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Abstract
Background  Mosquitoes serve as vectors for numerous pathogens, posing significant health risks to humans and 
animals. Understanding the complex interactions within mosquito microbiota is crucial for deciphering vector-
pathogen dynamics and developing effective disease management strategies. Here, we investigated the nested 
patterns of Wolbachia endosymbionts and Escherichia-Shigella within the microbiota of laboratory-reared Culex 
pipiens f. molestus and Culex quinquefasciatus mosquitoes. We hypothesized that Wolbachia would exhibit a structured 
pattern reflective of its co-evolved relationship with both mosquito species, while Escherichia-Shigella would display a 
more dynamic pattern influenced by environmental factors.

Results  Our analysis revealed different microbial compositions between the two mosquito species, although some 
microorganisms were common to both. Network analysis revealed distinct community structures and interaction 
patterns for these bacteria in the microbiota of each mosquito species. Escherichia-Shigella appeared prominently 
within major network modules in both mosquito species, particularly in module P4 of Cx. pipiens f. molestus, 
interacting with 93 nodes, and in module Q3 of Cx. quinquefasciatus, interacting with 161 nodes, sharing 55 nodes 
across both species. On the other hand, Wolbachia appeared in disparate modules: module P3 in Cx. pipiens f. molestus 
and a distinct module with a single additional taxon in Cx. quinquefasciatus, showing species-specific interactions and 
no shared taxa. Through computer simulations, we evaluated how the removal of Wolbachia or Escherichia-Shigella 
affects network robustness. In Cx. pipiens f. molestus, removal of Wolbachia led to a decrease in network connectivity, 
while Escherichia-Shigella removal had a minimal impact. Conversely, in Cx. quinquefasciatus, removal of Escherichia-
Shigella resulted in decreased network stability, whereas Wolbachia removal had minimal effect.

Conclusions  Contrary to our hypothesis, the findings indicate that Wolbachia displays a more dynamic pattern of 
associations within the microbiota of Culex pipiens f. molestus and Culex quinquefasciatus mosquitoes, than Escherichia-
Shigella. The differential effects on network robustness upon Wolbachia or Escherichia-Shigella removal suggest that 

Nested patterns of commensals 
and endosymbionts in microbial communities 
of mosquito vectors
Justė Aželytė1, Apolline Maitre2,3,4, Lianet Abuin-Denis2,5, Alejandra Wu-Chuang2, Rita Žiegytė1, Lourdes Mateos-
Hernandez2, Dasiel Obregon6, Vaidas Palinauskas1* and Alejandro Cabezas-Cruz2*

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12866-024-03593-x&domain=pdf&date_stamp=2024-10-24


Page 2 of 13Aželytė et al. BMC Microbiology          (2024) 24:434 

Background
Mosquitoes, as obligate hematophagous insects, are sig-
nificant vectors for various pathogens, posing substantial 
health threats to humans and animals alike [1]. Among 
mosquito species, Culex pipiens f. molestus and Culex 
quinquefasciatus are of particular importance due to 
their role in transmitting diseases such as avian malaria, 
West Nile virus [2] and filariasis [3], among others [4]. In 
addition to pathogens, mosquitoes harbor diverse micro-
bial communities, including commensals and endosym-
bionts, collectively termed the microbiota [5]. These 
microbes play crucial roles in vector survival, fitness, and 
vector competence [6]. Understanding the assembly and 
dynamics of mosquito microbial communities is essential 
for elucidating vector-pathogen interactions and devel-
oping novel disease management strategies [7].

Nestedness theory [8] provides a valuable framework 
for understanding the diverse patterns of interactions 
between symbionts, commensals, and pathogens within 
the mosquito microbiota [9]. Nested patterns, charac-
terized by structured interactions among species or taxa 
subsets, have been extensively studied in various eco-
logical systems [10, 11]. Analyzing nestedness in mos-
quito microbiota networks can provide insights into the 
ecological relationships among different taxa and their 
implications for vector biology [9].

In this study, we investigate the differential nested pat-
terns of Wolbachia endosymbionts and the commensal 
bacterial taxon Escherichia-Shigella within the micro-
bial communities of laboratory-reared Cx. pipiens f. 
molestus and Cx. quinquefasciatus. Wolbachia, being an 
endosymbiont [12], is known to manipulate host repro-
duction and influence pathogen transmission [13, 14]. 
It is also known to modulate microbiome structure of 
insects [15–17]. In laboratory-reared mosquitoes, where 
environmental conditions are controlled and stable, Wol-
bachia may exhibit a more consistent and structured pat-
tern within the microbiota. Its presence and abundance 
may be tightly linked to the mosquito host’s physiologi-
cal state and reproductive biology, leading to a nested 
pattern within the microbial community. On the other 
hand, Escherichia-Shigella is of interest due to its abil-
ity to modulate the mosquito microbiota and influence 
malaria transmission [7]. Bacteria from the Enterobacte-
riaceae family are associated with natural microbial com-
munities of mosquito vectors [18]. Escherichia-Shigella, 
as a commensal bacterium [19], may display a different 
pattern within the microbiota. Its abundance and occur-
rence could be influenced by various factors such as diet, 

environmental conditions, and interactions with other 
microbial taxa [20]. In laboratory-reared mosquitoes, 
where environmental factors are controlled, Escherichia-
Shigella may still exhibit dynamic patterns within the 
microbiota due to its versatile ecological roles and inter-
actions with the host.

Therefore, here we hypothesized that Wolbachia endo-
symbionts would form a nested pattern, reflecting its 
stable and co-evolved relationship within the host, while 
Escherichia-Shigella may exhibit a less consistent pattern 
within the microbial community, influenced by environ-
mental and ecological factors. By examining the differ-
ential nested patterns of Wolbachia endosymbionts and 
Escherichia-Shigella within the mosquito microbiota, 
we aim to gain insights into the complex interactions 
shaping vector microbiota assembly. This research may 
contribute to our understanding of vector-microbiota 
dynamics and inform the development of novel strategies 
for controlling mosquito-borne diseases in both public 
health and veterinary settings.

Methods
Ethical statement
The study utilizes two species of laboratory-reared mos-
quitoes, Culex pipiens f. molestus and Culex quinque-
fasciatus. While conducted in accordance with ethical 
standards for animal use in scientific research, it is noted 
that mosquitoes are not protected under current laws of 
Lithuania.

Maintenance of mosquitoes
We analysed P. B. Šivickis parasitology laboratory-reared 
Culex quinquefasciatus and Cx. pipiens f. molestus mos-
quitoes. The colonies were maintained as described in 
Žiegytė et al. study [21]. Briefly, two species of mosqui-
toes were kept in separate rooms in a nylon netted cage 
(45 × 45 × 120  cm) under controlled conditions (room 
temperature 23 ± 1° C; humidity 50–60%; photoperiod 
14:10 light: dark). Adult insects were provided with cot-
ton wools saturated with 5% saccharose solution. Larvae 
were fed with aquarium fish food flakes (“JBL NovoRed“, 
JBL GmbH & Co. KG, Germany).

Mosquitoes’ dissection
Mosquito females of Cx. quinquefasciatus and Cx. pipi-
ens f. molestus were haphazardly collected with an insect 
aspirator from the colonies (n = 39 of each species). 
Before dissection, mosquitoes were euthanised by shak-
ing vigorously to stun them in an insect aspirator. The 

these bacteria play distinct roles in maintaining community stability within the microbiota of the two mosquito 
species.
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mosquito wings and legs were removed. The dissection 
was performed under the binocular stereoscopic micro-
scope. Each mosquito was carefully separated into two 
segments, the thorax with head and abdomen. The abdo-
men was placed in a drop of saline, and the midgut of the 
mosquito was extracted. The midguts were pooled up to 
3–4 in sterile microtubes and frozen at -20 °C for micro-
biota analysis. To prevent contamination of samples, new 
dissecting needles were used for each pool of dissected 
insects.

DNA extraction and 16 S rRNA sequencing
The DNA was extracted from frozen midguts using a 
Pure Link Microbiome DNA Purification Kit (Invitrogen, 
Thermo Fisher Scientific, CA, USA). Bound DNA was 
eluted in 70 µL of elution buffer. Genomic DNA qual-
ity (OD260/280 between 1.8 − 2.0) was measured with 
NanoDrop™ One (Thermo Scientific, Waltham, MA, 
USA). Sequencing of the 16 S rRNA gene amplicons uti-
lized over 200 ng of DNA at a concentration of 20 ng/
µL. The procedure was outsourced to Novogene Bioin-
formatics Technology Co. (London, UK). DNA librar-
ies were prepared using the NEBNext® Ultra™ II DNA 
Library Prep Kit from New England Biolabs (MA, USA). 
Illumina MiSeq sequencing was performed on a single 
lane, generating 251-base paired-end reads targeting 
the V4 variable region of the 16 S rRNA gene. Barcoded 
universal primers (515  F/806R) were employed in the 
sequencing of mosquito midgut samples, Cx. quinque-
fasciatus (n = 13) and Cx. pipiens f. molestus (n = 13). The 
raw 16 S rRNA sequences obtained from mosquito mid-
guts were deposited at the SRA repository (Bioproject 
No. PRJNA1114695).

Identification and removal of contaminants from the 
sequencing data
Extraction reagent controls were set in which the DNA 
extraction processes were followed using the same con-
ditions as for the samples but using water as template. 
DNA amplification was subsequently carried out on the 
extraction controls under the same conditions applied 
to the other samples. To statistically identify poten-
tial contaminant DNA in the samples intended for 16S 
rRNA gene sequencing, the ‘decontam’ package [22] 
was utilized, employing the ‘prevalence’ method. This 
method defines prevalence as the presence or absence of 
sequence features across samples and compares the prev-
alence in actual samples to that in negative controls to 
detect contaminants. Identified contaminants were then 
excluded from the dataset prior to further microbiome 
analysis [22].

16 S rRNA sequences processing
The analysis of 16  S rRNA sequences was conducted 
through the QIIME 2 pipeline (v. 2023.5) [23]. Initial 
processing involved denoising and merging of sequences 
within the fastq files, utilizing the DADA2 software [24] 
as integrated into QIIME 2. Subsequently, amplicon 
sequence variants (ASVs) were aligned using MAFFT 
via q2-alignment plugin [25] and employed to construct 
a phylogeny with FastTree2 via q2-phylogeny [26]. Taxo-
nomic classification of ASVs was performed using a pre-
trained classify-sklearn naïve Bayes classifier [27]. This 
classifier was trained on the SILVA database (release 
138) [28], specifically for the V4 region bound by the 
515 F/806R primer pair. Taxonomic data tables were then 
collapsed at the genus level and subjected to filtration to 
exclude taxa with fewer than 10 total reads and presence 
in less than 3 samples within each dataset.

Statistical analysis of microbial diversity and abundance
Alpha and beta diversity metrics were computed through 
the q2-diversity plugin in QIIME 2 [23]. Shannon diver-
sity index [29], Pielou’s evenness index [30], Faith’s phy-
logenetic diversity index [31] and observed features [32] 
were compared between the mosquito using the Krus-
kal–Wallis test (p < .05) within QIIME 2 [23]. Beta diver-
sity was evaluated using the Bray-Curtis dissimilarity 
index [33] and compared between groups using the PER-
MANOVA test (p < .05) also implemented in QIIME 2 
[23]. Bacterial variability within the population, known as 
dispersion, was computed using the ‘betadisper’ function 
in the Vegan package [34] within R ver. 4.2 [35]. The dis-
persion between the species was further analyzed using 
the ANOVA test (p < 0.05).

The disparities in taxa abundance between the mos-
quito species were evaluated using the ANOVA-like dif-
ferential expression package ‘ALDEx2’ [36] within the R 
program (ver. 4.2.) [35]. This approach employs a cen-
tered log ratio (clr) transformation, utilizing the geomet-
ric mean of read counts in each sample to assess relative 
abundance [37]. Statistical comparisons were conducted 
using a t-test (p ≤ 0.05). Visual representation of shared 
taxa between different conditions was generated using 
Venn diagrams, facilitated by an online tool (http://bioin-
formatics.psb.ugent.be/webtools/Venn/; accessed on 17 
April 2023).

Comparative network analysis of microbiota assembly in 
mosquitoes
Co-occurrence networks were derived for each experi-
mental condition based on taxonomic profiles, employ-
ing the Sparse Correlations for Compositional data 
(SparCC) approach for correlation matrix calculation 
[38], in the R ver 4.2 [35]. The analysis included only sig-
nificant positive correlations (weight > 0.7) or negative 
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correlations (weight < -0.7). Network analysis and visu-
alization were performed using Gephi 0.9.2 software [39]. 
Topological parameters, encompassing node and edge 
counts, network diameter, average and weighted degrees, 
average path length, modularity, number of modules, and 
average clustering coefficient, were computed to charac-
terize each network.

The Core Association Network (CAN) was utilized to 
examine common nodes and edges across different net-
works. The core structures of networks from two mos-
quito species were identified using the Anuran toolbox 
[40] with default configurations. This analysis was carried 
out within the Anaconda Python environment [41].

Microbial networks underwent comparison between 
conditions using the Network Construction and Com-
parison for microbiome data (NetCoMi) package [42] in 
R ver 4.2 [35]. A differential network was generated find-
ing the correlations that vary between identical taxa in 
two bacterial networks. An association analysis gauged 
similarities between networks via shared nodes and edges 
using the same network layout in both groups. Two p-val-
ues, P(J ≤ j) and P(J ≥ j), were computed for each Jaccard 
index, indicating the probability of observing the Jaccard 
index value equal to or less than, or greater than or equal 
to, the expected value at random (significance at p < 0.05). 
The similarity between networks was further explored 
using the Jaccard index, considering various central-
ity measures, including degree, betweenness, closeness, 
eigenvector centrality, and hub taxa. This index measures 
the similarity between nodes with centrality scores above 
the 75% quartile, ranging from 0 (completely dissimilar) 
to 1 (identical).

To assess clustering dissimilarity in networks, the 
adjusted Rand index (ARI) was calculated, with values 
ranging from − 1 to 1. Positive or negative ARI values 
indicate higher or lower clustering than random, respec-
tively, with identical clustering having an ARI value of 1 
and dissimilar clustering having an ARI value of 0 [42].

To assess the network’s robustness to node removal, the 
Network Strengths and Weaknesses Analysis (NetSwan) 
package was utilized [43]. Various node removal strate-
gies, including random, betweenness centrality, degree, 
and cascading, were executed to gauge network toler-
ance in terms of connectivity loss. The standard error for 
connectivity loss was computed, accounting for variabil-
ity, using a threshold of 0.975. The proportion of nodes 
removal required to achieve connectivity loss of 80% for 
each network was evaluated. Bacterial co-occurrence 
network analysis and visualization were conducted using 
the igraph package [44].

Furthermore, the robustness of microbial networks to 
node addition was evaluated by employing the Network 
analysis and visualization igraph package [44]. Nodes 
were systematically added in increments ranging from 1 

to 1000, and network connectivity was quantified based 
on the degree metric of the largest connected component 
(LCC) and average path length. Statistical significance 
for LCC and average path length was determined using a 
Wilcoxon signed-rank test, with p-values adjusted using 
the Benjamini-Hochberg (BH) method to control the 
false discovery rate. Additionally, bootstrapping was per-
formed to derive confidence intervals for the variables, 
with significance established at a threshold of p < 0.05.

Local connectivity of Escherichia-Shigella and Wolbachia in 
the microbial communities of Cx. Quinquefasciatus and cx. 
Pipiens f. molestus and in silico removal of target taxa
In order to explore the relationship between Escherichia-
Shigella/Wolbachia and other bacterial members of the 
microbiota, the Escherichia-Shigella/Wolbachia was 
depicted in connection with all taxa it exhibited positive 
or negative correlations with, creating Escherichia-Shi-
gella/Wolbachia sub-networks. These sub-networks were 
exported and analysed by comparing interacting partners 
between the conditions. The analyses were conducted 
using Gephi software [39] and the online tool of Venn 
diagrams (http://bioinformatics.psb.ugent.be/webtools/
Venn/; accessed on 17 April 2023).

To further investigate the nestedness of Escherichia-
Shigella/Wolbachia in the networks, we conducted an 
in-silico experiment where Escherichia-Shigella/Wolba-
chia was removed from the networks to observe its effect 
on node centrality distribution and network robustness. 
The comparisons of the networks with and without Esch-
erichia-Shigella/Wolbachia in Cx. quinquefasciatus and 
Cx. pipiens f. molestus were performed following the pro-
cedures as described above.

Keystone taxa identification
The keystone taxa were identified based on three estab-
lished criteria, as outlined in previous studies [45, 46]: 
(i) ubiquitous presence, (ii) high eigenvector central-
ity (≥ 0.75), and (iii) high relative abundance (clr value 
exceeding the average).

Results
Differential structure of bacterial microbiota in Culex 
pipiens f. molestus and Culex quinquefasciatus
After statistically identifying and removing DNA fea-
tures classified as contaminants (Table S1), the bacte-
rial community composition and diversity of mosquito 
microbiota were analyzed using 16 S rRNA gene profil-
ing, followed by a comparative network analysis to assess 
microbial sample similarity between two mosquito spe-
cies and identify species-specific patterns of Escherichia-
Shigella and Wolbachia nestedness. The comparison of 
microbial composition between Culex pipiens f. molestus 
and Culex quinquefasciatus species showed differences 
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in alpha (i.e., Shannon diversity index, Pielou’s evenness 
index, Faith’s phylogenetic diversity index, and observed 
features) and beta diversity (Bray Curtis index and beta 
dispersion) metrics. Significantly higher Shannon and 
Pielou’s indices were observed (p < 0.05; Fig.  1A, B) in 
the Cx. quinquefasciatus group compared to Cx. pipiens 
f. molestus, while the differences in Faith’s phylogenetic 
diversity and observed features did not have statistical 
significance between the groups. However, the composi-
tional analysis revealed that two mosquito species shared 

most of the existing bacteria in the microbiota (97% in 
total of 820 taxa; Fig. 1C), while 7 and 15 were unique to 
Cx. pipiens f. molestus and Cx. quinquefasciatus, respec-
tively (Table S2). Comparison of Bray-Curtis dissimi-
larity indices and beta dispersion between the species 
showed significant differences (PERMANOVA, F = 19.36, 
p = 0.001; ANOVA, F = 10.023, p = 0.001, respectively; 
Fig.  1D). Differential relative abundance analysis identi-
fied 10 taxa, which had significantly higher abundance 
in the microbiota of Cx. pipiens f. molestus, and 16 taxa 

Fig. 1  Differences in mosquito microbiota diversity and community assembly between Culex pipiens f. molestus and Culex quinquefasciatus. (A) Shannon 
diversity and (B) Pielou’s evenness indices showed significant differences between microbiota of Cx. pipiens f. molestus and Cx. quinquefasciatus. (C) Venn 
diagram showing the number of bacterial taxa that are shared or unique among the networks of two mosquito species. *p < 0.05 (D) Beta diversity of 
mosquito microbiota of two species represented in PCoA plot obtained by Betadisper function. There are significant differences in dispersions (variances) 
(ANOVA, p < 0.01). (E) Heatmap representing the abundance (expressed as *Centered Log-Ratio) of the 10 taxa whose abundance was higher in Cx. pipiens 
f. molestus group and 16 taxa whose abundance was higher in Cx. quinquefasciatus. (F, G) Bacterial co-occurrence networks were inferred from 16SrRNA 
sequences obtained from laboratory reared mosquitoes of two species (F) Cx. pipiens f. molestus and (G) Cx. quinquefasciatus (SparCC > 0.5 or < -0.5). 
Nodes correspond to taxa (family or genus level). The colours of nodes specify modules in which taxa occur. The size of nodes is related to their eigen-
vector centrality, the bigger the node, the higher eigenvector centrality value it has. Positive (purple) and negative (coral) correlations are shown by the 
colour of the edges. (H) Core Association Network (CAN) (SparCC > 0.75 or < -0.75). Positive correlations are shown by purple edges. Nodes correspond 
to taxa. (I) Differential network between Cx. pipiens f. molestus and Cx. quinquefasciatus natural networks illustrating the correlations that vary between 
identical taxa in two bacterial networks. Grey nodes represent taxa, and edges represent differential associations between taxa. P* - Cx. pipiens f. molestus; 
Q* - Cx. quinquefasciatus; CLR* - Centered log ratio
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more abundant in Cx. quinquefasciatus (Welch t-test, 
p < 0.05; Fig. 1E).

Bacteria co-occurrence networks were inferred to com-
pare microbiota assembly between two mosquito species 
(Fig. 1F, G). Visual inspection of the networks and their 
features revealed some differences between the species 
(Fig. 1F, G; Table 1). The network of Cx. quinquefascia-
tus consists of a higher number of edges compared to 
the Cx. pipiens f. molestus, while the number of nodes 
is similar between the species (Fig. 1F, G; Table 1). This 
relates to a higher value of average degree in Cx. quin-
quefasciatus group compared to the other mosquito spe-
cies as this topological parameter indicates an average 
number of edges connected to a node (Table  1). How-
ever, the weighted degree value is greater on Cx. pipiens 
f. molestus species referring to stronger correlations in 
the network. Although the number of modules is simi-
lar in both groups, the lower value of modularity sug-
gests higher interconnectedness between modules in Cx. 
pipiens f. molestus network compared to Cx. quinquefas-
ciatus (Table 1). Core Association Network (CAN) anal-
ysis revealed 74 core associated nodes and 337 positive 
edges between the groups of Cx. pipiens f. molestus and 
Cx. quinquefasciatus (Fig.  1H). Furthermore, network 
dissimilarity analysis revealed differential associations 
between taxa in the groups (Fig. 1I).

A statistical network comparison analysis was per-
formed to evaluate the differences in local centrality mea-
sures between the groups (Table 2). Jaccard index values 
for a degree, hub taxa, betweenness, closeness, and eigen-
vector centrality between the two mosquito species var-
ied from 0.4 to 0.5, which were significantly higher than 
expected by random (P (≥ Jacc) < 0.05) suggesting a mod-
erate degree of similarity.

Placement of Escherichia-Shigella and Wolbachia across 
equivalent modules in Culex pipiens f. molestus and Culex 
quinquefasciatus Microbiota networks
The networks of Cx. pipiens f. molestus and Cx. quin-
quefasciatus group to 4 major modules composed of 
89% and 91% of nodes of a whole network, respectively. 
The biggest modules of Cx. pipiens f. molestus (P4 – the 
total of 208 nodes; Fig. 2A) and Cx. quinquefasciatus (Q3 
– the total of 294 nodes; Fig.  2B) consists of the high-
est number of unique nodes, 19% and 21%, respectively. 
The comparison of taxa in these modules showed that 93 
(22.7%; Table 3) nodes are shared between the Cx. pipiens 
f. molestus and Cx. quinquefasciatus. Based on the per-
centage of taxa shared between the modules, Q3 and P4 
exhibit a moderate level of equivalence. In addition, the 
modules Q3 and P4 accommodate the commensal bacte-
rial taxon Escherichia-Shigella (Fig. 2A, B). However, the 
module Q3 (294 nodes) of Cx. quinquefasciatus could be 
considered more equivalent to P3 (105 nodes) module of 
Cx. pipiens f. molestus based on the percentage of shared 
taxa of 24.3% (Table 3).

Notably, in Cx. pipiens f. molestus, Wolbachia was 
found in module P3 (Fig. 2A), while it formed a distinc-
tive module in Cx. quinquefasciatus (Fig. 2B). The highest 
equivalence between the species was estimated between 
the second major modules consisting of 143 (P1) and 191 
(Q1) nodes. Between the modules, 92 nodes are shared 
(38%; Table 3). Modules P2 (71 nodes) and Q2 (76 nodes) 
are similar in size and share 34 nodes (30.1%) (Table 3). 
The network of Cx. quinquefasciatus has a smaller mod-
ule Q4 of 28 nodes, which does not have an equivalent 
in the network of Cx. pipiens f. molestus, however, 14 
nodes are shared with P4 module (6.3%) (Table 3). Visual 
inspection of interactions inside modules shows that 
positive edges are dominant in both species. The same 
pattern of interactions was seen in the networks of Cx. 
pipiens f. molestus and Cx. quinquefasciatus where the 
two biggest modules of a network had mostly negative 
edges between each other (Fig.  2A, B). An estimated 
association analysis was performed to further analyse 
microbial associations in the networks (Fig.  2C, D). In 
the networks of the same layout the clusters and modules 
are seen to be different between the species. However, 
one cluster is similar between the networks (Fig. 2C, D, 
red cluster), consisting of mostly shared taxa with higher 

Table 1  Network features
Network features Cx. pipiens f. 

molestus
Cx. quin-
quefsciatus

Nodes 592 (805) 642 (813)
Edges 6577 10,514
  Positive 4185 (64%) 5783 (55%)
  Negative 2392 (36%) 4731 (45%)
Network diameter 9 7
Average degree 22.22 32.754
Weighted degree 4.219 2.571
Average path length 3.14 2.871
Modularity 1.392 2.89
Number of modules 45 40
Average clustering coefficient 0.454 0.489

Table 2  Jaccard index for Cx. Pipiens f. molestus and cx. 
Quinquefasciatus networks
Local centrality measures Cx. pipiens f. molestus vs. Cx. 

quinquefasciatus
Jacca P( < = Jacc) P( > = Jacc)

Degree 0.458 0.999994 0.000010*
Betweenness centr. 0.459 0.999995 0.000008*
Closeness centr. 0.470 0.999999 0.000002*
Eigenvec. centr. 0.419 0.998997 0.001495*
Hub taxa 0.507 1.000000 0.000000*
aJaccard index
*p < 0.05
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eigenvector centrality values. The adjusted Rand index 
(ARI) was 0.151 (p = 0.000), showing some clustering sim-
ilarities between the networks.

Based on taxa ubiquitousness, relative abundance 
and eigenvector centrality (> 0.7), keystone taxa were 
identified in the networks of Cx. pipiens f. molestus 
and Cx. quinquefasciatus. One keystone taxon, Esche-
richia-Shigella, was identified in the microbiota of Cx. 
pipiens f. molestus (P4 module; Fig. 2A). This taxon has 

positive correlations with other taxa from the P4 module 
(Figs.  2A and 3A). However, only negative correlations 
are formed with taxa of the P3 module (Fig. 3A). Bacteria 
Escherichia-Shigella, as a keystone taxon, was also identi-
fied in the microbiota of Cx. quinquefasciatus alongside 
Lachnoclostridium, Robinsoniella, Desulfovibrio, Muri-
baculum. All keystones except Muribaculum are part of 
the Q3 module (Fig. 2B). The keystones have positive cor-
relations between each other and with other taxa from 
the Q3 modules; negative correlations are formed with 
taxa from the Q1 module (Figs.  2B and 3B). The place-
ment of the taxon Escherichia-Shigella could be con-
sidered equivalent inside the networks of two mosquito 
species. It has correlations with 93 (Fig.  3A) and 161 
(Fig. 3B) nodes in the networks of Cx. pipiens f. molestus 
and Cx. quinquefasciatus, respectively. The comparison 

Table 3  The percentage of taxa shared between different 
modules

P1 P2 P3 P4
Q1 38% 1.9% 4.2% 9.9%
Q2 0.9% 30.1% 2.3% 8.0%
Q3 5.8% 10.3% 24.3% 22.7%
Q4 1.2% 2.1% 2.3% 6.3%

Fig. 2  Differences in mosquito bacterial modules between Culex pipiens f. molestus and Culex quinquefasciatus. (A, B) Bacterial co-occurrence networks of 
(A) Cx. pipiens f. molestus and (B) Cx. quinquefasciatus divided by modules. Node colours are based on modularity class metric, each module is represented 
by a different colour. Grey colored nodes represents single node modules. The size of nodes is related to their eigenvector centrality, the bigger the node, 
the higher eigenvector centrality value it has. Positive (purple) or negative (coral) correlations are shown by the colour of the edges. Bacterial taxa (family 
or genus level) with at least one connection are symbolized by nodes, whilst connected edges represent correlations between them (SparCC ≥ 0.5 or ≤ 
-0.5). (C, D) Co-occurrence networks in the same layout were extrapolated from the microbiota of (C) Cx. pipiens f. molestus and (D) Cx. quinquefasciatus. 
Bacterial taxa (family or genus level) with at least one connection are symbolized by nodes, whilst connected edges represent a significant correlation 
between them (SparCC ≥ 0.75 or ≤ -0.75). Node colours are based on determined clusters and sized according to the node’s eigenvector centrality. Posi-
tive (purple) or negative (red) correlations are shown by the colour of the edges
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of interacting bacteria showed 55 shared taxa between 
the species.

We determined the associations of common symbiont 
Wolbachia in the networks of both groups. The symbiont 
was prevalent in all samples of the study, which abun-
dance did not differ significantly between the mosquito 
species. The number of ASVs classified as Wolbachia 
ranged from 3 to 512 in Cx. pipiens f. molestus samples 
and from 31 to 892 in Cx. quinquefasciatus samples. 
Wolbachia belonging to the P3 module of Cx. pipiens f. 
molestus has positive interactions within the P3 module 
and mostly negative interactions with nodes from other 
modules (Figs. 2A and 3C). Wolbachia in the network of 
Cx. quinquefasciatus forms a distinctive module together 
with bacteria SB-5 belonging to phylum Bacteroidota. It 
forms mostly negative interactions within the network 
with nodes from modules Q3 and Q1. The placement 
of Wolbachia inside the networks is not equivalent. The 
symbiont has 13 (Fig.  3C) and 9 (Fig.  3D) correlating 
nodes within the networks of Cx. pipiens f. molestus and 
Cx. quinquefasciatus, respectively. None of the interact-
ing taxa are shared between the species.

While Escherichia-Shigella and Wolbachia do not 
cluster together in the network of Cx. pipiens f. moles-
tus (Fig.  2C), in the network of Cx. quinquefasciatus 
(Fig. 2D) mentioned bacteria belong to the same cluster.

Effect of Escherichia-Shigella and Wolbachia on network 
robustness in Culex pipiens f. molestus and Culex 
quinquefasciatus
An in-silico experiment was carried out to assess the 
potential influence of Escherichia-Shigella and Wolbachia 
on the microbial assembly and structure of Cx. pipiens f. 
molestus and Cx. quinquefasciatus. Only minor changes 
were recorded in the networks’ features after removing 
either Escherichia-Shigella or Wolbachia (Table S3). After 
the removal of target taxa, an increase in the number of 
modules was recorded in all networks (Table S3). The 
clusters with which Wolbachia associated changed after 
the removal of Escherichia-Shigella in the networks of 
Cx. pipiens f. molestus (Figure S1A) and Cx. quinquefas-
ciatus (Figure S1B). However, the removal of Wolbachia 
from the networks did not change the clusters of Esche-
richia-Shigella (Fig. 2C, D; Figure S1C, D). Local central-
ity measures of natural networks were compared to the 
ones with removed taxon Escherichia-Shigella or Wol-
bachia using the Jaccard index (Table S4). All measures 
were significantly higher than expected by random with 
high Jaccard index values (Table S4). Differential network 
analysis did not detect any differentially associated taxa. 
These findings suggest that target taxa removal did not 
greatly affect the node centrality traits of a network.

To further analyse the differences between the spe-
cies and how target taxa removal or addition affects 
the network, we performed multiple comparisons of 

Fig. 3  Differences in the local connectivity of Escherichia-Shigella and Wolbachia between Culex pipiens f. molestus and Culex quinquefasciatus microbiota. 
(A, B) Sub-networks of the local connectivity of Escherichia-Shigella and (C, D) Wolbachia were extracted from (A, C) Cx. pipiens f. molestus and (B, D) Cx. 
quinquefasciatus natural networks. The size of nodes is related to their eigenvector centrality, the bigger the node, the higher eigenvector centrality value 
it has. Positive (purple) or negative (coral) correlations are shown by the colour of the edges. Bacterial taxa (family or genus level) with at least one con-
nection are symbolized by nodes, whilst connected edges represent correlations between them (SparCC ≥ 0.5 or ≤ -0.5)
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network robustness after node removal and addition 
(Fig. 4, Figure S2, and Figure S3). Node removal by cas-
cading attack had the most significant impact on con-
nectivity in all networks (Figure S2). The difference in 
network resistance to node removal was evaluated by 
calculating the delta value of the percentage of nodes 
removed. The highest delta value between the networks 
of Cx. pipiens f. molestus and Cx. quinquefasciatus was 
recorded at 80% of connectivity loss (Fig. 4A, D, G). The 
delta between the natural networks was 5% (Fig. 4A). The 
target taxa removal from the networks caused a slight 
increase in the delta value of robustness to 7% and 6% 
of networks without Escherichia-Shigella (Fig.  4D) and 
Wolbachia (Fig. 4G), respectively. Node addition did not 
greatly affect the network robustness based on the largest 

connected component ((LCC); Fig.  4B, E, H) and the 
average path length (Fig.  4C, F, I) of neither of the spe-
cies (Figure S3). However, the network of Cx. quinquefas-
ciatus initially has a bigger LCC and shorter average path 
length compared to Cx. pipiens f. molestus in all com-
parisons (Fig.  4). The difference in the size of the LCC 
between the species has increased between the networks 
without Escherichia-Shigella (Fig.  4E) and decreased 
between the networks without Wolbachia (Fig. 4H) com-
pared to the natural network (Figure S3). No change in 
average path length was recorded between Cx. pipiens f. 
molestus and Cx. quinquefasciatus after removing target 
taxa from the networks (Fig. 4C, F, I).

The robustness of natural networks was compared to 
that of the ones without the target taxa. In silico removal 

Fig. 4  Differences in the microbial network response to node removal and addition between Culex pipiens f. molestus and Culex quinquefasciatus. (A, 
D, G) The resistance to cascading attack was measured and compared between Cx. pipiens f. molestus and Cx. quinquefasciatus (A) natural networks, (D) 
networks without Escherichia-Shigella or (G) Wolbachia. The robustness to nodes addition (from 0 to 1000) based on the size of the largest connected 
component (LCC) (B, E, H) and average path length (avg. path length) (C, F, I) was measured and compared between Cx. pipiens f. molestus and Cx. quin-
quefasciatus natural networks (B, C), networks without Escherichia-Shigella (E, F) and Wolbachia (H, I). Different curve colours represent different groups
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of Escherichia-Shigella and Wolbachia did not have the 
same effects on the network robustness of Cx. pipiens f. 
molestus and Cx. quinquefasciatus (Figure S3). The dif-
ference in connectivity loss between the natural networks 
and without the target taxa was only noticed in Cx. pipi-
ens f. molestus group (Figure S3A; S3D; S3G; S3J). Cas-
cading removal of nodes showed deltas of -4% for the 
network without Escherichia-Shigella and − 2% for the 
network without Wolbachia (Figure S3A, D). There was 
no change in the size of LCC in the network of Cx. pipi-
ens f. molestus without Escherichia-Shigella (Figure S3B) 
and Cx. quinquefasciatus without Wolbachia (Figure 
S3K). However, LCC has increased in the network of Cx. 
pipiens f. molestus without Wolbachia (Figure S3E). and 
Cx. quinquefasciatus without Escherichia-Shigella (Fig-
ure S3H). The average path length has slightly increased 
after taxa removal in all the networks (Figure S3C, F, I, L).

Discussion
Our research uncovers complex ecological interactions 
and patterns among commensal and endosymbiotic 
microbes. These microbes are crucial for synthesizing 
essential nutrients and significantly influence mosquito 
health and ability to transmit diseases, aligning with find-
ings from Minard et al. [47] and Douglas [48] that high-
light the essential role of microbial communities in insect 
nutritional ecology and overall fitness.

There is limited published literature on the specific 
microbiota network complexity of Cx. pipiens f. moles-
tus and Cx. quinquefasciatus. Our results revealed a 
moderate degree of similarity between the microbiota of 
the two mosquito species. This similarity may be attrib-
uted to their taxonomic closeness and shared ecological 
niches, echoing the results of other studies, showing that 
closely related mosquito species tend to harbor similar 
microbial communities due to ecological and evolution-
ary constraints [20]. These findings suggest that a stable 
nested pattern of Wolbachia endosymbionts might be 
observed in both species, while some differences might 
appear in the structure surrounding the commensal bac-
teria Escherichia-Shigella.

First, we compared the microbial diversity between 
the species, which showed a high number of shared 
taxa between Culex pipiens f. molestus and Culex quin-
quefasciatus, highlighting the influence of the ecologi-
cal setting on microbiota composition and diversity. 
The environment in which both mosquito species were 
raised was controlled and stable, which likely led to the 
high similarity in their microbiota diversity. This obser-
vation aligns with the findings of Muturi et al. [49], who 
reported that environmental factors play a pivotal role in 
shaping the mosquito microbiota, thereby affecting the 
host’s vectorial capacity. The shared microbiota between 
these species suggests common ecological pressures and 

evolutionary histories that influence their microbial com-
munity structures [50]. Our results show that variability 
of microbial composition is different between the spe-
cies, Cx. quinquefasciatus having more heterogenous 
communities compared to Cx. pipiens f. molestus. Lower 
beta dispersion in Cx. pipiens f. molestus could imply that 
the community structure is more stable and less influ-
enced by disturbances. These findings are supported by 
the robustness analysis showing Cx. pipiens f. molestus 
network being more resilient compared to Cx. quinque-
fasciatus (Fig. 4).

While both networks exhibit a degree of complexity, 
Cx. quinquefasciatus has a network characterized by a 
higher number of edges, suggesting more interactions 
among microbial taxa (Fig. 2A, B; Table 1). Despite being 
reared in similar settings, the networks still retain some 
distinct characteristics influenced by host-specific fac-
tors and microbial dynamics. The structural similarities 
in their microbial networks underscore the potential for 
common microbial interaction patterns across different 
mosquito species [20, 51].

Bacterial co-occurrence networks revealed a structured 
pattern of interactions between commensal bacteria 
Escherichia-Shigella and 55 taxa present in the microbi-
ota of Cx. pipiens f. molestus and Cx. quinquefasciatus. 
The commensal was identified as a keystone taxon in both 
species, which points to its critical role within the micro-
bial community (Fig.  3A, B). The keystones likely facili-
tate essential ecological functions and interactions within 
their networks, similar to findings in other systems where 
keystone species contribute disproportionately to com-
munity structure and function [52]. Enterobacteriaceae 
is an important contributor to normal mosquito micro-
biota, commonly found in larval and adult mosquitoes 
of different genera such as Culex, Aedes, Anopheles etc 
[53, 54]. The nature of commensals’ assembly is driven by 
nutrient (carbon source) availability, with Enterobacteria-
ceae being one of the fastest growing bacteria [55].

We did not observe a consistent nested pattern of Wol-
bachia, which goes against our hypothesis. Wolbachia’s 
position in the network appears less central, with fewer 
interactions compared to Escherichia (Fig. 3). Wolbachia, 
present in over 60% of insect species, is considered highly 
important due to its significant effects on mosquito lifes-
pan and immune response. It enhances the mosquito’s 
defense mechanisms and may outcompete pathogens for 
cellular resources, inhibiting the transmission of various 
pathogens [2]. Rasgon and Scott [56] demonstrated that a 
single Wolbachia strain infects Cx. pipiens, with infection 
frequencies near fixation across all populations sampled 
over two years. Their findings suggest that Wolbachia has 
the potential to invade vector populations and could be 
leveraged in strategies to reduce vector-borne diseases. 
There is limited information on how Wolbachia impacts 
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the microbiota structure of mosquitoes. Lee et al. [57] 
demonstrated that Wolbachia tends to have antagonis-
tic relationships with other bacteria in the host’s micro-
bial community. A similar pattern has been observed in 
other insect species, where Wolbachia-infected individu-
als exhibit reduced overall microbial diversity compared 
to non-infected counterparts [15–17]. The nuanced role 
of Wolbachia as a less interconnected taxon in our study 
within Culex mosquitoes suggests a specialized function 
within the mosquito microbiota, potentially related to 
its pathogen-blocking capabilities and influence on host 
reproductive biology, as documented in previous stud-
ies [2, 58]. Although we did not perform strain-specific 
analyses to determine if the two mosquito species carry 
identical Wolbachia strains, both species were reared 
under the same controlled laboratory conditions, making 
it unlikely that they harbor different Wolbachia strains. 
Nonetheless, future studies should incorporate strain 
typing methods to definitively confirm the similarity of 
Wolbachia strains between the mosquito species.

An in-silico experiment was conducted in this study 
to understand the impact of removing Escherichia-Shi-
gella and Wolbachia on the microbial community struc-
ture of Cx. pipiens f. molestus and Cx. quinquefasciatus. 
The results showed only minor changes in network fea-
tures upon removing these taxa. However, an increase 
in network modules was observed, suggesting a certain 
role in microbial network assembly. An increase in the 
number of modules, with a mostly consistent number 
of nodes and edges in the network representing associa-
tions within the community, indicates an abundance of 
weaker, interchangeable interactions. This suggests that 
the network is more resilient and capable of withstand-
ing disturbances in both mosquito species. Such behavior 
in the interactions within the network was noted in the 
study by the Coyte et al. (2021) [59]. The centrality mea-
sures, indicative of network connectivity and importance, 
remained significantly high even after taxa removal, 
indicating the robustness of the microbial communities 
against the loss of these specific taxa. This finding sug-
gests that certain taxa may have broader ecological roles 
or competitive advantages within the microbiota, impact-
ing network robustness and resilience [52, 60].

Conclusions
This study provides a comprehensive analysis of the 
microbial communities within two mosquito species, 
Culex pipiens f. molestus and Culex quinquefasciatus, 
with a specific focus on the differential nested patterns 
of Wolbachia endosymbionts and the commensal bac-
terial taxon Escherichia-Shigella. The high similarity in 
microbiota composition between Cx. pipiens f. molestus 
and Cx. quinquefasciatus can be attributed to the con-
trolled and stable laboratory conditions under which they 

were reared. This environmental consistency likely facili-
tated the development of similar microbial communities, 
reflecting common ecological pressures and evolutionary 
histories. However, despite this overall similarity, the beta 
diversity metrics and network analyses indicated distinct 
patterns of microbial interactions within each species.

Escherichia-Shigella was identified as a keystone taxon 
in both mosquito species, highlighting its critical role 
within the microbial community. Its interactions with a 
substantial number of taxa suggest it plays a significant 
role in shaping the microbial network structure. Con-
versely, Wolbachia did not exhibit the expected stable 
nested pattern and showed fewer interactions within the 
microbial networks. This nuanced role of Wolbachia sug-
gests it may function more as a specialized entity within 
the microbiota, influencing specific aspects of mosquito 
physiology and pathogen transmission.

The differential nested patterns of Escherichia-Shigella 
and Wolbachia provide valuable insights into the assem-
bly and dynamics of mosquito microbial communities. 
Understanding these interactions is crucial for devel-
oping innovative strategies to control mosquito-borne 
diseases. Future studies should explore the mechanisms 
driving these interactions and their implications for vec-
tor competence and disease transmission, particularly in 
natural environments where mosquito-microbiota inter-
actions are influenced by more variable and complex eco-
logical factors.
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