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Social spiders of the species Stegodyphus dumicola live in communal nests with hundreds of individuals
and are characterized by extremely low species-wide genetic diversity. The lack of genetic diversity in
combination with group living imposes a potential threat for infection by pathogens. We therefore pro-
posed that specific microbial symbionts inhabiting the spider nests may provide antimicrobial defense.
To compare the bacterial and fungal diversity in 17 nests from three different locations in Namibia, we
used 16S rRNA gene and internal transcribed spacer (ITS2) sequencing. The nest microbiomes differed
between geographically distinct spider populations and appeared largely determined by the local envi-
ronment. Nevertheless, we identified a core microbiome consisting of four bacterial genera
(Curtobacterium, Modestobacter, Sphingomonas, Massilia) and four fungal genera (Aureobasidium,
Didymella, Alternaria, Ascochyta), which likely are selected from surrounding soil and plants by the nest
environment. We did not find indications for a strain- or species-specific symbiosis in the nests.
Isolation of bacteria and fungi from nest material retrieved a few bacterial strains with antimicrobial
activity but a number of antimicrobial fungi, including members of the fungal core microbiome. The sig-
nificance of antimicrobial taxa in the nest microbiome for host protection remains to be shown.
� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
Introduction

Sociality has evolved several times independently in arthro-
pods like bees, ants, termites, and spiders [44,56,76]. The benefits
gained from group living involve higher reproductive success due
to parental care, protection from predation by nest-building and
nest-guarding behavior [50,84], and improved foraging success
[86]. However, group living also comes with an increased risk of
pathogen attack and transmission of diseases [84]. Therefore, cer-
tain social arthropods engage in mutualistic defensive symbioses
with antimicrobial compound-producing microorganisms to com-
bat pathogens [18,21,78,80]. A well-studied example is the sym-
biosis between leafcutter ants with antibiotic-producing
Actinobacteria (Pseudonocardia) that are confined to specialized
compartments on their cuticle that aid in controlling the parasitic
Escovopsis fungus [22]. Other antimicrobial symbionts are
recruited from the environment, for example by using nest mate-
rials that provide suitable growth conditions for symbiont enrich-
ment [18], such as the enrichment of defensive mutualistic
Actinobacteria by the use of fecal material in nests of the social ter-
mite Coptotermes formosanus [17]. Because of such symbiotic rela-
tionships, there is an increasing interest in studying the
microbiomes of social arthropods and their nests as a source of
novel antimicrobial drugs [8,59].

Social spiders of the species Stegodyphus dumicola are commu-
nal nest spiders that live in female-dominated communities with
up to several hundred individuals. They cooperate in nest activities
such as prey capture, communal feeding, nest and web mainte-
nance, and brood care [44]. Stegodyphus spiders build compact,
tunneled nests with large capture-webs extending out from the
nest (Fig. 1B-C). The nest is often built on branches of savanna
shrubs such as acacia trees and is composed of dense layers of spi-
der silk and a great variety of organic materials including branches,
leaves, and some prey exoskeleton that become incorporated in the
nest walls as the colony expands [4,20,34,65].

This species habours extremely low population genetic and
species-wide genetic diversity across the entire genome caused
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Fig. 1. (A) Geographical distribution of S. dumicola populations in Namibia, from which nests were collected, with annual mean temperature (data for 2017 from Bioclim
http://www.worldclim.org/bioclim). (B) S. dumicola nest on an Acacia thorn bush in Otavi, Namibia, 2017. The arrows highlight the capture-web extending out from the nest.
(C) An up-close picture of the same S. dumicola nest with arrows pointing to the nest. Photographs by Jakob Gübel.
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by an inbreeding mating system combined with female-biased
sex ratio, reproductive skew (i.e. only a small proportion of
the females reproduce), and frequent extinction-colonisation
events [67,68]. Group living in combination with this low
genetic diversity could render the spiders particularly vulnerable
to pathogen attack [25]. Despite this, highly inbred S. dumicola
nests and lineages can persist over generations, and the species
is found across a broad geographic range in Southern and Cen-
tral Africa [46]. S. dumicola spiders harbor low-diversity micro-
biomes, dominated by specific endosymbionts related to
Mycoplasma, Borrelia, and Diplorickettsia [11]. Since there are
no indications of antimicrobial protection by these species, we
suggested that potential defensive symbionts, either bacterial
or fungal, may instead be found in the spiders’ nests. Indeed a
recent study showed numerous volatile organic compounds with
antimicrobial activity in nests of S. dumicola [39]. Only recently,
a single study has addressed the bacterial communities inhabit-
ing S. dumicola nests [36], while the fungal communities remain
largely unknown.

Here we hypothesized that S. dumicola nests harbor specific
microbial symbionts with antimicrobial activity, which have the
potential to protect the spider host against pathogens. The main
objectives of this study were: (i) to characterize the bacterial and
fungal nest microbiomes of geographically distinct spider popula-
tions with the aim of identifying specific symbionts, (ii) to isolate
representative bacterial and fungal strains, and (iii) to test them
for antimicrobial activity. To this end, we carried out bacterial
16S rRNA gene and fungal internal transcribed spacer (ITS2) ampli-
con analysis of nest material. We used standard direct plating and
enrichments to isolate diverse bacteria and fungi and assessed
their in situ representation by sequence comparison, and screened
them for antimicrobial activity against a Bacillus nest isolate and
three additional bacterial strains.
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Methods and materials

Sampling of nest material for amplicon sequencing and cultivation

In total, 17 S. dumicola nests were collected in May 2017 from
three distinct populations in different climatic regions of Namibia
(Fig. 1 & Table S1). Temperature data (Fig. 1) were retrieved from
Bioclim [24]. Humidity was recorded in five nests of each popula-
tion from April 2017 to December 2018 using iButtonTM tempera-
ture and humidity loggers (Maxim Integrated, CA, USA). The
average relative humidity was 44.1% for Otavi, 28.8% for Betta,
and 33.4% for Karasburg. Detailed information on the sampling
sites and the results obtained from each of them are provided in
Table S1. Nests were brought to the lab at Aarhus University,
Denmark, where spiders were removed, and nest material was
subdivided with forceps into 15 mL Falcon tubes for cultivation
(kept at 4 �C) and into 2 mL microcentrifuge tubes for DNA extrac-
tion (stored at �20 �C).

DNA extraction and amplicon sequencing of 16S rRNA and ITS2 region

For an overall representation of the fungal and bacterial diver-
sity within the nest, material was subsampled from five random
but distantly positioned locations of each nest. DNA was extracted
with the Qiagen DNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
with the following changes: subsampled nest material was dis-
rupted separately for 30 s at speed step 40 and then for 15 s at
speed step 50 using a TissueLyser LT (Qiagen, Hilden, Germany).
After disruption, samples were combined and further extracted
according to the manufacturer’s protocol (from step 7), yielding
one DNA extract per nest.

Bacterial 16S rRNA gene amplicons were prepared according to
Illumina’s 16S Metagenomic Sequencing Library Preparation guide

http://www.worldclim.org/bioclim
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with slight modifications: a first round of PCR (20 cycles) was used
to amplify the V3-V4 region using primers 341F (50-CCTACGGGB
GGCWGCAG-30) and 805R (50-GACTACHVGGGTATCTAATCC-30)
[30] without adapters, and with bovine serum albumin (BSA, 0.2
mg mL�1) in the mix. A second PCR (10 cycles to add the adaptors)
and a third PCR (8 cycles to add the index) as well as the purifica-
tion of PCR products using AMPure XP magnetic beads followed
the standard Illumina protocol. The same strategy was applied
for the amplification of the fungal ITS2 region: the first PCR (30
cycles) used primers ITS3 (50- GATGAAGAACGYAGYRAA-30) and
ITS4 (50-CTBTTVCCKCTTCACTCG-30) [77] (10 pmol mL�1 each),
TakaRa Taq DNA Polymerase (Takara Bio Europe AB, Göteborg,
Sweden), 10X Extaq Buffer (Sigma-Aldrich, St. Louis, MO),
200 mM dNTP, 0.2 mg mL�1 BSA, and an annealing temperature of
56 �C. The adaptor-PCR (10 cycles) was identical but without the
addition of BSA. The index PCR (8 cycles) followed the standard
Illumina protocol. Amplicon concentrations were measured using
the Quant-iTTM Broad-Range dsDNA Assay Kit on a FLUOstar
Omega fluorometric microplate reader (BMG LABTECH, Ortenberg,
Germany); amplicons were diluted to approx. 3 ng mL�1, pooled,
and sequenced on an Illumina MiSeq desktop sequencer.

Amplicon data analysis

All data processing was done in RStudio v. 1.0.153 using cus-
tomized R scripts. Barcodes were trimmed from raw reads using
the package Cutadapt v.2.4 [47]. For the 16S rRNA amplicon data
filtering, de-replication, merging of paired-end reads, removal of
chimeras, amplicon sequence variant (ASV) assignment and classi-
fication was done using the R package DADA2 [12] with filter set-
tings: maxEE = 2.2, truncQ = 2, and truncLen = 230, and Silva SSU
reference database Nr. 132 for classification [60]. ASV-,
taxonomy-, and sample tables were extracted using the R package
phyloseq [49]. ASVs were filtered to exclude ASVs shorter than
400 bp or not classified as bacteria.

For the fungal ITS amplicons, the trimmed reads were merged
using the program PEAR v. 0.9.11 [87] and error corrected using
DADA2 [12] and customized scripts. The filtering settings used
were: maxEE = 1, truncQ = 2, and the ITS sequences were identified
and extracted using the free software ITSx v.1.0.11 [7]. Finally, the
ASVs were classified according to the sh_general_release_dynami
c_01.12.2017 database (UNITE Community (2017): UNITE general
FASTA release. Version. 01.12.2017. UNITE).

A negative control was included during sample processing and
sequencing. ASVs detected in the negative controls were consid-
ered contaminants if they were less than five times more abundant
in the samples. Contaminants were removed from the data using
custom R code.

The cut-off level for subsampling was set at 31,000 reads for
16S rRNA gene amplicons and 50,000 reads for ITS amplicons, with
seed = 42 for random number generation. Hierarchical cluster den-
drograms based on Bray-Curtis dissimilarities were constructed in
R using the Vegan v. 1.17-2 package [57]. An ANOSIM statistical
test was computed with Vegan to test whether there was a differ-
ence in beta diversity between populations. Alpha diversity esti-
mates (Observed and Shannon) and Tukey’s honest significant
test were computed in R using phyloseq and Vegan.

Venn diagrams were constructed in Excel, using non-
subsampled data and ASVs with a relative abundance > 0.001%.
ASVs were agglomerated to genus level using the R package phy-
loseq [49]. Only genera with a relative abundance of more than
0.1% in all samples from a population were considered part of
the nest core microbiome. Some of the core taxa initially consisted
of ASVs that were not classified all the way to genus-level by the
DADA2 classification pipeline. We found that the ASVs within
these core clusters represented several unclassifed genera that col-
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lectively summed to >0.1% relative abundance. Therefore, to distin-
guish core genera from none-core genera we clusterd the ASVs
using VSEARCH [62] with a genus cut-off level of 94.5% similarity
for bacteria [85] and 97% for the fungal ITS region [26].

Isolation of bacteria and fungi from spider nests

Material from eight nests representing the three spider popula-
tions (Table S1) was used for direct plating and enrichments.
Approx. 5 mL of nest material was vortexed in 5 mL of sterile 0.9
% saline, and 100 mL of this nest extract were directly spread-
plated onto agar plates with tryptic soy broth (TSB; Scharlau) or
nutrient broth (NB; Scharlau) for bacterial cultivation, and for fun-
gal cultivation onto potato dextrose agar (PDA; Sigma-Aldrich) or
onto TSB and NB plates supplemented with 1 lg mL�1 ampicillin
to reduce the growth of bacteria. Replicate plates were incubated
at 30 �C and 35 �C. The remaining nest material was divided and
inoculated in 13 mL (each) of TSB or NB. These bacterial enrich-
ments were incubated at 30 �C for two days under agitation
(120 rpm), diluted (dilution series from 10�1 to 10�9), and plated
onto NB and TSB agar plates. Emerging colonies were re-streaked
to purity after five days incubation.

The almost full-length 16S rRNA gene of the bacterial isolates
was amplified by colony-PCR using primers 8F [33] and 1492R
[43]. For fungal isolates, we used primers ITS1 [82] and LR3 [79]
with an annealing temperature of 52 �C to obtain the ITS region
and a partial 28S rRNA gene sequence. Colony-PCR did not work
on all fungal isolates, therefore DNA was extracted from the
remaining cultures using the TissueLyser LT and the Qiagen
DNeasy Plant Mini kit without modifications. PCR products were
purified with the GenEluteTM PCR Clean-Up kit (Sigma-Aldrich, St.
Louis, MO), checked by gel electrophoresis, and Sanger sequenced
by Macrogen Europe. Bacterial 16S rRNA gene sequences were
trimmed and blasted to the NCBI 16S rRNA database in Geneious
v.11.0.4 (www.geneious.com). Fungal sequences were assembled
and trimmed in Geneious, the partial 28S rRNA gene sequence
was extracted with Chaetomium sp. INBI 2-26 (GenBank accession:
AJ620951.1) as reference, and then used for identification by
BLAST.

Comparison of nest microbiome with bacterial and fungal isolates

16S rRNA gene and ITS sequences from isolates and amplicon
data were compared to determine how well the bacterial and fun-
gal isolates represented the nest microbiome. The V4 region was
identified in all bacterial ASVs by mapping against E. coli, the V4
region was extracted using Geneious v. 11.0.4, and compared to
the isolates’ 16S rRNA gene sequences using command line BLAST
[13]. The fungal isolate representation in the nest microbiome was
computed in a similar fashion but using the ITS2 region instead. In
this way, every isolate was assigned to an ASV if present in the
data. The cut-off similarity value was set at a minimum of 99%
sequence identity and 97% sequence coverage. In case several ASVs
were detected for each isolate, the ASV with the highest identity
score and coverage was selected as the final result.

Antimicrobial activity of fungal and bacterial isolates

A modified version of the Kirby-Bauer Disk Diffusion Suscepti-
bility Test protocol [31] was used to test the fungal and bacterial
isolates’ antimicrobial activity against two Gram-positive (S. epi-
dermidis BMC-HMP0060 and the spider nest isolate B. subtilis
SN1) and two Gram-negative test strains (P. putida AS1 and
E. coli DSM022). The test strains were suspended in 5 mL 0.9% sal-
ine, OD600 was adjusted to 0.125, and sterile cotton swabs were
used to make an even lawn on Mueller Hinton agar (Sigma-
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Aldrich). Bacterial isolates were tested by spotting cell-free super-
natant (15 lL) from 1-3 days old cultures (grown in 10 mL NB or
TSB broth at 35 �C, 100 rpm) and by point inoculating the culture
onto the test plates. Plates were incubated for 18–24 h at 35 �C
and checked for inhibition zones. Fungal isolates were tested by
spotting cell-free supernatant (15 lL) from 2-week old cultures
(grown in 10 mL PDA broth at 35 �C) onto sterile 6-mm cotton
discs (Whatman Grade AA DISCS) and by punching agar-plugs from
5-day-old cultures with a sterile 6-mm cork borer. Cotton discs and
agar-plugs were placed face-down on the surface of the test plates.
Plates were incubated for 48 h at 30 �C and checked for inhibition
zones.
Data availability

The amplicon sequences were submitted to NCBI Sequence
Read Archive (SRA) with the accession numbers PRJNA631601
(16S rRNA gene amplicon sequences) and PRJNA631636 (ITS2
rRNA gene amplicon sequences). 16S rRNA (accession:
MT448741-MT448781) and ITS sequences (accession:MT448802-
MT448852) of the isolates were submitted to NCBI GenBank. The
draft genome of Bacillus subtilis SN1 was also deposited in GenBank
(accession: PRJNA419282). Test strains (S. epidermidis BMC-
HMP0060, B. subtilis SN1 & P. putida AS1) and all other bacterial
and fungal isolates are from our own collection and are available
from the authors by request.
Results

The microbial community of S. dumicola nests

Amplicon sequencing of nest material sampled from 13 nests
from three spider populations (Fig. 1) resulted in a total of 3261
bacterial 16S rRNA gene ASVs (Table S2), with an average of 435
ASVs per nest, and 1734 fungal ITS ASVs (Table S3), with an aver-
age of 251 ASVs per nest. There was no significant difference in
bacterial richness (number of ASVs per nest) or diversity (Shannon
index) between populations. Fungal richness was significantly
higher in nests from Otavi compared to Betta and Karasburg, while
the diversity was only significantly higher in Otavi nests compared
to nests from Betta (Table 1).

Hierarchical cluster analysis based on Bray-Curtis dissimilarity
indicated that both bacterial and fungal nest communities from
Betta and Karasburg were more similar than those from Otavi,
which consistently were situated in a separate cluster (Fig. 2). Sta-
tistical analysis of group similarities (ANOSIM) based on Bray-
Curtis dissimilarities revealed a significant difference in bacterial
and fungal nest communities between all three populations
(p < 0.05). The ANOSIM R-value was lower for bacteria (R = 0.58)
than for fungi (R = 0.77), which indicates a higher within-
population similarity for the fungal nest community than for the
bacterial nest community (Fig. 2).
Table 1
Alpha diversity estimates (mean ± standard deviation).

Bacterial ASVs
Richness (Number of ASVs observed per nest)
Diversity (Shannon index)

Fungal ASVs
Richness (Number of ASVs observed per nest)a

Diversity (Shannon index)b

a Fungal richness in Otavi was significantly different from Betta (p = 0.013) and Karas
b Fungal Shannon diversity in Otavi was significantly different from Betta. p = 0.026.
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The bacterial nest communities of Betta and Karasburg were
largely dominated by ASVs assigned to the families Mycoplasmat-
aceae, except for three nests that showed more diverse families
and dominance of Diplorickettsiaceae, Planococcaceae, and Micro-
coccaceae, respectively (Fig. 2A). In contrast, the bacterial nest
communities from Otavi were dominated by Frankiaceae, Weeksel-
laceae, Nocardiaceae, or Spirochaetaceae, and were generally more
diverse, i.e. with a larger fraction of other families than the 20 most
abundant ones (Fig. 2A).

The fungal nest communities of Betta and Karasburg were dom-
inated by ASVs assigned to Aureobasidiaceae, followed by Didymel-
laceae and Filobasidiaceae. Nests from Otavi showed more diverse
fungal families and high abundance of Nectriaceae, Didymellaceae,
and Cordycipitaceae (Fig. 2B).
Core bacterial and fungal nest microbiomes

Four bacterial genera, the Actinobacteria Curtobacterium and
Modestobacter, the Alphaproteobacterium Sphingomonas, and the
BetaproteobacteriumMassilia, were found in all nests across all pop-
ulations with a minimum relative abundance of 0.1% (Fig. 3A,
Table 2, Table S4); they are subsequently termed the bacterial core
microbiome. These core genera collectively accounted for 11.6% of
all the bacterial reads in the dataset.

The fungal core microbiome consisted of four ascomycete gen-
era, Auerobasidium, Alternaria, Didymella, and Ascochyta, respec-
tively (Fig. 3B, Table 2, Table S5); these fungal core genera
accounted for 64.6% of all fungal reads in the dataset. None of
the bacterial ASVs and only a single fungal ASV (ASV_10, classified
to family-level as Didymellaceae; 99.43% BLAST identity to Asco-
chyta phacae) was found with at least 0.1% relative abundance in
all nests across all populations (Fig. S2, Tables S6 & S7).
Cultured diversity and antimicrobial activity

Using eight nests as inocula (Table S1), we selected 42 morpho-
logically distinct bacterial strains, these represented 15 families
(Table 3) and accounted for 5.6 % of the 197 bacterial families
detected by amplicon sequencing. Although these included five
families (Weeksellaceae, Microbacteriaceae, Micrococcaceae,
Burkholderiaceae, Planococcaceae) amongst the top 20 most abun-
dant families, accounting for ~30 % of the bacterial nest micro-
biome (Fig. 2A), an ASV-level analysis revealed that the cultured
bacterial diversity was hardly representative of the in situ nest
community: 29 isolates were very rare (<0.1% relative abundance)
or not even detected in the amplicon data, and only five isolates
showed relative abundances > 0.5% (Table 3).

Three bacterial isolates had antimicrobial activity when point-
inoculated directly onto test plates: SN1 and SN_32 inhibited the
growth of S. epidermidis and E. coli; SN_22 (>99% identical to an
abundant ASV in the amplicon dataset) inhibited S. epidermidis
(Table 3).
Otavi Betta Karasburg

444 ± 48 421 ± 188 441 ± 124
4.7 ± 0.4 3.0 ± 1.5 3.7 ± 1.3

389 ± 150 180 ± 59 184 ± 52
3.5 ± 1.1 2.2 ± 0.5 2.8 ± 0.2

burg (p = 0.023).



Fig. 2. Hierarchical clustering of the microbial communities (top dendrograms) and the relative abundance of the 20 most abundant microbial families (bar graphs) in nests
of the social spider S. dumicola from three different populations in Namibia: O (Otavi), K (Karasburg) and B (Betta). (A) Bacteria. (B) Fungi. Dendrograms are based on Bray-
Curtis dissimilarities of data subsampled to lowest sample reads. Bar charts represent fractional data without subsampling. ANOSIM R statistics for bacteria: R = 0.58,
p = 0.002. ANOSIM statistic R for fungi: R = 0.77, p = 0.001.
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In total 51 fungal isolates from 11 families were retrieved from
eight nests (Table S1), and represented 6.7 % of the 136 fungal fam-
ilies detected by amplicon sequencing. With Aureobasidiaceae,
Didymellaceae and Pleosporaceae, the cultured families included
the most dominant fungal nest microbiome members, accounting
for the majority (~73 %) of all fungal reads (Fig. 2B). In contrast
to the bacterial isolates, the majority of the fungal isolates was also
on the ASV-level representative of the nest community members.
These included most of the isolates with best BLAST hits to Aure-
obasidium, which is both a core genus and contains some of the
most abundant ASVs of the fungal community (Table 3, Tables
5

S5, S7). Together with isolates identified by BLAST as Cryptococcus,
Phoma, Briansuttonomyces, Alternaria (another core genus), and
Kabatiella, which all had 2–4% relative abundance in the amplicon
data, our isolate collection represents >50% of the in situ fungal
community (Table 4).

Twenty-four fungal isolates, including strains of the core genera
Aureobasidium and Alternaria,were antimicrobial (Table 4). As with
the bacterial isolates, antimicrobial activity was only detected
when the fungi were in direct contact with the test bacteria using
agar plugs. The majority of the antimicrobial fungi (17 out of 24)
were active against the nest isolate (B. subtilis SN1). Although some



Table 2
Relative abundance and antimicrobial potential of core microbiome members.

Taxonomy Relative abundance (%)
Average (standard deviation)

Otavi Betta Karasburg Antimicrobial potential

Bacteria
Curtobacterium 5.28 (2.34) 1.04 (0.96) 2.35 (2.21) [32]
Modestobacter 0.42 (0.25) 2.38 (1.48) 2.74 (1.45) [9]
Sphingomonas 9.99 (5.44) 0.87 (0.92) 0.85 (0.40) [63]
Massilia 3.80 (1.70) 2.11 (2.03) 7.68 (8.57) [51]

Fungi
Aureobasidium 6.86 (7.30) 68.5 (11.5) 39.7 (12.6) This study
Alternaria 3.10 (2.07) 1.12 (0.37) 8.54 (6.93) This study
Didymella 8.67 (9.40) 3.04 (2.48) 14.5 (12.3) [54]
Ascochyta 10.1 (9.05) 6.44 (5.51) 7.03 (1.71) [36]

Fig. 3. Number of shared and unique bacterial (A) and fungal (B) genera in the nest microbiomes of three S. dumicola populations in Namibia (Otavi, Karasburg, and Betta).
Genera shared by all three populations are considered members of the nest core microbiome. Numbers in brackets show the relative abundance of the shared and unique
genera in the whole dataset. Only genera present with >0.1% relative abundance in all nests of at least one population are included in the Venn diagrams, which represent
58.7% of all bacterial reads and 89.7% of all fungal reads. For genus identity and relative abundances, see Tables S4 & S5.
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fungal isolates were able to inhibit both Gram-positive and
Gram-negative bacteria, none of them were active against all four
test strains (Table 4).

Discussion

S. dumicola nest microbiomes reflect the complex nature of the spider
nest

Spider nests contain a mixture of plant material, soil/sand dust
particles, spider and prey exoskeletons, and spider silk, which are
all likely to influence nest microbiome composition. Based on the
bacterial and fungal nest community members detected in this
study, we argue that three underlying microbiomes contribute to
the nest microbiome, i.e., (i) desert soil microbiomes, (ii) plant
microbiomes, and to some extent (iii) host/prey microbiomes.

Extremophilic Actinobacteria are well adapted to arid habitats
[1] and dominate in desert soils, including the genera Geoder-
matophilus and Modestobacter (Geodermatophiliaceae) [73],
Arthrobacter and Kocuria (Micrococcaceae) [16,40,73], Rhodococcus
(Nocardiaceae) [37], Curtobacterium (Microbacteriaceae) [81], and
Micromonospora (Micromonosporaceae) [38,53]. These taxa were
among the 20 most abundant nest community members (Fig. 2A
and Fig. S1). Many of the above-mentioned extremophilic Acti-
nobacteria also constitute the microbiome of arid-adapted plants
and were e.g. found in high abundance in the exosphere of acacia
6

trees in arid environments [2]. Actinobacteria are also common in
nests of other social arthropods [45,58] and can be associated with
antimicrobial activity and pathogen defense [5,66,80].

The Mycoplasma and Diplorickettsia, which dominated the
microbiomes of nests from especially Karasburg and Betta
(Fig. 2A), as well as Borrelia (Spirochaetaceae) are specific endosym-
bionts in the gut of S. dumicola [11], while Wolbachia (Anaplasmat-
aceae) occurs intracellularly in many arthropods [11,35,74,83].
Their detection in the nest microbiomemay thus result from spider
fecal contamination or from remains of spiders or prey that are
incorporated into the nest rather than from endosymbionts
actively growing in the nests.

Also the fungal nest microbiome (Fig. 2B, Table S5) was charac-
terized by both extremophilic (desert-adapted), plant-associated,
and arthropod-associated members. Aureobasidium, which domi-
nated in nests from especially Karasburg and Betta, is a widely dis-
tributed extremophilic genus adapted to stressful conditions such
as hypersalinity or extreme temperatures [28], and, like the ubiq-
uitous nest members Didymellaceae, also common in plant phyllo-
spheres [3,27]. Phaeococcomycetaceae (Phaeococcomyces) and
Pleosporaceae (Alternaria and Curvularia) are typically plant-
associated [6,52,75] but also abundantly found in bee nests [64],
and the latter genera even enriched in ant mound nests [23]. Other
host-associated fungi are the araneopathogenic Cordycipitaceae
(Lecanicillium) and Ophiocordycipitaceae (Purpureocillium) [70–72],
which were only found in nests from Otavi (Table S5).



Table 3
Identity, relative abundance, source, and antimicrobial activity of bacterial isolates.

Antimicrobial activity against

Isolate Family Best BLAST hit % Identity % Relative
abundance

Nest S. epidermidis E. coli P. putida

SN_9 Burkholderiaceae Cupriavidus basilensis 99.3 N.da B121A – – –
SN_18 Erwiniaceae Mixta gaviniae 99.5 0.02 B120 – – –
SN_41 Erwiniaceae Mixta gaviniae 99.2 0.02 K162A – – –
SN_26 Enterobacteriaceae Cronobacter dublinensis subsp. lausannensis 99.4 1.1 O042 – – –
SN_27 Enterobacteriaceae Citrobacter braakii 98.9 0.137 O042 – – –
SN_28 Enterobacteriaceae Enterobacter bugandensis 99.2 0.137 O042 – – –
SN_47 Enterobacteriaceae Enterobacter bugandensis 99.6 0.137 B121B – – –
SN_45 Enterobacteriaceae Trabulsiella guamensis 98.7 0.139 O047 – – –
SN_25 Moraxellaceae Acinetobacter lactucae 100 N.d. O042 – – –
SN_33, SN_36 Xanthomonadaceae Stenotrophomonas maltophilia 99.4 0.001 O042 – – –
SN_22 Weeksellaceae Chryseobacterium camelliae 100 1.7 K146 U – –
SN_24 Sphingobacteriaceae Sphingobacterium pakistanense 99.7 0.004 O047 – – –
SN_13 Acetobacteraceae Roseomonas oryzae 98.4 N.d. B121A – – –
SN_30, SN_12 Microbacteriaceae Microbacterium arabinogalactanolyticum 99.1 1.0 B121A – – –
SN_31 Microbacteriaceae Microbacterium paraoxydans 99.2 0.29 B121A – – –
SN_37 Microbacteriaceae Leucobacter chromiiresistens 99.8 N.d. O042 – – –
SN_15 Micrococcaceae Glutamicibacter protophormiae 97.9 0.01 K146 – – –
SN_35 Micrococcaceae Arthrobacter woluwensis 99.1 N.d. O042 – – –
SN_39 Dietziaceae Dietzia papillomatosis 99.7 N.d. B120 – – –
SN_2 Exiguobacteraceae Exiguobacterium acetylicum 99.5 0.32 K146 – – –
SN_6 Exiguobacteraceae Exiguobacterium acetylicum 99.8 0.32 K141 – – –
SN_42 Exiguobacteraceae Exiguobacterium acetylicum 99.2 0.32 K162A – – –
SN_16, SN_44 Enterococcaceae Enterococcus faecalis 99.5 N.d. B121B – – –
SN_4 Planococcaceae Planococcus citreus 98.9 0.09 K141 – – –
SN_19 Planococcaceae Planococcus salinarum 97.8 0.63 B120 – – –
SN_5 Planococcaceae Planococcus ruber 99.0 0.017 K141 – – –
SN_17 Planococcaceae Lysinibacillus fusiformis 99.7 N.d. B120 – – –
SN_34 Planococcaceae Lysinibacillus fusiformis 99.6 N.d. O042 – – –
SN_48 Planococcaceae Lysinibacillus boronitolerans 99.1 0.001 B121B – – –
SN_7 Bacillaceae Bacillus megaterium 99.6 0.008 B121A – – –
SN_29 Bacillaceae Bacillus aryabhattai 99.7 0.008 B121A – – –
SN_38 Bacillaceae Bacillus nealsonii 98.4 N.d. B121A – – –
SN_10 Bacillaceae Bacillus paramycoides 97 N.d. B121A – – –
SN_46 Bacillaceae Bacillus proteolyticus 99.5 0.129 O047 – – –
SN1 Bacillaceae Bacillus subtilis 100 N.d. K141 U U –
SN_14 Bacillaceae Bacillus halotolerans 99.5 0.002 B121A – – –
SN_32 Bacillaceae Bacillus subtilis 98.7 0.002 B121A U U –
SN_8 Bacillaceae Bacillus subtilis 99.8 0.002 B121A – – –
SN_43 Bacillaceae Bacillus subtilis 99.8 0.002 B121B – – –

a N.d. Not detected.
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S. dumicola nest microbiomes are geographically distinct

The nest microbiomes were significantly different between all
three populations, with microbiomes from Karasburg and Betta
more similar to each other than to those from Otavi (Fig. 2A-B).
Such population-specific patterns may be driven by (i) differences
between the spider populations occupying the nests, e.g. in their
genetics or microbiome [58]; or (ii) differences in environmental
factors affecting the nests [41,61], e.g. climate, soil type, plant spe-
cies, or prey availability. We consider the first option very unlikely,
as S. dumicola, based on genome-wide analyses, show very low
divergency between populations [68], S. dumicola microbiomes
show no population-specific pattern [11], and most microbiome
members appear to be recruited from the local soil or plant envi-
ronment (see above). To exclude that the bacterial nest micro-
biome pattern was skewed by the dominance of S. dumicola
endosymbionts in nests from Karasburg and Betta (Fig. 2A), we
re-run the clustering and ANOSIM analyses without Mycoplasma
and Diplorickettsia ASVs. This emphasized the population-specific
differences, as evidenced by the increased ANOSIM R-value
(Fig. S1). In summary, we suggest that environmental factors rather
than spider genetics or spider microbiomes shape the nest micro-
biomes. This is consistent with the more similar nest microbiomes
in Karasburg and Betta, the two locations with greater overlap in
soil types and plant species, given the shorter geographic distance
7

compared to Otavi (Fig. 1), which had higher humidity and temper-
atures. Besides, nests from Karasburg and Betta were structurally
more similar (firm and coarse) in comparison to nests from Otavi
that are larger and more porous (Trine Bilde, personal observation),
indicating structural and compositional differences between nests
from different geographical areas.

Interestingly, nests from Otavi harbored a more diverse fungal
microbiome (Table 1), not dominated by Aureobasidium but instead
by pathogenic fungi (Fig. 2B). The spider-pathogenic genera Pur-
pureocillium (Ophiocordycipitaceae) and Lecanicillium (Cordycipi-
taceae) [70–72] were found among the most dominant members
in nests from Otavi (Table S5). This observation may be linked to
previous reports of S. dumicola nests during prolonged wet periods
often succumbing to outbreaks of an unidentified fungus [29], and
to decreased survival rates of S. dumicola populations experiencing
relatively higher humidity [10], altogether supporting a correlation
between higher humidity, such as experienced in Otavi nests, and
fungal pathogenesis.
The nest environment selects for a limited set of core bacterial and
fungal genera

Despite the significant differences in microbiome composition
between populations, we identified four bacterial and four fungal
core genera that were present (>0.1%) in all nests in all populations



Table 4
Identity, relative abundance, source, and antimicrobial activity of fungal isolates.

Antimicrobial Activity against

Isolate Family Best BLAST hit % Identity % Relative
abundance

Nest S. epidermidis E. coli P. putida B. subtilis

CE_20 Sporidiobolaceae Rhodotorula mucilaginosa 99.8 N.da B121A – U – –
CE_23 Tremellaceae Cryptococcus albidus 100 3 B121b – – – –
CE_24 Tremellaceae Cryptococcus albidus 100 3 B128 – – – –
CE_34 Tremellaceae Cryptococcus albidus 99.8 3 K143E – – – –
CE_25, CE_33 Tremellaceae Cryptococcus albidus 100 3 K143E – – – U

CE_35 Tremellaceae Cryptococcus albidus 100 3 K169b – – – –
CE_22 Sacchromycetaceae Debaryomyces hansenii 100 N.d. B121b – U – –
CE_1 Xylariaceae Hypocopra rostrata 99.1 0.0007 B128 – – – –
CE_37 Apiosporaceae Arthrinium ovatum 99.7 0.001 B123b – – U –
CE_47 Apiosporaceae Arthrinium ovatum 99.5 0.001 B128 – – – –
CE_16 Chaetomiaceae Acrophialophora fusispora 99.5 0.002 B128 – – – –
CE_17 Chaetomiaceae Achaetomium cristalliferum 100 0.0006 B121A – – – –
CE_46 Chaetomiaceae Achaetomium cristalliferum 100 0.0006 B126B U – – U

CE_48 Coniochaetaceae Coniochaeta sp. 0T8 99.8 N.d. B123b U – – U

CE_36 Aspergillaceae Aspergillus tabacinus 100 N.d. K143E U – – U

CE_61 Aspergillaceae Aspergillus corrugatus 100 N.d. B128 U – – U

CE_58 Aspergillaceae Aspergillus terreus 100 N.d. K146 U U – U

CE_59, CE_60 Aspergillaceae Aspergillus terreus 100 N.d. K146 U – – –
CE_62, CE_63&64 Aspergillaceae Aspergillus terreus 100 N.d. K146 U – – U

CE_10 Didymellaceae Phoma sp. 203 100 1.7 K143E – U – –
CE_28 Didymellaceae Phoma sp. WF167S 100 3.4 B128 – – – –
CE_40 Didymellaceae Briansuttonomyces eucalypti 99.7 3.4 K169b – – – –
CE_41 Didymellaceae Phoma sp. WF164S 100 3.4 K169b – – – –
CE_19 Pleosporaceae Alternaria infectoria 100 2.8 K143E – – – –
CE_52 Pleosporaceae Alternaria infectoria 100 2.8 K143E – – – U

CE_27 Pleosporaceae Cochliobolus geniculatus 99.7 0.03 K143E U – –
CE_12 Aureobasidiaceae Kabatiella sp. CF285359 98 2.8 K143E – U U U

CE_3 Aureobasidiaceae Aureobasidium sp. 100 32 B128 – – – –
CE_13, CE_30 Aureobasidiaceae Aureobasidium pullulans 100 32 K143E – – – –
CE_7 Aureobasidiaceae Aureobasidium pullulans 100 0.55b K143E – – – U

CE_9 Aureobasidiaceae Aureobasidium pullulans 100 32 B128 – – – –
CE_65 Aureobasidiaceae Aureobasidium pullulans 100 0.64b K143E – U – U

CE_66 Aureobasidiaceae Aureobasidium pullulans 100 32 K143E – – – U

CE_67 Aureobasidiaceae Aureobasidium pullulans 100 32 K169b – – – –
CE_68 Aureobasidiaceae Aureobasidium pullulans 100 0.64b K143E – – – –
CE_2 Aureobasidiaceae Aureobasidium pullulans 100 0.55b K143E – – – –
CE_45 Aureobasidiaceae Aureobasidium pullulans 100 32 B128 – – – –
CE_14 Aureobasidiaceae Aureobasidium pullulans 100 32 B128 – – – –
CE_39 Aureobasidiaceae Aureobasidium sp. RBF-6C1 100 32 B128 – – – –
CE_42 Aureobasidiaceae Aureobasidium sp. RBF-6C1 99.8 32 K143E – – – –
CE_43 Aureobasidiaceae Aureobasidium sp. RBF-6C1 99.8 32 K143E – – – –
CE_44 Aureobasidiaceae Aureobasidium sp. RBF-6C1 99.8 32 B128 – – – –
CE_32 Aureobasidiaceae Aureobasidium sp. RBF-6C1 99.8 32 K169b – – – U

CE_26 Aureobasidiaceae Aureobasidium sp. RBF-6C1 99.7 32 B128 – – – U

CE_5 Aureobasidiaceae Aureobasidium pullulans 99.7 32 B128 – – – –
CE_6 Aureobasidiaceae Aureobasidium pullulans 99.7 32 K143E – – – U

a N.d. Not detected.
b Best BLAST hits are based on the LSU gene region of the 28S rRNA gene, while relative abundance is calculated based on the ITS2 region. Therefore, isolates with identical

best BLAST hit can have different relative abundances.
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(Fig. 3A-B & Tables S4-S5). Core community members are taxa with
high relative abundance assumed to play an essential functional
role for the host or the environment they are confined to [42,69].
Therefore, identifying core members is crucial in unraveling poten-
tial symbiotic interactions. In the spider nests, however, core mem-
bers were (except for one fungal ASV) only apparent at the genus
level, and all belonged to genera commonly found in (desert) soil
or associated with (arid-adapted) plants (see above). This also
applies to the single core ASV10, a member of the typically
plant-associated Ascochyta group [14,15], and thus more likely
associated with the plants the nests are built on than with the
nests or spiders themselves. The lack of core ASVs means that dif-
ferent species are acquired by the individual nests, which argues
against a specific and stable symbiosis.

We instead propose that the nest environment selects for the
enrichment of specifically adapted bacterial and fungal genera
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from the local environment. Such an enrichment could in principle
be facilitated by the spiders, for example through the active incor-
poration of certain organic materials creating a specific ecological
niche as observed in other nest-building social arthropods [17–19].

As many of the core genera contain species with antimicrobial
potential (Table 2), their enrichment in the nests may even be ben-
eficial for the spiders. Especially the genus Massilia has recently
been recognized as a rich and unexplored source of secondary
metabolites [51] and may convey host protection. Comparative
studies of the adjacent plant and soil microbiota are needed to test
if the core genera are indeed significantly enriched in nests com-
pared to the surrounding environment.

Curiously, the only previous report on bacterial S. dumicola nest
microbiomes, from South African spider colonies [34] did neither
recover the dominance of extremophilic or plant-associated taxa
nor the geographic differentiation nor the core microbiome found
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in our study. Instead, these nests were dominated by Bacilli and
Enterobacteriaceae, with only 16 genera found in both studies,
including our core genera Modestobacter and Curtobacterium.
Whether this discrepancy is due to geographical or temporal differ-
ences, different nest/silk sampling strategies or methodological
issues, remains unclear.
A role in antimicrobial defense for the nest microbiome?

The bacterial diversity recovered by cultivation was in general
lower and less representative of the in situ nest microbiome than
the cultured fungal diversity. In addition, the majority of all bacte-
rial isolates was found in low relative abundance (<0.1 %) and none
of the core genera could be isolated (Tables 2, 3, S3). This low rep-
resentation indicates some degree of cultivation bias [48]. Thus,
adjusting the medium and cultivation conditions to more natural
conditions or applying in situ cultivation strategies such as ichip
cultivation [55], could help to increase the overall bacterial recov-
ery from nests. The three antimicrobial isolates (Table 3) had low
prevalence in nests, which argues against a stable defensive sym-
biosis between Bacillus or Chryseobacterium with the spiders. How-
ever, SN_22 (100% identical to Chryseobacterium camelliae) was
found in high relative abundance in Otavi nests (up to 18.6%,
Table S2), implying that this strain could serve a protective role
in some nests. Since we did not retrieve any representative isolates
of the core microbiome, we cannot exclude that some core micro-
biome members (e.g. Massilia, which has a large biosynthetic
potential [51]) have a defensive role.

The majority of fungal isolates were representative of the most
dominant nest microbiome members (Table 4), including two core
microbiome genera, Alternaria and Aureobasidium. Alternaria and
Aureobasidium were also found to have antimicrobial activity, sug-
gesting that these genera could aid in nest protection. However, it
remains to be tested under in situ conditions whether these fungi
indeed play a defensive role for the spiders.
Conclusions and perspectives

The fungal and bacterial nest microbiome of S. dumicola differed
between geographically distinct spider populations and was char-
acterized by members of (desert) soil and plant- or arthropod-
associated, often extremophilic, genera. At the most humid site
(Otavi), also potential pathogens such as araneopathogenic fungi
were abundant. We did not find signs of specific symbiotic associ-
ations, but we detected a core microbiome consisting of a limited
set of bacterial and fungal genera. Therefore we propose that speci-
fic taxa are selectively recruited from the local environment and
possibly enriched in the nests. Whether the nest microbiome pro-
vides antimicrobial defense to the spiders has yet to be resolved
but the genetic potential of some bacterial core genera (that still
lack representative isolates) and the in vitro antimicrobial activity
of (core) fungal isolates may point in that direction. Future studies
should therefore focus on improved isolation of representative nest
bacteria for antimicrobial testing, cultivation-independent investi-
gation of biosynthetic gene clusters, and in situ studies of antimi-
crobial defense in S. dumicola nests.
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