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Spiders, a keystone predatory group for terrestrial ecosystem balance, have underexplored gut
microbiotas. We collected 1090 spiders from 34 families in southwestern China, performing 16S rRNA
sequencing to investigate their gut microbiota. Wandering and ambushing spiders exhibited higher a-
diversity, while web-building spiders showed the lowest a-diversity with the highest endosymbiont
infection rates. Gut microbiota diversity was significantly higher in Guizhou-region spiders than in
Sichuan-region spiders. All spiders showed high amount of endosymbiont ASVs, which varied with
foraging strategies and regions. Additionally, closer geographic distances between spiders were
associated with more similar gut microbiota diversity levels. Environmental factor analysis preliminary
revealed a positive correlation between precipitation and gut microbiota diversity, though its
generalizability is limited by geographic sampling. Random processes were the primary drivers of
spiders’ gut microbial community assembly. Our findings highlight that spider gut microbiota
assembly is predominantly driven by stochastic processes but regulated by foraging strategies and
geographic factors, providing a framework for understanding predator-microbe interactions in

spiders.

Spiders are one of the most evolutionarily successful predators within ter-
restrial arthropods, exhibiting remarkable species diversity and adaptability
to various ecological niches, and playing an irreplaceable role in maintaining
the stability of the food web and the nutrient cycle'”. Spiders have a unique
extraintestinal digestion mode (where the venom anesthetizes the prey and
then injects digestive fluid to liquefy the tissues before ingesting it), diverse
lifestyles, and wide distribution etc., making it a special model for studying
the gut microbiome’. In recent years, gut microbiotas have been widely
studied and proven to play an extremely important role in the health,
metabolism, disease, and other aspects of the host™'’. However, most of the
studies about gut microbiomes were focused on humans, mammals, and
livestock. Whether gut microorganisms can enhance spider fitness or
contribute to their adaptive evolution remains poorly understood. More-
over, there are relatively few studies on the gut microbiota of spiders, and
they are often limited to a few spider species'' ™, leaving a significant gap
compared to more extensively studied animal groups.

The composition and function of the gut microbiome in spiders may be
closely related to multiple self-characteristics and environmental
factors"'*". Previous studies have investigated the relationship between the
gut microbiome of spiders and host system development, habitat, and
source of food in some spider species*'*"”, and the phylosymbiosis between
Hawaiian spiders and their microbiota'®. However, the relationship between
foraging strategies and spiders’ gut microbiota has not been well elaborated
yet. Unlike other animals (like mammals, fish), which cannot be categorized
as carnivorous, vegetarian, or omnivorous, spiders are almost entirely car-
nivorous (so far, only one kind of vegetarian spider, Bagheera kiplingi', has
been reported from Mexico and Costa Rica). Instead, their foraging strategy
represents a distinctive characteristic and remarkable lifestyle, which can be
divided into three main types of life: wandering, web-building, and
ambushing'®. Web-building (overground) and ambushing (waiting in the
subterranean burrows or surface fissures) spiders rely on stationary traps to
capture prey, while wandering spiders actively hunt, resulting in broader
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prey ranges, greater mobility, and higher metabolic rates'*”'. The dis-
crepancy of their foraging strategies (actively pursuit, net capture, ambush)
leads to significant distinctions in food sources, activity ranges, and the
degree of microhabitat exposure, providing an ideal model for the study of
the evolution of life-specific microbiomes. We hypothesize that the foraging
strategies of spiders can significantly influence the composition of their gut
microbiota. Specifically, due to the broader prey range and higher mobility
of wandering spiders and the microbial exposure in the soil of ambushing
spiders (living in subterranean burrows or surface fissures), they could
harbor more diverse gut microbiota and may enrich distinct microbial taxa
compared with web-building spiders™ ™.

Despite the gut microbiota emerging as a prominent research focus
in recent years, previous studies in spiders have predominantly only
focused on specific or a limited number of microbial groups, with
endosymbiotic bacteria being the primary subject of investigation™ .
Endosymbionts, which primarily inhabit host cells, were ubiquitously
found in arthropods and could induce diseases or establish mutually
beneficial symbiotic relationships in their hosts”. In spiders, they play a
crucial role in reproductive regulation via cytoplasmic incompatibility™.
The carrying rate of endosymbiotic bacteria in spiders seems to be higher
than that of other arthropod groups™. Previous studies have speculated
that it might be related to the vertical transmission between spiders,
cannibalism, and the enrichment of a wide range of food sources, but
there is no solid conclusion at present”. Thus, we are also planning to
explore whether the foraging strategy of spiders will affect the infection
rate of their endosymbionts.

To address these hypotheses, we conducted extensive field sampling of
spiders in southwestern China. Our study aims to: (1) reveal the effects of
different foraging strategies on the composition of the spider gut microbiota;
(2) explore the infection status of endosymbionts in spiders and determine
whether their foraging strategies influence the endosymbiont infection rate;
(3) investigate the influence of other factors, such as geographical and
environmental factors, on the spider gut microbiota; and (4) uncover the
microbial community assembly processes in spider gut. This study aims to
fill the gap in research on the impact of spiders’ foraging strategy on their gut
microbial community and the related influencing environmental factors. By
synthesizing these findings, we aim to provide a comprehensive under-
standing of spider gut microbiota and its ecological determinants.

Results

Samples and sequencing quality

A total of 1090 samples collectively represented 35 families, 155 genera, and
288 species of spiders, which were collected at 11 sites in southwest China
(Fig. 1A). According to the division of foraging strategies, we obtained 562
web-building spiders, 419 wandering spiders, and 99 ambushing spiders
(Supplementary Data 1). Then, we performed 16S rRNA sequencing to
obtain the gut microbiota information for those spiders. From these sam-
ples, we obtained 85,708,846 raw 16S rRNA sequences. After quality filtering
with DADA2, 45,306,529 high-quality sequences were retained, which were
classified into 100,822 amplicon sequence variants (ASVs), with an average
0f 41,528 ASVs per sample. The rarefaction curve analysis of sample quality
showed that as sequencing depth increased, the curve flattened, suggesting
that further sequencing depth would only marginally increase the number of
detected microbial species (Supplementary Fig. 1). This indicated that the
sequencing results comprehensively reflected the information on the gut
microbiota present in the samples. Moreover, when the number of
sequences reached 20,000, the rarefaction curve was nearly completely flat,
retaining 95.69% (1090 samples) of the samples. Therefore, we set the
threshold at 20,000 for rarefaction, which will be used for subsequent p-
diversity-related analyses.

Besides, we reorganized the information on the number of spider
individuals recorded during the sampling process for each sample (Sup-
plementary Data 1), and then conducted a linear regression analysis with the
alpha diversity. The results were not significant (R-squared =0.001,
p-value = 0.1388), which proved that the number of individual samples in

this study had no significant impact on diversity. However, a minor impact
of this sampling cannot be ruled out completely.

Foraging strategies affect the gut microbial composition of
spiders

Firstly, we revealed the gut microbiota of spiders among different foraging
strategies. The wandering spiders had the highest a diversity, while the
ambushing and web-building spiders differed slightly (Fig. 1B, C). Fur-
thermore, the PCoA showed that relatively low explained variation among
the three foraging strategy groups, however, the differences between them
were still significant (P value = 0.001, Fig. 1D). Then, we tried to reveal the
gut microbiota composition among three foraging strategy spiders. Based
on the SILVA classifier, the ASVs were annotated as bacteria across 67
phyla, 204 classes, 607 orders, 1161 families, 3525 genera, and 4904 species.
At the phylum level (Fig. 1E), Proteobacteria were found to be absolutely
dominant, with an average relative abundance of 56.13-68.80%. Addi-
tionally, Firmicutes (15.37-17.68%), Bacteroidetes (7.06-10.47%), and
Actinobacteriota (3.27-7.45%) also accounted for significant proportions
among the three foraging strategy spiders. At the genus level, the most
abundant microbiotas were Wolbachia, GCF-002259525, Achromobacter,
Ralstonia, and Pseudomonas_E_647464 (Fig. 1F). Furthermore, the most
abundant species were Achromobacter denitrificans, GCF-002259525
sp002259525, Ralstonia pickettii, and Wolbachia pipientis (Fig. 1G). From
the perspective of gut microbial composition, the main microbiota of the
spiders with different foraging strategies were similar, but the relative
abundance was significantly different (Fig. 1E-G). We have noticed that
some endosymbionts have been annotated in our gut microbiota (e.g.,
Wolbachia, Cardinium, and Rickettsia), but they only account for a small
proportion; the majority are other types of bacteria (Fig. 1F).

Next, we performed LEfSe to identify the differential microbiota
between different foraging strategy spiders. We identified 25 differential phyla
(Supplementary Data 2), 228 differential genera (Supplementary Data 3), and
210 differential species (Supplementary Data 4) among three foraging
strategy spiders (Fig. 1H-J). Among them, the wandering spiders had the
largest number of differential microbiotas (134 differential genera and 109
differential species), while web-building had the least (20 differential genera
and 19 differential species). In the ambushing spiders, rhizobium, like
Mesorhizobium and Bradyrhizobium were more abundant than the other two
spiders (Fig. 1I). Moreover, we noticed that the endosymbionts, including
Wolbachia, Rickettsia, Rickettsiella, and Cardinium, were all more abundant
in the web-building spiders (Fig. 1I).

Furthermore, we also counted the microbes identified in at least 10% of
spider individuals of each foraging strategy group and identified the number
of specific microbiotas in each foraging strategy spider. We found that
ambushing spiders had the most abundant specific microbiotas, with 116
unique genera and 127 unique species (Fig. 1K, L), including Haematomi-
crobium, Chitinophaga, Luteibacter, and so on. However, the web-building
spiders had only eight unique genera and 12 unique species (Fig. 1K, L),
including Salinivibrio, Hamiltonella, Tullyiplasma, and so on. Moreover, the
wandering spiders had 113 unique genera and 96 unique species, such as
Pelospora, Lactococcus, and Proteiniphilum. In addition, ambushing and
wandering spiders had the most common microbiotas (510 genera and
317 species), and ambushing and web-building spiders had the least com-
mon bacteria (435 genera and 266 species).

The impact of geographical variations

Considering that the samples were collected from two distant regions (with
environmental differences), Sichuan (SC) and Guizhou (GZ) (Fig. 1A), we
also divided geographical regions to investigate whether there were differ-
ences in the gut microbes of spiders in different regions and whether the
influence of foraging strategy on gut microbes in different regions was
consistent. Firstly, we compared the microbial differences between the two
regions (SC vs GZ). The PCoA showed a significant separation between the
spiders’ gut microbiota of SC and GZ (Fig. 2A). Moreover, the a diversity of
spiders in SC was significantly higher than that of GZ (Fig. 2B, C).
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Fig. 2 | The impact of geographical variations in the gut microbiota of spiders in
different regions. The a diversity of A Shannon index and B Simpson index of spiders’
gut microbiota for different sampling regions of Sichuan (n =436) and Guizhou
(n=654). C The PCoA results between two sampling regions of spider gut microbiota.
D The relative abundance of gut microbiota at the genus level in two sampling regions.
E The top 30 differentially abundant gut microbial genera (sorted by LDA values)
between the Sichuan and Guizhou regions. The number of microbial (F) genera and (G)
species identified in at least 10% of spider individuals of each foraging strategy group (the

circle) and the number of specific microbiotas in each foraging strategy group (the
common area). The a diversity (Shannon index) of spiders’ gut microbiota for different
sampling regions of (H) Sichuan (SC, ambushing: n = 67; wandering: 143; web-building:
226) and (I) Guizhou (GZ, ambushing: n = 32; wandering: 286; web-building: 336)
regions. The relative abundance of gut microbiota at the genus level in three foraging
strategies of spiders in (J) Sichuan and (K) Guihzou regions. L. The top 30 differentially
abundant gut microbial genera (sorted by LDA values) between different foraging stra-
tegies in the Sichuan and Guizhou regjons, respectively.
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Next, we revealed the gut microbial composition in the two regions.
The dominant microbiotas were Proteobacteria, Firmicutes, and Bacter-
oidetes, at the phylum level, in both two regions (Supplementary Fig. 2A).
However, at the genus level, we noticed that the dominant microbiotas were
Ralstonia, Pseudomonas E 647464, Wolbachia, in SC, while Achromobacter,
GCF-002259525, and Wolbachia in GZ (Fig. 2D). At the species level, the
dominant microbiotas were Ralstonia pickettii, GCF-002259525
sp002259525, Wolbachia pipientis in SC, and Achromobacter deni-
trificans, GCF-002259525 sp002259525, Wolbachia pipientis in GZ (Sup-
plementary Fig. 2B). Significant composition differences were observed in
SC and GZ spider gut microbes, so we further performed LEfSe differential
analysis. The results showed that 25 phyla (Supplementary data5), 349
genera (Supplementary data6), and 406 species (Supplementary data7)
exhibited significant relative abundance differences between SC and GZ,
with most of them being higher in GZ (Fig. 2E and Supplementary Fig. 2C,
D). For example, 23 phyla had significantly higher relative abundance in GZ,
including Firmicutes, Bacteroidetes, Actinobacteria, and so on. However,
only Proteobacteria and Armatimonadetes were higher in SC (Supple-
mentary Fig. 2C). Besides, 282 genera were more abundant in GZ, including
endosymbionts (Cardinium, Rickettsia, Rickettsiella), and probiotics (Bi°-
dobacterium, Akkermansia, Lactobacillus), while the other 67 genera (e.g.,
Ralstonia, Pseudomonas, and Stenotrophomonas) were more abundant in
SC (Fig. 2E). Furthermore, we found that the number of specific microbes in
GZ (318 genera and 294 species) was significantly higher than that in SC (60
genera and 64 species) (Fig. 2F, G), consistent with the diversity results.

In addition, we further explored the effect of the foraging strategy on
the gut microbiota of samples in GZ and SC, respectively. The results of o
diversity showed different patterns in the two regions, that is, SC had the
highest gut microbial diversity of ambushing spiders and the lowest gut
microbial diversity of web-building spiders (Fig. 2H and Supplementary
Fig. 2E), while GZ had the highest diversity of wandering spiders and no
significant difference between ambushing and web-building (Fig. 2I and
Supplementary Fig. 2F). However, the PCoA showed significant but rare
differences among different foraging strategies both in SC and GZ (Sup-
plementary Fig. 2G, H). Then, from the perspective of microbial compo-
sition, the dominant microbes of different foraging strategies in the two
regions were similar, but with abundant differences, and the bias between
the two regions was obvious (Fig. 2], K and Fig. S3). The relative abundance
of major microbiotas in the gut of ambushing spiders was obviously dif-
ferent between SC and GZ groups, which were dominated by Aquirick-
ettsiella and Wolbachia in GZ, whereas Wolbachia and Ralstonia in SC
(Fig. 2J, K). The LEfSe difference analysis also found that the ambushing
spiders had the largest number of differential microbes in SC, while the
wandering spiders had the highest number in GZ (Fig. 2L and Fig. S4).
Furthermore, we noticed that the endosymbionts, like Wolbachia, Rick-
ettsiella, and Cardinium, were more abundant in the web-building spiders
than in ambushing and wandering spiders in GZ, but no difference in
SC (Fig. 2L).

High endosymbiont infection rate in spiders
Endosymbionts were an essential component of the spider gut microbiota,
and we detected a high relative abundance of endosymbionts in spider gut
microbes. (Fig. 1F, G). We noticed that there were four common spider
endosymbionts, including Wolbachia, Cardinium, Rickettsia, and Rick-
ettsiella. Thus, we separately calculated their infection rates to explore
whether their foraging strategy and region had an impact on their infection
rates. First, we calculated the endosymbiont infection rate in all samples and
found that Wolbachia had the highest infection rate (85.14%), followed by
Cardinium (50.55%), Rickettsia (38.07%), and Rickettsiella (24.59%).
Moreover, we found that 980 (89.91%) spider individuals were infected with
atleast one endosymbiont, and 88 (8.07%) individuals were infected with all
four endosymbionts (Fig. 3A).

Next, we calculated the endosymbiont infection rate in spiders with
different foraging strategies and regions. We found that the infection rates
were highest in web-building spiders in all four endosymbionts, and were

also higher in wandering spiders than in ambushing spiders, except Rick-
ettsiella (Fig. 3B). Consistently, the relative abundance of endosymbionts
was also found to be the highest in web-building spiders (Fig. 1I). In different
regions, four endosymbiont infection rates were all obviously higher in GZ
than in SC, especially Cardinium (Fig. 3C). We further calculated the
endosymbiont infection rate in different regions of the same host from the
level of family, genus, and species to exclude the influence of host taxonomy
on the infection rate. According to the sample size, we selected three hosts at
each level and found that the infection endosymbiont rate of GZ was almost
always higher than that of SC, especially Cardinium (Supplementary
Data 8).

Geographical distance and precipitation had significant effects
Considering the obvious differences in the gut microbiotas of spiders from
different regions, we further presented the microbial profiles of different
sampling sites. The PCoA showed that the samples from the same sampling
sites were aggregated (Fig. 4A). The results of a diversity showed that there
were obvious differences in different sites between SC and GZ, and the
differences were also significant in the same region, especially in SC (Fig. 4B
and Supplementary Data 9). In addition, different foraging strategies had a
significant impact on the a diversity of spiders’ gut microbiota in different
sampling sites, especially those in ambushing spiders (Fig. S5 and Supple-
mentary Data 10). Next, we also examined the effect of the geographical
distance of the sampling site on the diversity of gut microbiota in spiders
(Supplementary Data 11). It was found that the closer the sampling sites of
spiders were, the more similar the a diversity levels of their gut microbiota
were (Fig. 4C).

In addition to geographical distance, we also explored the impact of
climate on the gut microbiota of spiders. We obtained the temperature and
precipitation data of each sampling site, as well as the other 19 factors related
to temperature and precipitation (see methods). We found that the average
monthly temperature throughout the year in the GZ region was almost
always lower than that in the SC region (Figs. 4D and S6). The precipitation
in the SC region was lower than that in the GZ in most months, but it entered
the flood season from July to September, during which the precipitation was
significantly higher than that in the GZ region. The flood season in the GZ
region was mainly from May to July (Fig. 4E). Subsequently, we conducted a
correlation analysis of precipitation and temperature with the a diversity of
gut microbiota in all spiders and found that rainfall was significantly posi-
tively correlated with the a diversity (Figs. 4F-H and S7), while temperature
was not significantly correlated with the a diversity. These results suggest
that the higher the precipitation in a region, the higher the o diversity of the
gut microbiota of spiders.

Overall, we found that geographical distance and precipitation sig-
nificantly affected the composition of the gut microbiota of spiders. How-
ever, the limited geographic regions sampling makes this part of the study
preliminary.

Ecological processes and enterotypes of the spider gut
microbiota

To better understand the driving forces of the spider’s gut microbial com-
position, we further explored the microbial community assembly processes
of the spider by evaluating deterministic processes (homogeneous selection
and heterogeneous selection) and stochastic processes (homogeneous dis-
persal, dispersal limitation, and ecological drift). We performed phyloge-
netic bin-based null model analysis (iCAMP) to determine the potential
contribution of deterministic and stochastic processes to bacterial com-
munity assembly. The quantification of ecological processes revealed that
stochastic processes predominantly governed the assembly of spiders’ gut
microbiota (average proportion: 80.14%) (Fig. 5A, B), where dispersal
limitation (average proportion: 41.07%) and ecological drift (average pro-
portion: 38.59%) were the most dominant ecological processes, and
homogenizing selection, which belongs to deterministic processes (average
proportion: 17.93%), also had a relatively high proportion. Among spiders
with different foraging strategies, we found that the web-building spiders
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had the highest levels of homogeneous selection and drift, but the lowest
level of dispersal limitation (Fig. 5A). In terms of different sampling regions,
the level of homogeneous selection in SC was significantly higher than that
in GZ, while the level of drift was significantly lower than that in
GZ (Fig. 5B).

Lastly, we conducted the enterotype for the gut microbiota of the
spiders to further reveal the difference in the spiders’ microbial composition.
We found that the gut microbiotas were divided into four enterotypes at the
genus level (Fig. 5C and Supplementary Data 11). Among them, the
majority of the samples belonged to the mixed type (Type 1, 732 indivi-
duals), with Achromobacter (13.01%) as the dominant microbe. The other
three types were dominated by Wolbachia (Type 2, 111 individuals), Ral-
stonia (Type 3, 130 individuals), and GCF-002259525 (Type 4, 117 indi-
viduals), respectively, all having relative abundances exceeding 66%
(Fig. 5D). We conducted further statistical analysis on the distribution of
different enterotypes across various foraging strategies and regions. The
results revealed that, except for the Ralstonia-dominated type (Type 3),
which was solely present in the SC region, the remaining enterotypes
exhibited no distinct biases concerning foraging strategy or region
(Fig. 5E, F).

Discussion

Spiders, as important predators in terrestrial ecosystems, exhibit high
diversity and wide distribution, and occupy significant ecological niches'~.
However, in contrast to the extensive studies on the gut microbiota of
animals like primates, mice, fish, and birds’'~**, research on the gut micro-
biota of spiders remains notably scarce. Thus, we collected an extremely
large sample, including 1090 spider individuals representing 35 families, 155
genera, and 288 species from southwestern China, to research the gut
microbiota of spiders. This study aimed to comprehensively explore the gut

microbiota of spiders and investigate how foraging strategies and envir-
onmental factors of spiders shape the composition and characteristics of the
gut microbiota.

Almost all spiders are carnivorous, but regardless of their body sizes,
they all exhibit different lifestyles and foraging strategies. Web-building
spiders usually devote most of their energy to the selection of foraging sites
and the construction of webs. Compared with wandering spiders, they can
reduce their metabolic rate and breathing rate to improve tolerance™. In
contrast, wandering spiders need to hunt their prey actively, proactively, and
extensively. This hunting lifestyle greatly increases the frequency of their
contact with the surrounding environment, and the sources of their prey are
more abundant and diverse”’. At the same time, they also need to consume
more energy. The foraging tactics of ambushing spiders are somewhat
similar to those of web-building spiders, both waiting for prey to arrive
before catching them. The most notable difference between the two is that
the former mostly waits for an ambush at the hole entrance, while the latter
mainly relies on the webs as a hunting tool. Studies have found that web-
building spiders in farmlands almost exclusively fed on flying insects, while
wandering spiders had a higher variation in preying on their prey’*”. There
are certain differences in the foraging intensity and prey types among dif-
ferent life types of spiders. When comparing the gut microbiota of spiders
with different foraging strategies, the gut microbial diversity and the number
of differential microbes of the wandering spiders were both significantly
higher than those of ambushing and web-building spiders, and both the
diversity and the number of differential microbes in the web-building spi-
ders were the lowest (Fig. 1C, D, H-J). These results could potentially be
caused by the fact that the heightened mobility, expanded foraging ranges,
and elevated metabolic rates of wandering spiders increase their exposure
frequency and diversity of environmental microbial sources, thus allowing
the spiders to have more chances to acquire a variety of microbes™"*’. In
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contrast, certain spider webs possess antibacterial properties. To a certain
degree, these properties impede web-building spiders from obtaining
microbiotas from the environment'"*. Additionally, as spider webs are
suspended on the ground, the chances of spiders coming into contact with
soil microorganisms are also reduced”. Collectively, these factors may

account for the relatively lower richness and diversity of the gut microbiota
observed in web-building spiders.

Next, the Mantel test between the sampling geographical distance and
the spider gut microbial similarity and the comparison of differences
between different regions proved that geographical location also has a
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significant impact on the gut microbiota of spiders. It can generally be
considered as an approximate value of the comprehensive impact of
environmental factors, including the local natural history, climatic condi-
tions, and resources of flora and fauna*, The integrated effect of these factors
determines the composition of the regional pool. Armstrong et al.** found
that within the Hawaiian Islands, the composition of the spider gut
microbiota was relatively conserved, and the species differentiation caused
by geographical isolation had little impact on the composition of the spider
gut microbiota. He speculated that the spider gut is mainly occupied by
environmentally derived microorganisms. Our inference is consistent with
Armstrong: spiders can directly or indirectly obtain microbial resources
from the environment, and these microorganisms may simply follow
opportunistic colonization within the spider. The similarity of spider
microorganisms at the same geographical location may be due to the overlap
of the regional pool. Considering the limited ability of gut microorganisms
among individual spiders to spread, and the possibility that they do not rely
on specific microorganisms to enhance their fitness, it is reasonable that the
spider gut microbiota is dominated by environmental microorganisms.
However, contrasting with the findings by Tyagi et al.*’, who reported no
association between spider gut microbiota and geographical location in
Indian species, starkly oppose our conclusions, but their study lacked
credible statistical tests, and the homogeneity of their study environment is
relatively high, which may lead to an underestimation of its sensitivity to
geographical factors®.

Furthermore, a significant positive correlation was found between
precipitation and the gut microbiota of spiders. Research has demonstrated
that precipitation enhances the microbial diversity of soil*” and the overall
biodiversity in the environment**"’. Southwest China, where the SC and GZ
regions are nestled, is recognized as one of the 34 biodiversity hotspots in the
world and plays a vital role in global biodiversity conservation®. Further-
more, drought has also been proven to affect the intestinal microorganisms
of certain wild animals, like common cranes”, Anolis Lizards”, and
spiders™. Chen et al." found that the gut microbial diversity of wolf spiders
decreased in simulated drought-stressed conditions. Therefore, we specu-
lated that the abundant precipitation in this region has promoted the
increase of soil microorganisms and the enrichment of overall biodiversity,
and thus has also contributed to the increase in the diversity of gut micro-
biota in spiders. Moreover, the augmentation of soil microorganisms due to
abundant precipitation also indirectly validates the rationale behind the high
gut microbial diversity and higher abundance of common soil microbiotas
such as Mesorhizobium™, Bradyrhizobium™, and Pseudonocardia™,
observed in ambushing spiders. However, we lack the gut microbiota data of
spiders collected in arid regions. This is also a limitation of our study on the
impact of precipitation on the gut microbiota of spiders.

The dominant bacterial phyla in the spider gut microbiota--Proteo-
bacteria, Firmicutes, Bacteroidetes, and Actinobacteria--mirror those found
in most arthropods5 © Notably, the relative abundance of Proteobacteria in
spider gut microbiota exceeds that of other arthropod groups”, which often
correlates with pathogenic infections and intestinal dysbiosis in
vertebrates™. As a previous study pointed out, the carrying of endo-
symbionts would affect the abundance of other microorganisms in the
spider’s gut microbiota™, and played multifaceted roles, including manip-
ulating host reproduction, supplying essential nutrients, and aiding in
immune defense mechanisms for arthropods™*’. We also found that our
spider samples widely harbored high-abundance endosymbionts, consistent
with past studies™, and significantly higher than the estimated endo-
symbiont infection rate in arthropods (~30%). Unlike some monophagous
or oligophagous arthropods®'~**, spiders have diverse food sources and rich
nutrition. This makes the “nutritional supply” hypothesis insufficient to
explain their dependency on endosymbionts, even though some studies
have speculated that co-infection with Wolbachia and Cardinium may be
beneficial for spiders in synthesizing fats and free amino acids®. Besides, the
frequent cannibalism in spiders likely serves as an underappreciated vector
for horizontal endosymbiont transfer, particularly given the observed high
infection rates across populations”. Nevertheless, the mechanism

underlying endosymbiont infection in spiders has yet to be reasonably
elucidated. In this study, we found that the endosymbiont infection rates of
spiders with different foraging strategies were significantly different. The
web-building spiders had the highest infection rate, while the ambushing
spiders had the lowest. Moreover, there are significant differences in
infection rates among different regions. The infection rates of the same host
vary significantly in different regions. It suggests that both the foraging
strategy and the living environment (like precipitation) of spiders have a
significant impact on the infection rate of their endosymbionts. In summary,
this study further confirmed the universality of endosymbiont infection in
spiders and the potencial ecological environment, like precipitation, and
foraging strategy driving the colonization of the endosymbionts, but the
mechanism of endosymbiont carriage and functional role in spiders require
further experimental verification.

Understanding the mechanisms that control community diversity,
function, succession, and biogeography is one of the central issues in
microbial ecology®. Existing studies have revealed the community assembly
of the gut microbiota in vertebrates and found that stochastic processes
(including dispersal limitation and drift) were the main driving factors”*".
Our results also emphasized the importance of stochastic processes in the
ecological processes of spider gut microbiota. Even though PCoA analysis
showed that the gut microbiota of spiders from the same geographical
population cluster well, stochastic processes still dominated the ecological
processes between individual spiders, where ecological drift and dispersal
limitation were the two main driving forces, which increased the variation
and dissimilarity of the gut microbiota among spiders. Besides, the foraging
strategies and regions both affected the gut microbial community assembly
of spiders. The homogeneous selection of web-building spiders is sig-
nificantly higher than that of wandering and ambushing spiders. Mean-
while, the a diversity of web-building spiders” gut microbiota was the lowest,
but the infection rate and abundance of endosymbionts were the highest.
We speculate that the highly abundant endosymbionts squeeze the colo-
nization of other microbes, thereby leading to a decrease in their microbial
diversity and enhancing their homogeneous selection. However, why the
abundance and infection rate of endosymbionts are higher in web-building
spiders remains to be revealed, and more data related to the diet and
environmental sources are needed to support.

This study explored the composition and differences in gut microbiota
among spiders with different foraging strategies, as well as the influence of
environmental factors. However, this study still has certain limitations. First,
due to the difficulties in separating tissues, we used the complete abdomen
microbiota for analysis, and therefore, a solid discrimination between, e.g.,
endosymbionts and gut microbiota was not possible. Future studies should
use a better method, separately dissecting intestinal contents, for sample
collection. Second, 16S rRN A sequencing was employed in this study. While
cost-effective, this technology is inferior to metagenomic sequencing in
species identification accuracy, functional analysis, and microbiota cover-
age. Thus, sequencing techniques could be further improved. Additionally,
we only studied the samples in limited geographic regions from southwest
China with relatively abundant precipitation, which made this part of the
study preliminary. More samples from diverse environments are needed,
like arid regions in China (e.g., Gansu, Ningxia, and Xinjiang) with extre-
mely low precipitation.

Conclusions

This study represents the most extensive research to date, involving
1090 samples, to explore the impact of spider foraging strategies on the gut
microbiota. This study found that there were significant differences in the
gut microbiota of spiders with different foraging strategies: higher diversity
and specific microbes in wandering and ambushing spiders but lower in
web-building spiders. Notably, the study discovered that spiders exhibit a
relatively high infection rate of endosymbiotic bacteria, and both foraging
strategies and geographical factors play a role in determining this infection
rate. Geographically, microbial similarity declines with distance, and rainfall
enhances diversity via soil microbe enrichment. In summary, our study
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demonstrated that spider gut microbiota assembly was predominantly
stochastic, yet modulated by foraging behaviors and environmental pre-
cipitation. Our findings not only revealed the factors influencing the spider’s
gut microbiota, but also advanced our understanding of predator-microbe
dynamics.

Methods

Sample collection, identification, and preparation

Samples were collected from 11 sites in southwestern China (Sichuan and
Guizhou Provinces) from May 2022 to April 2023. To encompass a diverse
range of species, sampling was conducted across various habitats and
microhabitats, including farmlands, forests, shrublands, rocky walls, earth
slopes, riversides, and wastelands. To ensure environmental stability at each
site, sampling intervals and elevation gradients were carefully controlled
within a smaller range. Spider collection primarily used three methods: (1)
Shaking method. For spiders inhabiting high places or plants (e.g., leaves,
branches), gently vibrate or tap plant stems/branches with a hand or stick to
make them fall onto a sterile cloth, then transfer to collection bottles using
forceps; (2) Manual collection. For large, slower-moving or easily accessible
spiders, wear sterile gloves to capture them by hand (or with forceps for web-
building species), then place them in collection bottles; (3) Excavation
method. For burrowing or soil/humus-dwelling spiders, use a small shovel
to carefully dig around burrows, then collect using forceps and transfer to
collection bottles. No chemical reagents were used during the collection
process. The spiders were stored individually in appropriate glass tubes or
collection boxes according to their body size to prevent cannibalism and
cross-contamination of microorganisms. Each spider was kept individually
with only a small amount of sterile water to ensure survival. After collection,
the samples were brought back to the laboratory and stored for 72 h to
eliminate interference from undigested food-borne microorganisms. After
this period, the spiders were directly immersed in 95% ethanol and stored at
—20 °C until identification and dissection.

Spider species were identified using both the morphological classifi-
cation method and the DNA barcoding technique. Spiders that were sub-
adults, new species, or undetermined species were classified to the genus
level. Sample preparation was conducted on an aseptic laminar flow bench:
first, they were rinsed with 75% ethanol for at least 1 minute to remove
residual surface microorganisms, then transferred to pre-sterilized petri
dishes with an alcohol lamp burning beside the dish at all times. Finally, the
spider’s opisthosomas were removed using sterilized forceps and dissecting
needles, and then quickly transferred to a centrifuge tube filled with 75%
ethanol. It should be noted that: (1) If a spider’s body is large enough
(>10 mm), one individual is considered as one sample; if the spider’s body is
small (<10 mm), multiple individuals of the same species are pooled into
one sample, with up to 15 individuals per sample. (2) The method of
characterizing the gut microbiota by the microorganisms contained in the
spider’s opisthosoma (abdomen) has been widely used and recognized in
related studies**”". Although the spider’s opisthosomas also include organs
such as the heart, silk glands, and ovaries, the spider’s stomach is located in
the cephalothorax, and its intestine is located in the opisthosomas, which
serves as the primary colonization site for microorganisms. Other organs in
the opisthosoma of spiders exhibit a simple microbial composition with a
low abundance of microbiota***”’. Therefore, our study adopts the estab-
lished sampling protocol. None of the spiders used in this study were
endangered or protected species. This study was approved by the Ethics
Committee of the College of Life Sciences, Sichuan University (Project No.:
SCU250905001).

DNA extractions and high-throughput sequencing

Total genomic DNA was extracted from these samples via the CTAB
method, and its concentration and purity were assessed using a 1% agarose
gel. DNA samples were then quantified and diluted to a standard con-
centration of 1 pg/uL with sterile water. The quantified method of DNA
was as follows: the sample with a brightness level nearly identical to that
of the standard sample is the one containing 50 ng of nucleic acid. Based

on the comparison of the sample’s brightness with that of the standard
sample and the calculation of the sample’s concentration using the
loading volume, multiple gradient dilutions are then carried out. The
16S rRNA genes variable regions V3-V4 were amplified using
primers 341F (CCTAYGGGRBGCASCAG) and 806R (GGACTA
CNNGGGTATCTAAT)"", each with an attached barcode (to distinguish
different samples), to enable high-throughput sequencing. PCR was per-
formed with a 15 uL volume of Phusion® High-Fidelity PCR Master Mix,
incorporating 0.2 uM of each primer. The thermal cycling profile initiated
with an initial denaturation at 98 °C for 1 min, followed by 30 cycles of
denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s, and elongation at
72 °C for 30 s, concluding with a final elongation at 72 °C for 5 min. PCR
products were visualized by mixing with an equal volume of 1x loading
buffer containing SYBR green and subjected to electrophoresis on a 2%
agarose gel. Bands of equidensity were purified using the Qiagen Gel
Extraction Kit (Qiagen, Germany). Sequencing libraries were prepared with
the TruSeq® DNA PCR-Free Sample Preparation Kit (Ilumina, USA),
incorporating unique index codes for each sample. Library quality was
evaluated using the Qubit@2.0 Fluorometer (Thermo Scientific) and Agi-
lent Bioanalyzer 2100 system. Finally, the library was sequenced on an
Mlumina NovaSeq 6000 platform and 250bp paired-end reads were
generated.

Sequence analysis

Raw sequencing data generated by the Illumina platform were processed
using QIIME 2 v2021.5” software. The paired-end sequences underwent a
series of preprocessing steps, including truncation, dereplication, merging,
and denoising through the Divisive Amplicon Denoising Algorithm
(DADA?2) pipeline”. This approach generated the ASV table and the
representative sequences for each ASV. The representative sequences were
subsequently utilized to construct a phylogenetic tree using the FastTree
pipeline’”, which provided an estimation of phylogenetic relationships
among the ASVs. ASVs were annotated by the pre-trained Naive Bayes
classifier based on the SILVA database (v2022.10)” at a confidence level of
70% chloroplast, mitochondrial, and undefined reads were subsequently
manually removed according to the annotation table. The ASV rarefaction
curves were plotted using Origin software (v 2019b) to evaluate the
sequencing quality, filter out microbial samples that did not meet the
sequencing depth criteria, and rarefy the sequences for subsequent beta
diversity-related analyses. The alpha diversity (Chaol, Shannon, and Faith’s
PD), beta diversity (unweighted UniFrac distances), and Analysis of Simi-
larities (ANOSIM) were calculated using the diversity pipeline in QIIME2.

Statistics and reproducibility

To compare the a-diversity between the different groups, we performed a
Wilcoxon test between two groups and Kruskal-Wallis rank-sum test
among three groups. B-diversity was visualized by Principal coordinate
analysis (PCoA) based on Bray-Curtis distance and tested by adonis using
package vegan v2.6-10 ”°. Linear discriminant analysis effect size (LEfse) was
used for finding differentially abundant microorganisms by package
microeco v1.15.0”, and a relatively strict linear discriminant analysis (LDA)
score was set as 2. Data visualization was performed using the ggplot2
v3.5.1”° and ggpubr v0.6.0” packages in R. The Venn diagrams were plotted
by jevnn (https://jvenn.toulouse.inra.fr/app/index.html)*.

Acquisition and analysis of environmental factors
The longitude and latitude information of the sampling points were
transformed into a geographical distance matrix using the R package geo-
sphere v1.5-20". Meanwhile, the Bray-Curtis distance of the sample
microbiota was calculated by the R package vegan v2.6-10"°. Then, the
Mantel test was used to examine the correlation between the microbial
similarity (1-Bray-Curtis) and the geographical distance matrix, utilizing
vegan v2.6-10.

The datasets of sampling sites’ temperature and precipitation were
provided by the National Tibetan Plateau/Third Pole Environment Data
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Center (http://data.tpdc.ac.cn). The monthly average precipitation data
from 2019 to 2023 were used to represent the precipitation conditions of
each month. The monthly average temperature in 2022 was used to
represent the temperature of each month. Next, the correlation between the
microbial diversity index and temperature and precipitation was calculated
using the R package corrplot v0.95%, and the scatter-fitting plots of the
diversity index and temperature and rainfall were plotted using the linear
regression model.

Quantification of the gut microbiota assembly process

For the investigation of the gut microbiome assembly process in spiders, the
assembly process of the spider gut microbiome was quantified using a null-
model approach. Firstly, we used the genus level of the gut microbiota of
spiders, and the phylogenetic tree corresponding to the representative
sequences was constructed and output using the FastTree plugin™. The
iCAMP package v1.5.12" was used to calculate ecological processes. Initially,
the observed taxa were binned into different groups based on their phylo-
genetic relationships. Subsequently, null-model analysis was performed on
phylogenetic diversity using the beta net relatedness index (BNRI) with 999
randomizations, and the Raup-Crick (RC) index was calculated to delineate
ecological processes®. The ecological processes were categorized based on the
BNRI and RC values as follows: homogenizing selection was inferred when
BNRI < —1.96, heterogeneous selection was inferred when PNRI> —1.96,
homogenizing dispersion was inferred when |BNRI| < 1.96 and RC < —0.95,
and dispersal limitation was inferred when |BNRI|<1.96 and RC> 0.95,
and ecological drift was inferred when |BNRI]| < 1.96 and |RC| < 0.95. Finally,
all bins within the community groups were integrated to calculate the
proportion of ecological processes among samples.

Enterotype analysis of the spider

An enterotype analysis was completed using the Wekemo Bioincloud
(https://www.bioincloud.tech)*. Based on the Jensen-Shannon distance
between samples, clustering was carried out using the partition around the
Center Point (PAM) algorithm, and the optimal number of classifications
was determined by the Calinski-Harabasz (CH) index. The visualization was
used with ggplot2 v3.5.17%,

Ethics declarations

None of the spiders used in this study were endangered or protected species.
This study was approved by the Ethics Committee of the College of Life
Sciences, Sichuan University (Project No.: SCU250905001).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
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