawaiian spiders”

2017

Peer review contributions
Journals: Ethology, Ecology and Evolution, European Zoological Journal, Journal of Zoology, Journal
of Arachnology, Microbial Ecology, Cell (co-reviewer)

Technical skills and qualifications
-

Proficient with R for statistical analysis, including multivariate statistics, genomic analyses, and
data management and visualizations
Proficient in the installation and use of command-line programs for analysis of genetic datasets, as
well as the use of regular expressions in sed, grep, and perl
Highly skilled in molecular lab work, from DNA/RNA extraction to library preparation and
sequencing

Affiliations and memberships
Member of the Society for Experimental Biology

Since 2019

Member of the European Society of Arachnology

Since 2017

Member of the Pacific Coast Entomological Society

Since 2016

12.06.2022

Monica M. Sheffer

Datum (Date)

140

5. Acknowledgements
I feel lucky beyond measure to have had an incredible amount of support as I worked toward this
goal. There are so many people to thank, and this just scratches the top.
I lack the words to express my gratitude for my PhD supervisor, Gabriele Uhl. To say you went above
and beyond as a role model, advocate, and mentor is an understatement. Thank you for the Friday
funniness, the deadlines, the songs, so many jars of jam, the stalwart support and for your belief in
me. We really do make a good team, and I look forward to remaining close – personally and
professionally – for many years to come.
Theo Michael Schmitt: I know you may be the only one to read this section of my thesis, so the
pressure is on. Where do I begin? Our friendship means so much to me. You have made me feel at
home in Greifswald from the very beginning, and I have such fond memories of the times we have
shared. Your generosity seems to know no bounds, and for that I am truly grateful. You are like family
to me.
Private First Class Junior Professor Doctor Henrik Krehenwinkel: Thank you for trusting me to carry on
the work you started, for opening so many doors, and for showing my concerned family members
where Greifswald is on a map.
There are not enough ways to thank Stefan Prost – I would have been lost without you! Thank you for
taking my many bioinformatics panic rants in good humor, and for always responding to my WhatsApp
messages.
Rosemary Gillespie and George Roderick: your encouragement early on, and throughout my PhD,
made and makes a huge difference in my career. Thank you for always welcoming me back into your
lab (and into your home). As long as you keep offering, I’ll keep taking you up on it.
My time in Greifswald was made far more lively, thanks to the “out of control group,” my AG Uhl lab
mates through the years. Thanks to Philip O.M. Steinhoff, for being the first to welcome me to
Greifswald and for being an unwavering friend from that moment on. Our discussions of transparency
in science and science communication, and our shared love of - and criticism towards - academia
shaped all parts of this thesis, and much of my outlook toward the future. To Shou-Wang Lin, for
speaking German with me (slowly!), introducing me to dead lifts, and for many stimulating
discussions. To Pierick Mouginot, for encouragement with a healthy dose of realism (especially when
it came to statistics). Your speed while playing board games also taught me patience. To Anja
Junghanns, for your warmth and comfort in hard times, cut with sarcasm when needed. You have a
gift for putting things in perspective. To Lenka Sentenská, for endless entertainment with game nights
and a friendly ear when needed. To Carolina Ortiz Movliav, for carrying on the work on Argiope
bruennichi – it is so nice to move on, knowing that the project is in good hands. I am always here if
you need anything. To Brian Schulze – I could make so many jokes, but for once I’d like to be sincere:
I know that you are one of those friends who is meant to last. Thank you for everything. I can’t wait
to see what you do next, because I sincerely believe you can do anything! And lastly, to Brianna – I
141

couldn’t resist… here are the jokes: you’re a SuperCool botanist even though you stopped playing
PokemonGo. Please figure out how to 3D-print a teleportation device so that you can visit us regularly.
Maybe something about Thomas’s special gravitational force will help you figure out a way to do it.
To the friends I made in my years spent in the EvoLab: Ashley Adams, Anna Holmquist, and Susan
Kennedy – you are terrific examples to me, and a joy to be around. What a difference it makes to
know and work with such strong women in science. Also an EvoLab-lab-mate, but so much more than
that: Natalie Graham – I find it so appropriate that we met at a Christmas party, because you are the
gift that keeps on giving. You were a beacon in dark times, and I love getting to see your light shine
even brighter now that we’ve reached the other side. I can’t wait to see where life takes us both, as
long as it takes us there together!
To my AG Urich lab mates, Sebastian Petters, Micha Weil, and Alex Meene, who were so patient with
me as a newcomer to all things microbiology: thanks for the many coffees and beers together, and for
all of the terrible, eye-roll-worthy puns that made me laugh in spite of myself. I don’t think my sense
of humor will ever recover.
My RESPONSE cohort: Carolin Mundinger, Lisa Männer, Melanie Zacharias, Maria Grimm, Anaïs
Degut, Jan Woyzichowski, Jan Knobloch, Jonas Schmeddes, Timo Pampuch, and Zoran Šargač. I am so
happy to have had a group of such kind and funny people to go through this whole process with. The
collegial atmosphere we shared made the tough times easier, and you broadened my perspectives at
every summer school, journal club, and evening in the garden. I can’t wait to see where life takes you
all, as we strive toward our common aim of understanding and preserving the beautiful world we live
in.
I owe a great deal of thanks to the many collaborators I worked with on my various projects, and who
I hope to keep working with far into the future: Mia Bengtsson and Tim Urich, who believed in me
right away, and became dear friends. Katharina Hoff, whose efficiency, energy and ingenuity blows
me away every time. Andreas Kuss, Corinna and Lars Jensen: I treasure every day we spent together
in the lab, and I will carry your generosity and collaborative spirit forward and try to do the same for
others in my career. Likewise, I am grateful to my thesis committee members, Jürgen Kreyling and
Alex Wacker, for level-headed advice beyond the scope of my thesis, and helping me “look beyond
my own plate” - I hope to do the same for other students going forward.
The students who I have had the honor to learn with and from over the years: Linda Zander, Anica
Hoppe, Larissa Busch, Laura Mothes, Jan Rockstroh, Andrea Woellert, and Clara Ahrend. You taught
me so much, as I tried to straddle multiple disciplines, which you are so knowledgeable in. I wish you
all luck and continued success as you move forward, in science and outside. I could not have pulled
off my experiments without the incredible support of student helpers: Timon Möller, Julia Balk and
Alexandra Machnis – your reliability, creativity, and exceptional work ethic made my life so much
easier.
Heidi Land, whose organizational superpowers enabled me to focus on my research and have peace
of mind that every detail was being taken care of. I know that you have spoiled me beyond measure,
and I am not looking forward to organizing a project without you in the future. Your incredible artistic
talents are also worthy of praise – I will keep the spider pillow you made me forever!

142

Kerstin Wulf and Susann Räth, who helped me wade through the weeds of German bureaucracy
countless times. You saved me many hours of frustration (and probably many tears).
And lastly, I have to thank my family. Thomas Näf, my husband, for always inspiring me to be better,
while at the same time accepting me exactly as I am. My parents: I would not be the person I am today
without your unwavering belief in me. You taught me to be proud of myself, to work hard and be kind,
and to be present for all that life brings – the good, the bad, the in between. I love you so much. To
the organ donor who saved my sister’s life: words fail me. If it weren’t for your gift, I would have never
felt safe enough to move abroad for this many years to pursue my PhD. You and your sons have
changed all of my family’s lives, inexorably, and the gratitude we feel is unending. And finally, my
sister: thank you for being so strong, and for encouraging me, even while fighting for your life, to
always pursue my dreams.

143

