',\' frontiers

in Ecology and Evolution

ORIGINAL RESEARCH
published: 24 March 2022
doi: 10.3389/fevo.2022.841490

OPEN ACCESS

Edited by:

Folco Giomi,

Independent Researcher, Padova,
Italy

Reviewed by:

Andrés Taucare-Rios,
Arturo Prat University, Chile
Stano Pekar,

Masaryk University, Czechia

*Correspondence:
Trine Bilde
trine.bilde@bio.au.dk

tPresent address:

Kirsten Gade Malmos,

Arla Foods a.m.b.a, Agro Food Park,
19, Aarhus, Denmark

Specialty section:

This article was submitted to
Chemical Ecology,

a section of the journal

Frontiers in Ecology and Evolution

Received: 22 December 2021
Accepted: 31 January 2022
Published: 24 March 2022

Citation:

Sandfeld T, Malmos KG,

Nielsen CB, Lund MB, Aagaard A,
Bechsgaard J, Wurster M, Lalk M,
Johannsen M, Vosegaard T, Bilde T
and Schramm A (2022) Metabolite
Profiling of the Social Spider
Stegodyphus dumicola Along

a Climate Gradient.

Front. Ecol. Evol. 10:841490.

doi: 10.3389/fevo.2022.841490

Check for
updates

Metabolite Profiling of the Social
Spider Stegodyphus dumicola Along
a Climate Gradient

Tobias Sandfeld’2, Kirsten Gade Malmos3t, Camilla Bak Nielsen*, Marie Braad Lund’,
Anne Aagaard?, Jesper Bechsgaard?, Martina Wurster?, Michael Lalk®,
Mogens Johannsen*, Thomas Vosegaard?$, Trine Bilde?* and Andreas Schramm’

7 Section for Microbiology, Department of Biology, Aarhus University, Aarhus, Denmark, ? Section for Genetics, Ecology, and
Evolution, Department of Biology, Aarhus University, Aarhus, Denmark, ° Interdisciplinary Nanoscience Center (iNANO),
Aarhus University, Aarhus, Denmark, * Department of Forensic Medicine, Aarhus University, Aarhus, Denmark, ° Cellular
Biochemistry and Metabolomics, Institut fiir Biochemie, University of Greifswald, Greifswald, Germany, ¢ Department of
Chemistry, Aarhus University, Aarhus, Denmark

Animals experience climatic variation in their natural habitats, which may lead to
variation in phenotypic responses among populations through local adaptation or
phenotypic plasticity. In ectotherm arthropods, the expression of thermoprotective
metabolites such as free amino acids, sugars, and polyols, in response to temperature
stress, may facilitate temperature tolerance by regulating cellular homeostasis. If
populations experience differences in temperatures, individuals may exhibit population-
specific metabolite profiles through differential accumulation of metabolites that
facilitate thermal tolerance. Such thermoprotective metabolites may originate from
the animals themselves or from their associated microbiome, and hence microbial
symbionts may contribute to shape the thermal niche of their host. The social
spider Stegodyphus dumicola has extremely low genetic diversity, yet it occupies
a relatively broad temperature range occurring across multiple climate zones in
Southern Africa. We investigated whether the metabolome, including thermoprotective
metabolites, differs between populations, and whether population genetic structure or
the spider microbiome may explain potential differences. To address these questions,
we assessed metabolite profiles, phylogenetic relationships, and microbiomes in three
natural populations along a temperature gradient. The spider microbiomes in three
genetically distinct populations of S. dumicola showed no significant population-specific
pattern, and none of its dominating genera (Borrelia, Diplorickettsia, and Mycoplasma)
are known to facilitate thermal tolerance in hosts. These results do not support a role
of the microbiome in shaping the thermal niche of S. dumicola. Metabolite profiles of
the three spider populations were significantly different. The variation was driven by
multiple metabolites that can be linked to temperature stress (e.g., lactate, succinate, or
xanthine) and thermal tolerance (e.g., polyols, trehalose, or glycerol): these metabolites
had higher relative abundance in spiders from the hottest geographic region. These
distinct metabolite profiles are consistent with a potential role of the metabolome in
temperature response.
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INTRODUCTION

Animal populations are subject to different local environments
within their distribution range, and this environmental variation
may lead to different phenotypic responses across populations,
through local adaptation or phenotypic plasticity (Hoffmann and
Sgrd, 2011). Temperature is considered a particularly important
driver of phenotypic divergence (Bicego et al., 2007; Deutsch
et al, 2008), and temperature stress imposes challenges on
maintaining cellular homeostasis, which may select for a range
of behavioral, morphological and physiological temperature
adaptations (Cloudsley-Thompson, 1975; Semme, 1982; Sinclair
et al., 2003; Colinet et al., 2015; Malmos et al., 2021). Exposure
to temperature stress can lead to metabolic changes conveying
thermal tolerance by an accumulation of metabolites that regulate
the animal’s cellular homeostasis and hereby protect against
temperature stress (Michaud et al., 2008; Colinet et al., 2016).
The role of metabolites in maintaining cellular homeostasis may
be particularly important in ectotherms in extreme temperature
environments, as their body temperature fluctuates with the
surrounding thermal environment.

Sugars and polyols play important roles in arthropod cold
tolerance, as indicated by the accumulation of these compounds
in response to temperature decrease (Block, 1981; Zachariassen,
1985; Sinclair et al., 2003; Doucet et al., 2009). Furthermore,
an increase in glucose and trehalose levels after cold shock is
related to improved cold tolerance in drosophilid flies (Overgaard
et al., 2007; Vesala et al.,, 2012). In addition, inositol, sorbitol,
and glycogen can fluctuate seasonally as a response to fluctuating
temperatures, and accumulations of these metabolites were
correlated with enhanced cold tolerance in the house spider
Parasteatoda tepidariorum (Tanaka, 1993, 1995). In contrast, the
functional role of metabolites in responses to heat stress in
arthropods is less clear, but several metabolites have been found
to accumulate including free amino acids and citric acid cycle
(CACQ) intermediates (Malmendal et al., 2006; Colinet et al., 2007;
Chou et al, 2017; Zhu et al, 2019). For example, glutamine
has been found to enhance expression and turnover of heat
shock proteins to facilitate temperature stress tolerance in various
animal species [reviewed by Wischmeyer (2002)]. Also, polyols
accumulate in response to heat stress and can stabilize proteins
and protect cell membrane integrity at high temperatures
(Salvucci, 2000). Sorbitol is present at elevated levels in heat-
stressed whiteflies (Bemisia argentifolii), and individuals reared
on sorbitol-enriched diets showed improved survival when
exposed to heat stress. This indicates the adaptive significance of
sorbitol in enhancing heat tolerance (Wolfe et al., 1998; Salvucci,
2000). Hence, thermal cross-tolerance known from small heat
shock proteins (Sejerkilde et al., 2003; Bubliy and Loeschcke,
2005) is also possible with low-molecular-weight metabolites, and
therefore polyols are good candidate metabolites for facilitating
both cold and heat tolerance in arthropods.

Thermoprotective metabolites can be produced by the animals
themselves or by their associated microbiome, which can affect
host metabolomes directly via microbially produced metabolites
and/or by the stimulation of host metabolite production
(Douglas, 2018). Moreover, microbial symbionts can lyse at

high temperatures, which releases and thereby increases the
abundance of thermoprotective metabolites such as sorbitol,
sugars, and amino acids (Dunbar et al, 2007; Burke et al,
2010). Thus, microbial symbionts can contribute to arthropod
protection during thermal stress. However, it is unknown how
widespread this function of the microbiome is in arthropods.

Social spiders of the genus Stegodyphus (Eresidae) live in
communal nests with up to hundreds of individuals (Avilés, 1997;
Lubin and Bilde, 2007). As individuals within nests originate
from the same family and reproduce with each other, populations
are highly inbred and harbor extremely low genetic diversity,
which is hypothesized to limit evolutionary potential (Settepani
et al., 2017). Nevertheless, social spiders such as Stegodyphus
dumicola Pocock 1898 are widely distributed in (sub)tropical
arid regions that encompass multiple climate zones (Kraus and
Kraus, 1988; Majer et al., 2013). Temperature and humidity can
fluctuate substantially temporally and spatially across the spiders’
thick silk-woven nests, which are located in trees and bushes
(Lubin and Bilde, 2007). Temperature inside the nest can reach
extreme levels that exceed the thermal limits of most arthropods
(Hoffmann et al, 2013) and potentially expose the spiders to
heat stress. Recently, variation in behavioral and physiological
responses to high temperature among geographical locations
was demonstrated in S. dumicola; their temperature preference
was dependent on the populations the spiders came from
(consistent with local adaptation in temperature preference), and
on the acclimation temperature they had experienced in the lab
(consistent with a plastic response in temperature preference),
indicating that populations exhibit adapted as well as plastic
responses to cope with different temperature regimes (Malmos
et al., 2021). The extent to which specific thermoprotective
metabolites are involved in facilitating temperature tolerance
or temperature responses, and whether such responses are
population specific is yet to be determined. If populations
experience differences in variables such as temperature in
different environments, this could lead to differences in the
metabolite profiles between populations, for example by the
presence of more thermoprotective metabolites in populations
that experience higher temperatures. Another question relates to
the role of the microbiome in shaping the metabolite profiles
of the host. Studies of the S. dumicola microbiome showed that
social spider individuals within a nest share a similar microbiome,
that the microbiome has relatively low diversity, and that it varies
between populations and even between nests within populations
(Busck et al., 2020); no spider population-specific microbiome
patterns have been detected so far. A few bacterial endosymbionts
classified as Borrelia, Diplorickettsia, and Mycoplasma dominate
the microbiome of individual spiders, but they are not obligate,
and a potential role of symbionts in temperature responses of the
host remains unknown (Busck et al., 2020).

As a first step toward understanding the metabolome in
relation to temperature responses, we determined metabolite
profiles, phylogenetic relationships, and microbiomes in three
geographically separate S. dumicola populations from locations
on a climatic gradient with contrasting temperature and
precipitation regimes in Namibia (Southern Africa). The goal
of our study was to assess if there is variation in S. dumicola
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FIGURE 1 | (A) Map of Namibia with sampling sites depicted with circles. From North to South: Otavi (O), Windhoek (W), and Stampriet (S). (B) Average maximum,
mean, and minimum temperatures for the three sampled sites along the temperature gradient: Otavi (in red) is the hottest site, then Stampriet (in green) and
Windhoek (in blue). The temperature plots are based on daily mean temperature from 30 years (1961-1990) climate data (Grieser et al., 2006). (C) Phylogenetic tree
based on a subset of coding positions showing S. dumicola population phylogeny of sampled populations. Bootstrap values above 60% are shown. The scale bar

metabolite profiles among locations. If there is variation in
metabolites involved in temperature response (such as polyols)
caused by local adaptation or phenotypic plasticity, we would
expect to find population-specific metabolite profiles matching
the relevant climatic gradient. Alternatively, if there is an
association between genetic and metabolite profiles, population-
specific patterns could result from genetic drift, and hence more
related populations would have more similar metabolite profiles.
In addition, if specific members of the microbiome contribute to
the adaptive variation in metabolites, we would expect to find a
population-specific pattern in the microbiome that matches the
pattern in the metabolome.

MATERIALS AND METHODS
Sampling

Stegodyphus dumicola spiders were collected from three
populations along a climate gradient in Namibia during February
2019. The three locations were from North to South: Otavi,
Windhoek, and Stampriet (Figure 1). Three to four nests were
sampled from each population (for metadata see Supplementary
Table 1), and only adult females were collected to minimize the
effect of age and sex on microbiome composition and metabolite
profiles. The nests from the three populations were collected
in the late afternoon, the ambient temperature at the time of
sampling was measured with a handheld thermometer next to
the nest, and nests were immediately brought back to our field

lab where the spiders were sorted, and all adult females from
each nest (12 - 69 individuals per nest, on average 46 individuals
per nest) were placed in Falcon tubes and subsequently frozen at
—20°C. All adult females from one nest comprised one sample,
thus the total number of samples was 10. The samples were
packed on ice and shipped from Namibia to Aarhus University,
Denmark. Upon arrival at the laboratory, the samples were
immediately placed at —80°C until further processing.

Temperature Gradient: Average

Maximum, Mean, and Minimum Plots
Temperature data were downloaded using the application
New_LocClim_1.10 (Grieser et al., 2006) that interpolates
climate station measurements (FAOCLIM database) to the
input GPS positions from the three populations and outputs
daily climate estimations of selected variables. Nest GPS points
(Supplementary Table 1) were used to represent each population
and to create temperature estimates for the sampled populations.
Shepard’s Interpolation method was used to estimate average
maximum and minimum temperatures.

Stegodyphus dumicola Population
Phylogeny

To obtain a deeper understanding of the phylogenetic
relationship between the sampled S. dumicola populations
a phylogenic tree was determined on spiders from Otavi,
Windhoek, and Stampriet, as well as a South African population
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from Ndumo (Figure 1). Shotgun sequence data (paired-end,
BGISEQ) from resequencing of four individuals from each
location were mapped to the S. dumicola genome (Liu et al.,
2019) using BWA (v0.7.15) “aln” (Li and Durbin, 2009) allowing
a maximum of 2 mismatches and converted to bam files using
samtools (v1.2) (Li et al, 2009). Vcf files were created using
beftools (“mpileup” without indel calling (—I) and “call”) (Li,
2011). Coding positions were extracted using samtools “faidx”
(Li et al, 2009), and consensus sequences were called using
beftools consensus” (Danecek and McCarthy, 2017). Consensus
sequences were joined into a single concatenated sequence per
location and aligned. Every 50th exon was extracted, resulting
in an alignment of about 1,500,000 bp. A neighbor-joining
phylogeny was reconstructed using Mega (Kumar et al., 2018).
1000 bootstraps were used to add support to the topology.

Microbiome Analysis

Stegodyphus dumicola microbiomes were analyzed following
Busck et al. (2020). In brief, one adult female spider from each
of the 10 nests within the three investigated populations was
sampled (Figure 1 and Supplementary Table 1), as a previous
study had shown that spiders from the same nest had very similar
microbiomes (Busck et al., 2020). DNA was extracted from whole
spiders and used for amplicon sequencing of the V3-V4 region of
the 16S rRNA gene using standard methods (Busck et al., 2020).
All analyses and visualizations of community data were done in
R" with custom scripts (see Busck et al., 2020).

Extraction for Metabolite Profiling

A total of 10 adult S. dumicola females from each nest were
pooled, homogenized, and sequentially extracted with cold
methanol (80%) and afterward cold HPLC-grade water in
TeenPrep™ Lysing Matrix E (15 mL tubes) using a FastPrep-
24™ 5G Homogenizer (MP Biomedicals, United States). The
resulting extraction fractions were mixed and diluted to 8%
methanol with HPLC-grade water to enable flash freezing in
liquid nitrogen and lyophilization. The frozen extracts were
lyophilized on a MicroModulyo Freeze Dryer (Thermo Fisher
Scientific, United States) coupled to a Chemistry-HYBRID RC 6
vacuum pump (Vacuubrand GmbH, Germany) till dry and stored
at —80°C until further processing. From each dried sample (10
in total), three subsamples (technical replicates) of approx. 1 mg
were made and subsequently analyzed with gas chromatography
coupled to mass spectrometry (GC-MS) and UHPLC-MS.

Gas Chromatography Coupled to Mass

Spectrometry Analysis

GC-MS analysis was done on an Agilent 7890B gas
chromatograph (Agilent, United States) coupled to a mass
selective detector (Agilent 5977B Inert Plus Turbo MSD). Prior
to injection, approx. 1 mg extract was derivatized with 40 .l
methoxyamine hydrochloride at 37°C for 90 min and 80 pl
N-methyl-N-(trimethylsilyl)trifluoracetamide at 37°C for 30 min
in accordance with Liebeke et al. (2008). Samples were injected

Uhttps://www.r-project.org/

with an Agilent SSL-injector (Split 25:1 at 230°C, 2.0 pL; carrier
gas: Helium 1.0 mL min~! (60 kPa) at 110°C; pressure rise:
6 kPa min~!). Chromatography was performed using a 30-m
HP-5ms column (J&W Scientific, United States) with 0.25 mm
i.d. and 0.25 pm film thickness. The oven program started with
1 min at 70°C, the oven temperature was increased at 1.5°C
min~! to 76°C; 5°C min™ ' to 220°C; 20°C min ™' to 325°C with
an 8 min hold. The MS was operated in electron impact mode
with an ionization energy of 70 eV. Full scan mass spectra were
acquired from 50 to 500 m/z at a rate of 2.74 scans s~ ! and with a
6.00 min solvent delay. The detected compounds were identified
by processing the raw GC-MS data with MassHunter version B
8.00 software (Agilent, United States) and comparing retention
times and mass spectra of detected metabolites with those of
standard compounds, which were measured for an in-house
database. Unknown peaks were analyzed with Fiehn library
(Kind et al., 2009) and NIST 2017 mass spectral database 2.0 d
(National Institute of Standards and Technology, United States)
and were listed with the database score.

Ultra-High-Performance Liquid
Chromatography Coupled to Quadrupole
Time-of-Flight Mass Spectrometry
Analysis

UHPLC-MS analysis was obtained with Acquity UPLC I-Class
system (Waters Corporation, United States) coupled to a Q-TOF
maXis Impact mass spectrometer (Bruker Daltonics GmbH,
Germany) operated in positive (ESI +) or negative (ESI—)
ionization mode. Before injection, extracts of pooled spider
homogenates (1 mg mL~!) were suspended in 0.1% formic acid
in water and quality control (QC) samples were prepared by
pooling equal volumes of each sample. Samples were injected
with an auto sampler: 2 pL was injected in ESI4+ mode and 10
WL in ESI™ mode, and the sample temperature was 6°C. Liquid
chromatographic (LC) separation was performed on an Acquity
UPLC HSS T3 Column (2.1 mm x 100 mm, 1.8 uwm) (Waters
Corporation). The column temperature was 50°C. Mobile phase
A consisted of 0.1% formic acid in MilliQ water, and mobile phase
B consisted of 0.1% formic acid in 50:50 acetonitrile/methanol
(LCMS Hypergrade, Sigma-Aldrich). The mobile phase started at
100% A for 2 min, linear increase from 0 to 40% B at 2 to 6 min,
from 40 to 60% B at 6 to 6.5 min, from 60 to 88% B at 6.5 to
11 min, from 88 to 100% B at 11 to 11.5 min, 100% B at 11.5 to
17 min. This was followed by a linear decrease from 100 to 0% B at
17 to 18.1 min and afterward 100% A for column equilibration at
18.1 to 21.0 min. The MS was operated with a mass range of m/z
50-1000, a sampling rate of 4 Hz, and the capillary voltage was
4000 V (ESI+) and 2500 V (ESI—). The nebulizing gas pressure
was 4 bars, drying gas flow was 11 L min~! and temperature was
220°C. Instrument calibration was done with sodium formate
for both ESI + mode and ESI- mode and repeated for the first
20 s (30 scans) of each analysis. In addition, all samples were
auto-calibrated in DataAnalysis (Bruker Daltonics, Germany)
before peak identification, to improve mass accuracy further. To
validate the performance of the instrument, control samples with
15 known metabolites were analyzed at the beginning and end
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of each UHPLC-MS run, and a quality control (QC) sample (a
pool of all samples) was injected in the beginning and following
approx. every five samples.

Data were examined in DataAnalysis (Bruker Daltonics,
Germany) and converted to the file mzML format by
CompassXport (Bruker Daltonics, Germany). Features,
described by an m/z value, a retention time, and an area
under the peak curve, were extracted with XCMS (Smith et al.,
2006) using R project, version 3.2.0 (see text footnote 1).
Removal of calibration scans (30 scans) was performed prior
to peak detection. CAMERA was used for grouping features
and annotations of isotopes and adducts (Kuhl et al., 2012).
Peak detection was performed using the CentWave algorithm
(Tautenhahn et al., 2008) with 12 ppm resolution and with a
signal-to-noise threshold of six. Retention time correction was
performed with the Obiwarp algorithm (Prince and Marcotte,
2006). For identification, an in-house database, Metlin?, The
Human Metabolome Database®, and Metfrag were used. The
identity of the metabolites was confirmed by comparison of
m/z values, retention time, and fragments of available authentic
standards with those obtained in the samples. The level of
identification was designated according to the guidelines of the
Metabolomics Standard Initiative (Sumner et al., 2007).

Statistical Analysis of GC-MS and
UHPLC-MS Data

For all statistics average relative abundance of metabolites
per nest, e.g., average of metabolite x in nest y, were
calculated and used as input data. The data set was analyzed
using multivariate analysis with the online statistics tool
in MetaboAnalyst’, see Xia and Wishart, 2011). Data were
normalized by sum (in Excel) and Pareto-scaled before
principal component analysis (PCA) and partial least squares-
discriminant analysis (PLS-DA). PCA was used for exploratory
visualization of the data, whereas PLS-DA was used to locate
differences between the three populations. Metabolites with
variable importance parameters (VIP score) > 1 were considered
largely important for separation of populations. To evaluate
significant differences, a post hoc ANOVA test based on an
F-test was employed and to correct for multiple testing issues
false discovery rate (FDR) q-values were calculated. Metabolites
with a g-value < 0.05 were considered significant, but all
identified metabolites are reported. Analysis of similarities
(ANOSIM) (Clarke, 1993; Warton et al., 2012) and a pairwise
t-test based on a Bray-Curtis dissimilarity matrix, calculated
on average relative abundance, was performed to test if
metabolite profiles were significantly different within and
between populations. This analysis was conducted in R with
custom scripts originally designed for microbiome data (see
Busck et al., 2020).

Zhttps://metlin.scripps.edu/landing_page.php?pgcontent=mainPage
Swww.hmdb.ca

*https://ipb-halle.github.io/MetFrag/
>https://www.metaboanalyst.ca/

Data Availability
The V3-V4 16S rRNA gene amplicon sequences were submitted
to NCBI Sequence Read Archive (SRA) with the BioProject
number PRJNA766841.

RESULTS

Climate Data and Spider Populations
According to long-term daily temperature data, the three
sampling sites represent a temperature gradient were Otavi is
the hottest of the three locations, Stampriet is intermediate and
Windhoek is the coldest (Figure 1B). The average maximum
and minimum temperatures mirror this gradient although
Stampriet has the lowest average minimum temperature over
a year. In addition, Otavi shows the largest and Windhoek
shows the smallest difference between maximum and minimum
temperatures (Figure 1B).The temperatures at the time of
sampling reflected this gradient as Otavi (43.3°C £ 0.5)
was hotter than Stampriet (40.2°C + 0.9) and Windhoek
(37.5°C £ 0.1) (Supplementary Table 1). This ranked
temperature difference between the sampling sites was
significant (p < 0.05, ANOVA Supplementary Table 1).
These data indicate that the thermal niche of the three
spider populations is indeed different. The three S. dumicola
populations were genetically distinct, with spiders from the
Otavi and Stampriet populations clustering together in the
phylogeny, suggesting that these populations separated from the
Windhoek population before splitting into separate populations
(Figure 1B). Note that their geographical distribution
cannot predict their phylogenetic relationship, as Otavi
spiders are closer related to Stampriet, while geographically
closest to Windhoek.

The Stegodyphus dumicola Microbiome

The microbiome of the sampled populations had low
diversity and one specific member of the microbiome
dominated the microbial community in individual spiders
(Supplementary Figure 1): spiders from Otavi had all very
similar microbiomes according to their tight grouping in the
NMDS ordination (Figure 2), with a single Mycoplasma (ASV1)
strongly dominating each individual spider (Supplementary
Figure 1). In contrast, spiders from Stampriet and Windhoek
had more dissimilar (Figure 2) and relatively more diverse
microbiomes (Supplementary Figure 1), dominated by either
Mycoplasma (ASV2) and Diplorickettsia (ASV4) (Stampriet),
or by Weeksellaceae (ASVs 3 & 5) and Borrelia (ASV8) in
combination with other bacteria (Windhoek) (Supplementary
Figure 1). Despite these apparent differences, the population-
specific pattern emerging from the NMDS ordination was not
statistically significant according to ANOSIM (Figure 2).

Metabolite Profiles and Population

Patterns
Metabolite profiles from the three populations yielded in total
128 identified metabolites, with 19 identified by both GC-MS
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and LC-MS. Of the 59 metabolites identified by GC-MS,
one metabolite had a significantly different relative abundance
between populations (q < 0.05, FDR) (Supplementary Table 2).
LC-MS identified 68 metabolites, with 7 metabolites having
significantly different relative abundances between populations
(q < 0.05, FDR) (Supplementary Table 3).

Principal component analysis (PCA) grouped all quality
controls (pooled spider extracts; QC) together showing that
the workflow was robust and reproducible (Figures 3B,C). The
PCA analysis also showed that spiders from nests within a
population had more similar metabolite profiles and grouped
together in a population-specific pattern (Figure 3), and that
metabolite profiles from the Otavi population had a larger
variation compared to Stampriet and Windhoek populations
(Figures 3A-C). Furthermore, ANOSIM showed significant
differences in metabolite profiles between the Stampriet and
Otavi populations, and between the Stampriet and Windhoek
populations (Figure 3D). In contrast, metabolite profiles were
not significantly different between the Otavi and Windhoek
populations as indicated by their lower R-values (Figure 3D).
Finally, ANOVA test and pairwise ¢-test on Bray-Curtis
dissimilarity data based on metabolite data showed that
the metabolite profiles of spiders from the same population
were significantly more similar than those of spiders from
different populations (Figure 4). This further supports a
population pattern in metabolite profiles. Thus, the combined
analyses indicated that S. dumicola metabolite profiles were
population-specific, and that spiders from the Otavi population
contained higher metabolic variation than spiders from the two
other populations.

Due to separation in the PCA (Figure 3) and the significant
Bray-Curtis dissimilarities of the metabolite profiles (Figure 4),
a partial least squares-discriminant analysis (PLS-DA) was
conducted to focus on population-specific differences between
the metabolite profiles (data not shown). PLS-DA is a guided
analysis where the classes are defined in advance, and based
on the PCA we defined the populations (Otavi, Stampriet, and
Windhoek) as classes. The PLS-DA model produced variable
importance parameters (VIP score), which showed that a broad
suite of compounds separated the populations (Supplementary
Tables 2,3), with various metabolites differing in relative
abundance between the population. Different compounds drove
this separation depending on the analysis method used, which
suggests a slight method bias between GC-MS and LC-MS.
Spiders from the Otavi population accumulated lactate, citric
acid, and succinate, but also xanthine and hypoxanthine
(Supplementary Tables 2,3). Furthermore, spiders from Otavi
also had higher relative abundance of the polyols myo-
inositol and myo-inositol-phosphate. In addition, Otavi and
Stampriet spiders shared accumulations of multiple metabolites
including free amino acids (such as tryptophan and glutamate),
trehalose, and proline-betaine (Supplementary Tables 2,3),
whereas spiders from Otavi and Windhoek shared accumulation
of citric acid (Supplementary Tables 2,3).

DISCUSSION

In this study, we explored metabolite profiles of three
S. dumicola populations along a climatic gradient, characterized
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by differences in temperatures (Figure 1). We found that the
three populations had significantly different metabolite profiles,
driven by a broad suite of metabolites involved in energy
formation and thermal tolerance in other arthropod species
(Verberk et al.,, 2013; Chou et al., 2017; Zhu et al, 2019).
These data suggest that the population-specific pattern in the
S. dumicola metabolome might be influenced by environmental
factors such as temperature. Besides its genotype, and potentially
its microbiome, numerous factors can influence an arthropod’s
metabolome, including age, sex, health and feeding status, and the

response to environmental factors like heat (Snart et al., 2015).
Although it is impossible in such a field study to control for all
factors, we minimized the effect of age and sex by analyzing adult
females only, and we averaged potential variation in individual
condition by pooling all individuals from a sampled nest. In
addition, we account for differences in genotype and microbiome
between the three populations.

We found that the sampled spiders formed three genetically
separated populations, but note that this is based on relatively
few genetic variants. A previous study demonstrated very low
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species-level genetic diversity in S. dumicola (Settepani et al.,
2017). The different populations had distinct metabolite profiles,
but the topology of the phylogenetic tree was not reflected
in the metabolite profiles, i.e., the closest related populations,
Otavi and Stampriet, had the least similar metabolite profiles.
If the spiders themselves produce the observed metabolites
rather than their symbionts, population variation in metabolite
profiles could result from both genetic adaptation and phenotypic
plasticity. Further analyses would be needed to assess whether the
population-specific metabolite profiles have a genetic basis, and
whether it is shaped by local adaptation or phenotypic plasticity.

Our results provide no evidence for a role of specific
symbionts in shaping the observed metabolite profile pattern.
The microbiomes of the S. dumicola spiders sampled along
the climatic gradient showed no significant population-specific
pattern (Figure 2), which is consistent with previous studies
of S. dumicola spiders collected over even larger geographic
distances (Busck et al., 2020, 2022). The bacterial genera
that dominated S. dumicola’s microbiome in this study are
identical to those previously found (Borrelia, Diplorickettsia,
and Mycoplasma), and are so far not known to provide
or enhance thermal tolerance in hosts. However, the spiders
investigated in this study had elevated levels of metabolites
associated with thermal tolerance, such as free amino acids,
sugars, and polyols. The accumulation of these thermoprotective
metabolites may originate from heat-stressed members of the
microbiome that lyse at high temperatures. This has been
reported from aphids, where the microbial symbiont, Serratia
symbiotica, lyses when exposed to heat stress (39°C for 4 h),
which is correlated with increased levels of thermoprotective
metabolites, for example sorbitol, in the aphid host (Burke
et al, 2010). Comparably, bacterial symbionts in the Asian
citrus psyllid (Diaphorina citri) degrade during heat stress due
to increased lysosomal activity, which provides nutrients to
the surviving symbionts and host (Dossi et al., 2018). Busck
et al. (2022) estimated that for every host cell there are 1-
2 bacterial cells in S. dumicola, and such a bacterial load
could potentially influence the host metabolome upon cell

lysis and supply the spider host with metabolites aiding its
temperature response. Thus, S. dumicola with its microbiome
may represent a parallel system to aphids and D. citri, where
the microbial symbionts contribute to the host temperature
response via cell lysis.

Alternatively, the accumulation of primary metabolites like
free amino acids and sugars may simply be a consequence
of higher prey availability: predators, such as S. dumicola,
exclusively obtain their nutrients from their prey and these
nutrients ultimately end up as metabolites in the predator. Otavi
in Northern Namibia has higher vegetation productivity resulting
in higher insect biomass and thus prey availability compared to
central Namibia, where the Windhoek and Stampriet populations
are situated (Majer et al, 2013). This could help explain
the accumulation of the common insect storage compounds
glucose and trehalose (Wyatt and Kalf, 1957; Becker et al,
1996) in the Otavi spiders (Supplementary Tables 2,3). Higher
average body weight of Otavi spiders substantiates this possibility
(Supplementary Table 1).

Though we cannot trace the origin of the metabolites that
drive the observed population-specific pattern along the climatic
gradient with confidence, many of the metabolites can be linked
to elevated temperatures or thermal tolerance and thus to the
temperature regime the spiders were exposed to in their habitat.
Spiders are ectotherms and hence in situ temperatures prior to
sampling will affect the spiders metabolic homeostasis (Bicego
et al., 2007; Colinet et al., 2015) and possibly activate molecular
mechanisms that maintain cellular homeostasis, which leave
chemical signatures in the metabolite profiles (Malmendal et al.,
2006; Colinet et al., 2015). In particular, metabolome regulation
due to thermal stress can remain for hours after exposure
(Michaud et al., 2008; Noer et al., 2020).

We observed higher relative abundances of succinate, citric
acid, and lactate in spiders from Otavi, the hottest site, compared
to Stampriet and Windhoek spiders (Supplementary Tables 2,3).
High temperatures can lead to oxygen stress in ectotherms as
increasing temperatures will increase the metabolic rate and
increase the energy demand, which can result in insufficient
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oxygen supply (Portner, 2002; Verberk et al., 2016). This oxygen
deficit disrupts the aerobic metabolism, specifically the CAC,
seen as accumulations of CAC metabolite intermediates, like
succinate and citric acid, as they cannot be oxidized by the
mitochondrial respiratory chain without oxygen as final electron
acceptor (Frederich and Portner, 2000). Hereby, animals are
forced to shift to anaerobic metabolism that is less effective
and leads to accumulation of lactate in animal tissues (Verberk
et al., 2013; Chou et al.,, 2017; Zhu et al., 2019). Furthermore,
we observed elevated levels of hypoxanthine and xanthine in
Otavi spiders compared to Stampriet and Windhoek spiders.
These compounds are ATP degradation products and elevated
levels of hypoxanthine and xanthine can indicate a metabolic
imbalance in animals as ATP and ADP are lost and converted into
xanthine and hypoxanthine during oxygen stress (Bickler and
Buck, 2007). Collectively, these findings point toward a shift from
aerobic metabolism to anaerobic metabolism in Otavi spiders
compared to spiders from Stampriet and Windhoek. This shift
could be a result of disrupted aerobic metabolism due to heat
stress. Results from Malmos et al. (2021) indicate that S. dumicola
avoid temperatures above 40°C in controlled laboratory settings,
although the threshold temperature varies with spider population
and temperature acclimation. Furthermore, data from Malmos
et al. (2021) suggest that S. dumicola has a population-specific
heat tolerance with a critical thermal maximum (CTmax)
between 48 and 49°C. A study by Seibt and Wickler (1990)
concluded that S. dumicola’s preferred temperature appears
to be approximately 37°C. This indicates that S. dumicold’s
temperature optimum is below 40°C, which suggests that spiders
in this study sampled from Otavi and possibly Stampriet may
have been challenged by high temperatures, although likely not
critically, at the time of sampling.

We detected free amino acids, sugars, and polyols in all three
populations (Supplementary Tables 2,3), which are metabolites
associated with thermal protection in other arthropods (Wolfe
et al., 1998; Salvucci, 2000; Michaud et al., 2008; Vesala et al,,
2012). These compounds can stabilize cell homeostasis and
secure cell membrane integrity during temperature stress, and
hence provide temperature tolerance. Free amino acids are
commonly accumulated in response to heat stress in arthropods,
where these accumulations likely result from protein breakdown
rather than from de novo synthesis for thermal protection
(Malmendal et al., 2006; Colinet et al., 2007). Moreover, lower
relative abundance of glutamine, as detected in the Otavi and
Stampriet spiders, can be linked to the up-regulation of heat
shock proteins, for stabilizing cell membranes (Wischmeyer,
2002). Proline-betaine accumulated 27-fold in Stampriet spiders
and to a lesser degree in Otavi spiders. Proline-betaine is an
ammonium salt know from animals, plants and bacteria (Sethi
and Carew, 1974; Blunden et al., 1982; Pierce et al., 1984; Amin
et al.,, 1995). Its role in animals is unclear and not determined
in spiders, but it is a known osmoprotectant in bacteria (Pierce
et al., 1984; Amin et al., 1995; Haardt et al., 1995; Bayles and
Wilkinson, 2000). Furthermore, spiders from Otavi also had
higher relative abundances of the polyols myo-inositol and myo-
inositol-phosphate, which are linked to thermal tolerance in the
house spider Parasteatoda tepidariorum (Tanaka, 1993, 1995).

CONCLUSION

We detected significantly different metabolite profiles in three
genetically distinct populations of the social spider S. dumicola.
We found no evidence for the role of the spider microbiome
in shaping the observed metabolite profile pattern. While the
origin of the metabolites driving this population-specific pattern
remains unresolved, many of them can be linked to either
thermal stress (e.g., lactate, succinate, or xanthine), thermal
protection (e.g., polyols, trehalose, or glycerol) or both (e.g., free
amino acids and sugars); these metabolites were most abundant
in spiders from the hottest geographic location. These results
are consistent with a role of the S. dumicola metabolome in
temperature response.
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