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Abstract
Mermessus trilobatus, an invasive North American linyphiid spider, has expanded its invasion range up to 1400 km in Europe, 
accelerating its dispersal speed in less than 40 years. The high heritability of dispersal behaviour and the spatial sorting of 
high and low dispersers indicate a genetic basis of dispersal behaviour. However, microbial endosymbionts can moderate 
dispersal behaviour in related species (Rickettsia in Erigone atra). Hence, dispersal behaviour in M. trilobatus might also be 
dictated by the activity of dispersal-mediating endosymbionts. Here, we investigated the microbiome of invasive M. trilobatus 
spiders extracted from (1) high- and low-dispersive individuals and (2) spiders originating from locations close to the edge 
and core of the expansion. We examine the microbiomes for the presence of potential dispersal- and reproduction-mediating 
bacterial strains and compare the microbial assemblages of spiders based on their dispersal behaviour and locations of origin. 
The composition of microbial assemblages was similar among spiders of different geographic origins and dispersal behav-
iour. However, microbial richness was lower in high- than in low-dispersive individuals. Surprisingly, none of the known 
dispersal- or reproduction-altering endosymbionts of arthropods was identified in any tested spider. This contrasts with 
published results from North America, where M. trilobatus is a known host of Rickettsia and Wolbachia. Thus, the invasive 
European population appears to have lost its associated endosymbionts. As endosymbionts can reduce spider mobility, it is 
possible that their absence facilitates the spread of the invasive spider population. The absence of endosymbionts among 
the analysed individuals substantiates the role of genetic mechanisms behind the variable dispersal behaviour of invasive 
M. trilobatus in Europe. 
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sequencing

Introduction

The introduction of invasive species to novel areas is a press-
ing issue of the Anthropocene, and the rate of such introduc-
tions is expected to increase rapidly [1]. Once introduced 
to their exotic ranges, invasive species establish and then 
disperse, colonising more distant areas [2, 3]. Dispersal, 
therefore, is a vital trait in the life history of range-expanding 
species [3, 4].

Mermessus trilobatus (Araneae: Linyphiidae), an inva-
sive North American spider, has colonised a vast area of 
Europe, accelerating its expansion speed from about 150 km 
per decade in the 1980s to 400 km after 2010 [5, 6]. Spiders 
originating from areas with more recent colonisation history 
show twice as high dispersal propensity as their counterparts 
originating from the regions close to the core of the invaded 
range [6]. The high heritability of dispersal behaviour in 
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M. trilobatus [7] and the accumulation of highly dispersive 
individuals in areas with the most recent spread [6] indicate 
a genetic background of dispersal behaviour in this invasive 
spider.

Nevertheless, other internal factors, such as microbial 
infestation, might also moderate dispersal behaviour in spi-
ders. Notably, Goodacre and colleagues [8] have demon-
strated the role of Rickettsia endosymbionts in the long-dis-
tance dispersal of another linyphiid species—Erigone atra. 
In their study, Rickettsia presence reduced dispersal pro-
pensity in E. atra, and antibiotic treatment increased long-
distance dispersal behaviour. Further, maternally inherited 
bacterial symbionts such as Cardinium, Rickettsia, Spiro-
plasma, and Wolbachia are known to influence the reproduc-
tive ability of arthropods, including spiders, by increasing 
the reproductive success of infected females (e.g. [8–12]). 
Rickettsia and Wolbachia have already been identified in the 
microbiome of M. trilobatus individuals collected in their 
native range in North America (Rickettsia in ~ 70% and Wol-
bachia in ~ 20% of tested spiders [12]). Consequently, the 
dispersal behaviour and reproductive traits of M. trilobatus 
might be dictated by microbial endosymbionts, with a sub-
sequent substantial impact on the population dynamics and 
spatial distribution of these spiders in Europe.

Despite the possible role of microbial infections in the 
life history of invasive and range-expanding species, the 
knowledge of host-symbiont-mediated behaviour in spiders 
is limited [13]. Moreover, previously unidentified microbial 
species are being newly described. Hence, new data on the 
microbiome of invasive and/or expanding species can create 
avenues for further investigation of host-symbiont interac-
tions and their roles in the host’s life history.

Here, we present microbiome data of invasive M. triloba-
tus from Europe. We compare the microbial assemblages of 
spiders exhibiting high- and low-dispersive behaviour. Fur-
thermore, we compare the microbial assemblages of spider 
offspring originating from a recently colonised area near the 
invasion front (since ~ 2018, Horsens, Denmark) with spi-
ders from one long-established population close to the inva-
sion core (since ~ 1981, Wilgartswiesen, Germany). The spi-
ders from Horsens showed at least two times higher dispersal 
propensity than those originating from Wilgartswiesen [6]. 
We aim, thus, to address the following questions:

•	 Does the microbiome of M. trilobatus contain bacteria 
that are known to affect spider dispersal behaviour or 
reproduction?

•	 Do microbial communities differ between high- and low-
dispersive spiders?

•	 How different are microbial communities between spi-
ders from the edge and core of the invaded range?

•	 Do the microbial communities of high-dispersive and/
or spiders from the invasion range edge share an uni-

dentified bacterium absent in the microbiome of low-
dispersers and/or spiders originating from the invasion 
core areas? Alternatively, do the low-dispersers and/or 
the spiders from the core areas of the invasion range 
harbour a unique unidentified bacterium absent in the 
microbiome of high-dispersers and/or spiders from the 
invasion range edge?

Methods

Spider Collection and Sample Preparation

We collected the first batch of spiders (mated females) in 
Landau, Germany, and Vienna, Austria, in 2020 (28 and 26 
individuals, respectively) [6]. We used the first and second 
lab-reared generation offspring of the wild-captured females 
for the dispersal experiments reported elsewhere [7]. In 
brief, spiders were tested for dispersal behaviour three 
times during three consecutive days and considered high-
dispersive if they demonstrated the pre-dispersal behaviour at 
least once daily. The spiders were considered low-dispersive 
if no pre-dispersal behaviour was registered during the 
3 days of experiments (for more details, see [7]). For further 
microbiome extraction, we froze the second lab-reared 
generation males phenotyped as high- and low-dispersive 
at − 20 °C. We collected the second batch of spiders (also 
mated females) in two distant European locations: Horsens 
in Denmark and Wilgartswiesen in Germany in 2021 (16 
individuals from each location). Horsens is considered 
close to the invasion front since all records from Denmark 
are from 2018 or younger. In contrast, Wilgartswiesen is 
situated closer to the core areas of M. trilobatus’ invasion 
range (for more details, see [6]). We then froze the first lab-
reared generation male offspring from each location at − 20 
°C for microbiome extraction. Note that spiders preserved in 
2021 for these analyses were not phenotyped for dispersal 
behaviour. However, spiders from Horsens showed at least 
twice as high a dispersal propensity as their counterparts 
from Wilgartswiesen [6]. We could preserve only males 
because females were used for the experiments until their 
natural death (reported elsewhere [6, 7]).

DNA Extraction, 16S rRNA Gene Amplicon 
Sequencing and Analysis

All specimen handling was carried out inside a UV worksta-
tion (PCR Workstation Pro, VWR), in which all equipment 
and plastics had first been irradiated under UV light for 
30 min to remove any contaminating DNA. We used the 
whole spider specimen for DNA extraction. Each spider 
was surface sterilised by submerging it in an individual tube 
of 0.15% NaOCl for 30 min. Spiders were then transferred 



The microbiome of an invasive spider: reduced bacterial richness, but no indication of… Page 3 of 8     70 

to individual tubes of 100% ETOH and fully submerged to 
remove any bleach residue. Specimens were subsequently 
air-dried on sterile Kimwipes before being transferred into 
individual tubes containing 300 µL of Cell Lysis Solu-
tion (PureGene Tissue Kit, Qiagen), 1.5 µL of Proteinase 
K (Qiagen), and two sterile stainless steel ball bearings 
(Viwanda). Forceps were sterilised in 0.5% NaOCl, then 
thoroughly rinsed in 100% ETOH, before and after han-
dling each specimen. Two blank samples were included in 
the workflow to test for possible DNA contamination on 
forceps, in reagents, on Kimwipes, etc. These consisted of 
tubes containing only the Cell Lysis Solution, Proteinase K, 
and sterile ball bearings. To simulate spider handling, after 
having processed all of the spider specimens and re-steri-
lised the forceps as explained above, the tips of the forceps 
were dipped into a 0.15% bleach tube, then a 100% ETOH 
tube, then gently wiped against a sterile Kimwipe, and then 
swirled around inside the Cell Lysis Solution/Proteinase 
K tube for 5 s. These blanks were treated as samples and 
included in all subsequent steps. Specimens were homog-
enised in a 1600 MiniG tissue grinder (SPEX Sample Prep) 
at 1500 RPM for 3 min. They were then incubated at 55 °C 
for 6 h. DNA was extracted using the Qiagen PureGene kit 
according to the manufacturer’s protocol, with the addition 
of GlycoBlue Coprecipitant (ThermoFisher) in a ratio of 
1:600 GlycoBlue:isopropanol, to improve the visibility of 
DNA pellets.

16S rRNA gene amplicon libraries were generated using 
the primers MS-27F and MS-338R [14]. PCR was performed 
using the Qiagen Multiplex kit following the manufacturer’s 
protocol, with 35 cycles and an annealing temperature of 
55 °C. Non-template controls were included to test for con-
tamination of the PCR reagents. The PCR primers included 
a 5′ Illumina tail that allowed for a second round of PCR, in 
which each sample was tagged with a unique combination 
of 8-bp F and R barcodes following Lange et al. [15], with 
six cycles and an annealing temperature of 56 °C. PCR suc-
cess was verified by running the products on a 1.5% agarose 
gel. All samples, blanks, and non-template controls were 
pooled in equal volumes (all gel bands appeared equally 
strong), cleaned of residual primer using 1X AMPure beads 
(Beckman-Coulter), and sequenced on an Illumina MiSeq 
using the 500-cycle V2 paired-end sequencing kit.

Sequences were demultiplexed by index barcode com-
bination using the MiSeq Control Software version 2.6.2.1 
(Illumina). F and R reads were merged using PEAR [16] 
with a minimum overlap of 50 bp and a minimum quality of 
20. Merged reads were then quality filtered with a minimum 
quality of 30 over a minimum of 90% of bases, and con-
verted to FASTA format, using FastX-Toolkit version 0.0.13 
[17]. Primer sequences were trimmed off using awk [18] and 
sed. Trimmed FASTA files were dereplicated and denoised 
into zero-radius operational taxonomic units (zOTUs) using 

USEARCH version 10.0.240 [19]. zOTUs were taxonomi-
cally identified by BLAST searching [20] against the NCBI 
nucleotide database and annotated using blast2taxonomy 
version 1.3.4 [21]. DNA extraction blanks and non-template 
PCR controls were used to check for contaminants in the 
data: all zOTUs that recovered at least two reads in any of 
these controls were removed from the data set. To address 
possible index bleeding or carryover, all read numbers lower 
than ten were deleted and replaced with zeros using Find/
Replace in Microsoft Excel version 16051.14430.20306.0. 
After this cleaning step, some of the samples (spiders) and 
bacterial zOTUs returned only zero values. We removed 
these individuals and zOTUs from subsequent analysis (see 
Table 1 for the sample sizes).

All analyses were performed in R (version 4.4.1; [22]) 
through RStudio (version 2024.09.0; [23]) using the pack-
age vegan [24] unless specified otherwise. Due to complete 
independence (different sets of spiders, sampling years, and 
generations), we analysed the data separately based on spi-
ders’ dispersal behaviour (high vs low) and origin (Horsens 
vs Wilgartswiesen). We used zOTU relative abundance (read 
numbers) for all analyses.

First, we calculated the within-sample diversity (alpha) 
for high- and low-dispersive spiders as well as based on the 
origin of spiders (estimateR function) using the number of 
observed bacterial OTUs as a proxy for richness. We then 
compared the richness of microbial communities between 
high- and low-dispersive spiders and between spiders origi-
nating from Horsens (invasion front) and Wilgartswiesen 
(invasion core) training negative binomial generalized linear 
models (glm.nb function from package MASS; [25]). The 
negative binomial distribution was selected because it is 
the most flexible and suitable for count data [26]. We then 
applied the ANOVA χ2-test (ANOVA function in package 
car; [27]) to the glm.nb models.

For between-sample diversity (beta), we first standardised 
the data using Hellinger transformation (decostand function). 

Table 1   Sample sizes of spiders from which microbiomes were 
extracted and analysed,  as well as the mean number of bacterial 
OTUs (alpha diversity, richness) observed in each group. The number 
of spiders used for the analysis is shown in brackets

All read numbers lower than ten were deleted and replaced with zeros 
to tackle possible index bleeding or carryover. Hence, some of the 
samples (spiders) and bacterial zOTUs returned only zero values and 
were removed from subsequent analysis

Group/origin Number of spiders Mean number of 
bacterial OTUs

P value

High-dispersive 19 (15) 7.5 0.0032
Low-dispersive 21 (21) 12
Horsens 40 (39) 10.5 0.5701
Wilgartswiesen 31 (31) 9.8
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We then calculated Bray–Curtis dissimilarity indices 
(vegdist function) as a quantitative measure of microbial beta 
diversity among spiders with different dispersal behaviour 
and origins. We used these values to create non-metric 
multidimensional scaling ordinations (NMDS; metaMDS 
function) to evaluate the roles of spiders’ dispersal behaviour 
and origin. We calculated PERMANOVA tests (adonis2 
function) on these dissimilarity indices to test for significant 
differences. The plots were created with ggplot2 [28], viridis 
[29], and rgl [30] packages.

Results

In total, we identified 121 microbial OTUs (25,157 reads in 
total) in high- and low-dispersive spiders and 218 (57,883 
reads in total) in spiders originating from two distant loca-
tions (Horsens and Wilgartswiesen). No Rickettsia strains 
were identified in any spider, indicating that dispersal 
behaviour in this species is not influenced by the presence 
of hitherto known dispersal-mediating bacterial symbionts. 
Interestingly, none of the most common endosymbionts of 
spiders, namely Cardinium, Spiroplasma, and Wolbachia, 
was found in any tested spider. The microbiomes of most of 
the spiders were dominated by Renibacterium salmoninarum 
and Mycobacteroides abscessus (44% of all reads; Table 2). 
Furthermore, no unique unidentified bacterium was present 
in the microbiome of only high-dispersive spiders and/or 
spiders originating from the invasion range edge (Horsens) 
and absent in low-dispersers and/or spiders from the inva-
sion core population (Wilgartswiesen). Similarly, microbi-
omes of low-dispersers and/or spiders from the core of the 
invasion range (Wilgartswiesen) harboured no unidentified 
bacterium absent in high-dispersive spiders and/or spiders 
originating from the invasion range edge (Horsens).

On average, high-dispersive spiders harboured around 
40% fewer bacterial OTUs (richness; alpha diversity) than 
their low-dispersive counterparts (7.5 vs 12, respectively; 
χ2 = 8.7, P = 0.0032; Fig. 1a; Table 1). Analyses of alpha 
diversity based on the spiders’ origin indicated no signifi-
cant differences in microbial richness between Horsens and 
Wilgartswiesen spiders (10.5 vs 9.8, respectively; χ2 = 0.3, 
P = 0.5701; Fig. 1b; Table 1). 

The ordination with NMDS revealed no visible spatial 
difference in microbial communities between spiders with 

high- and low-dispersive behaviours (k = 3; stress = 0.17; 
Fig. 2a) and based on spiders’ origin (k = 3; stress = 0.18; 
Fig. 2b). These similarities were also supported statistically 
both based on spiders’ dispersal (PERMANOVA; F(1,34) = 
1.3; P = 0.141) and their origin (PERMANOVA; F(1,68) = 
0.9; P = 0.463), indicating no significant community dif-
ferences between compared groups. We also analysed the 
presence/absence data for validation, which yielded similar 
results (dispersal: PERMANOVA; F(1,34) = 1.0; P = 0.488; 
origin: PERMANOVA; F(1,68) = 1.2; P = 0.245).

Discussion

The microbiome of high- and low-dispersive spiders, as 
well as spiders originating from the edge and core of the 
expansion range of M. trilobatus, harboured no microbial 
strain previously known to influence the dispersal behaviour 
in spiders (Rickettsia; [8]), supporting the role of genetic 
background and not microbial infections in the disper-
sal behaviour of M. trilobatus. Furthermore, none of the 
reproduction-mediating endosymbionts in other arthropods 
(e.g. Rickettsia, Rickettsiella, Wolbachia; [31–33]) has 
been identified in any analysed spider. Overall, the micro-
bial assemblages of the tested M. trilobatus spiders showed 
high similarities based on the dispersal behaviour (high vs 
low) and originating locations (core vs edge of the expan-
sion range). Interestingly, unlike their native conspecifics in 
North America [12] and many arthropods [10, 34], invasive 
M. trilobatus individuals in Europe did not carry any of the 
most common microbial endosymbionts. This fact suggests 
that the absence of endosymbionts contributes to a generally 
high mobility of the European invasive population compared 
to native counterparts in North America. Even if no role of 
microbial infections was detected behind the current varia-
tion of dispersal propensity, the absence of endosymbionts 
could have facilitated the spread of Mermessus at an early 
invasion stage. It could even be speculated that the loss of 
Rickettsia infections in some Mermessus individuals of the 
European founder population has enhanced their mobility, 
giving them a selective advantage in the new range with 
ample unoccupied habitat. Such a mechanism provides a 
possible explanation for the loss of dispersal-suppressing 
endosymbionts also in other invasive species.

Table 2    The total and average 
number of reads of the two 
most common OTUs identified 
in the microbiome of most of 
the 111 tested M. trilobatus 
individuals (44% of all reads)

Strain Total number of 
reads

Average number of 
reads

Number of 
host spiders (% 
spiders)

Renibacterium salmoninarum 19,387 175 69 (62%)
Mycobacteroides abscessus 17,432 157 76 (68%)
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Fig. 1   The richness of microbial OTUs identified in the a high- and low-dispersive spiders and b spiders originating from two distant locations 
in Europe (Horsens in Denmark and Wilgartswiesen in Germany) using the number of observed OTUs as a proxy of alpha diversity

Fig. 2   The ordination plots display non-metric multidimensional scal-
ing (NMDS) on dissimilarities of a high- and low-dispersive spiders 
(stress value = 0.17) and b spiders originating from Horsens and Wil-

gartswiesen (stress value = 0.18). See Figs. S1 and S2 in the supple-
mentary information for the video animations

Surprisingly, European invasive spiders seem to lack the 
most common endosymbionts of spiders (e.g. Cardinium, 
Spiroplasma, Wolbachia, Rickettsia; [10, 12]). However, the 
native M. trilobatus in the USA hosts Rickettsia and Wol-
bachia [12]. The loss of facultative endosymbionts has been 

previously reported for invasive species (e.g. Green Peach 
Aphid; [39]). Possible explanations include environmental 
mismatch [40], increased immune response [35, 36, 41], 
associated high energy costs [42], or founder effects of the 
invasive populations. Furthermore, a sister species of M. 
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trilobatus—M. fradeorum—harbours Rickettsia, Rickett-
siella, and Wolbachia as endosymbionts in North America, 
and laboratory experiments prove their significant role in 
hosts’ feminisation and cytoplasmic incompatibility [31, 32] 
as well as possible temperature dependence of Rickettsiella-
driven cytoplasmic incompatibility [43]. Working with M. 
trilobatus since 2019, we have never observed feminisation 
among the lab-reared European populations (NN and ME 
personal observations). Nevertheless, the possibility that a 
loss of endosymbionts is typical in invasive versus native 
populations needs thorough investigation.

Independent of the absence of endosymbionts, high-
dispersive spiders hosted a substantially lower number 
of microbial strains than low-dispersive individuals. This 
trend might be a surprise since vagile individuals should be 
exposed to more microbial infections than their less mobile 
counterparts due to the frequent environmental changes 
they face. However, high dispersal ability is often coupled 
with a strong immune response (e.g. [35, 36], but see [37]), 
which could translate into the lower bacterial richness of the 
microbiome of vagile versus sessile individuals, especially 
in the lab-reared individuals that did not have an opportunity 
to expose themselves to different environments. Similarly, 
compared to specialist predators, generalists have a higher 
tolerance to entomopathogenic bacteria associated with a 
more efficient cell-mediated immune response, most likely 
due to broader pathogen exposure rates of generalist versus 
specialist insect species [38].

The relations between the invasive spiders and the two 
most abundant microbial species identified in tested spiders, 
namely Renibacterium salmoninarum and Mycobacteroides 
abscessus, remain unclear due to a lack of knowledge of 
the relation between these two bacteria and arthropods, 
especially spiders. Renibacterium salmoninarum is notorious 
for causing bacterial kidney disease worldwide, particularly 
in salmonid fish [44]. Mycobacteroides abscessus is known 
as a human pathogen in the medical community [45]. To our 
knowledge, the associations between R. salmoninarum, M. 
abscessus, and spiders have never been studied. However, 
M. abscessus has been isolated from natural and artificial 
water sources and can easily survive in soil [45] from where 
this bacterium, as well as R. salmoninarum, can find their 
way into spiders’ microbiome through the soil arthropods 
on which spiders feed. Renibacterium salmoninarum, in 
particular, has already been identified in the microbiome of 
ticks [46]. Nevertheless, the associations between these two 
bacteria and spiders must be further investigated.

One limitation of our study is that all microbiomes are 
from male individuals. Nevertheless, males of M. trilobatus 
disperse more often than females [6, 7] and, hence, repre-
sent ideal study systems for investigating the link between 
microbial assemblage and dispersal behaviour. Further, we 
extracted the microbiome of only lab-reared spiders, which 

could explain our dataset’s overall low read number. A sig-
nificant reduction of certain microbial strains in the biome of 
lab-reared individuals can be expected after 3 and a complete 
disappearance only after 6 months of lab-rearing in mites 
[47]. In contrast, tested spiders here were bred in the lab for 
only around 1 (one generation; Horsens and Wilgartswiesen 
spiders) and up to 2 months (two generations; high- and low-
dispersive spiders). Thus, we assume that endosymbionts 
would have been detected if they had been present in the sam-
pled wild populations. Notably, the differences in dispersal 
propensity between populations [6] and heritability experi-
ments [7] were assessed with lab-reared first and second gen-
erations of M. trilobatus, respectively. Thus, the absence of 
behaviour-mediating endosymbionts in the current study sug-
gests that they were equally absent in the individuals used in 
the above studies. This substantiates that inherited differences 
in dispersal behaviour previously observed in M. trilobatus 
[6, 7] are genetic and unrelated to the possible transfer of 
microbial infections across generations.

In conclusion, the high similarity of microbial assemblages 
of high- and low-dispersiveal spiders, as well as microbiome 
assemblages of spiders originating from distant locations 
within the invaded range, indicates no impact of the 
microbiome on dispersal behaviour in the European invasive 
population of M. trilobatus. This is underlined by the 
absence of Rickettsia or other known behaviour-mediating 
endosymbionts in any tested spiders. Consequently, variation 
in dispersal behaviour in invasive M. trilobatus is most 
likely based on molecular mechanisms, which are yet to 
be investigated. Furthermore, invasive populations of M. 
trilobatus in Europe seem to have lost the endosymbionts 
that are common in most arthropods and also in their native 
populations in North America. Highly dispersive individuals 
harbour reduced bacterial richness compared to low 
dispersers, possibly due to the more potent immune response 
of high- versus low-dispersive spiders. Hence, dispersal 
behaviour may drive bacterial endosymbiont assemblage, 
rather than bacterial assemblage driving dispersal, in this 
invasive spider.
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