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Abstract

Anopheles darlingi is the main malaria vector in the Neotropics. Despite their importance, little is known about the micro-
biota composition in areas where these vectors are found. Since the microbiota may influence host biology and vector
competence, it is essential to understand these microbial communities in endemic regions. This study explores the bacte-
rial and fungal communities in An. darlingi from three malaria-endemic areas in Colombia and examined how geography
influences microbial composition. Mosquitoes were collected from the Bajo Cauca, Pacific and Amazonas regions, and
their microbiota was characterized by amplifying and sequencing the 16 S rRNA V3-V4 region for bacteria and the ITS2
region for fungi. Analysis indicated greater alpha diversity in An. darlingi mosquitoes from the Amazonas region. Beta
diversity findings demonstrated differences in bacterial and fungal community compositions across regions, especially
between Amazonas and the other two regions. Additionally, the similarity of microbial communities declined slightly with
increasing geographic distance. This study significantly advances our understanding of the microbiota associated with An.
darlingi in endemic regions of Colombia, by revealing notable differences in bacterial and fungal community composi-
tion and abundance across diverse geographical populations. Importantly, these new insights extend beyond species and
geographic boundaries by providing evidence of specific fungal communities linked to the vector, paving the way for
innovative microbiota-based vector control strategies in malaria vector research.
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Introduction

Anopheles (Nyssorhynchus) darlingi Root, 1926 is the pri-
mary malaria vector in the Neotropics [1] and one of the
three main vectors in Colombia [2]. It is distributed on
both sides of the Andes mountain range [3], particularly in
the northwest, east and Amazon regions of Colombia [4],
overlapping with the primary malaria eco-epidemiological
regions [2]. Anopheles darlingi presents plasticity in biting
patterns and host blood sources [3, 5, 6], and the capacity to
adapt to environmental changes [7]. Besides being a vector
for Plasmodium, An. darlingi is also regarded as a holobi-
ont, as it hosts a diverse microbiome and interacts with its
associated microbial communities [8], including bacteria,
fungi, viruses and protists [9].

The mosquito microbiota plays a crucial role in various
aspects of vector biology, including nutrition, biological fit-
ness and even vector competence [10]. The composition of
the microbiota is variable and can be influenced by multiple
factors, including mosquito species [11], developmental
stage [12], host genetics [13], seasonal patterns [11, 14], and
geographic location [15, 16]. However, the relative impor-
tance of these factors varies among studies. For instance,
mosquito species and seasonal variation were found to be
key determinants of microbiota composition [11], while in
other cases, geographic location was more influential [15].
Considering the unique ecological and biological traits of
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each vector species, it is crucial to conduct studies tailored to
specific contexts to better understand the factors influencing
the mosquito microbiota in particular local environments.
The microbiota in Anopheles mosquitoes has been charac-
terized mainly in African and Asian species such as Anoph-
eles gambiae, Anopheles stephensi, Anopheles arabiensis
and Anopheles funestus [17, 18]. Previous studies in An.
darlingi from Brazil have identified the bacterial microbiota
composition in the gut and salivary glands of field-captured
and laboratory-reared mosquitoes [19], whereas the culti-
vable bacterial species associated with field-caught An. dar-
lingi were identified in Colombia [20]. In addition, analysis
of cultivable and non-cultivable bacteria (16 S rRNA gene
sequencing) revealed that the bacterial composition of An.
darlingi and Anopheles nuneztovari differed between mos-
quitoes from two Colombian regions, but no significant
differences were observed between mosquitoes at differ-
ent feeding status (blood-fed vs. unfed) or between species
[15]. In contrast, the fungal component of the microbiota in
mosquitoes has been less explored, even though its presence
has been documented in An. darlingi through culture isola-
tion followed by morphological identification and internal
transcribed spacer (ITS) sequencing, in both larvae [21]
and their associated breeding sites [22]. The importance of
understanding the mycobiota of mosquitoes has been previ-
ously highlighted by the Mosquito Microbiome Consortium
and by other experts, as ecological interactions among these
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components can influence host ecology, including develop-
ment, survival and reproduction [23-25]. In addition, some
fungal taxa have potential for vector control due to their
entomopathogenic properties [26, 27]. However, based on
available data, there are no reports characterizing the myco-
biota in adult An. darlingi using a metabarcoding approach.
This study aimed to characterize the bacterial and fun-
gal microbiota associated with adult An. darlingi in three
Colombian malaria-endemic regions: the Amazonas, Bajo
Cauca and Pacific. We hypothesize that geography shapes
the bacterial and fungal microbiota of Colombian An. dar-
lingi. Moreover, unlike previous studies on the microbiota
of this species, this work expands the geographic sampling
scope in the country by improving the taxonomic identifica-
tion of the bacterial community by targeting a different 16 S
rRNA gene hypervariable region (V3-V4); in addition, it
constitutes the first report on the mycobiota associated with

An. darlingi determined by ITS2 amplicon sequencing.
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Materials and Methods
Mosquito Collection

Anopheles mosquitoes were collected during 2021 from
three malaria-endemic localities in Colombia: Villa Grande
in the Uraba - Bajo Cauca - Sint - San Jorge eco-epidemi-
ological region, hereafter referred to as Bajo Cauca (BC)
(7°32°0,1” N; 74° 42° 16,5” W); San Antonio in the Pacific
eco-epidemiological region (PC) (5° 7° 49,4” N, 76° 41’
25,19” W), and Charras in the Amazonas eco-epidemiolog-
ical region (AM) (02° 47’ 11,3” N, 71° 56’ 56,3” W). The
Bajo Cauca region is located within the Magdalena-Uraba
moist forest ecoregion, the Pacific region within the Choco-
Darién moist forest ecoregion and the Amazonas region
within the Negro-Branco moist forest ecoregion [28] (Fig.
1). Mosquitoes were collected in PC, BC and AM in Feb-
ruary, August and October, respectively, over five days at
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Fig. 1 Map showing the three malaria-endemic localities and regions in Colombia where Anopheles darlingi were collected
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each locality. Collections were conducted between 18:00
and 00:00 h, on a single site and house, using human land-
ing catch method both indoors and outdoors (within ~ 10 m
from the house). All collections were conducted following a
protocol approved by a Bioethics Committee of the Univer-
sity of Antioquia (CBEIH-SIU, approval code 18-35-810).
To ensure study reproducibility, metadata were recorded fol-
lowing the recommendations of the Mosquito Microbiome
Consortium [24] (Table S1). After collection, mosquitoes
were anesthetized using ethyl acetate and identified to the
species level using taxonomic keys [29]. Specimens identi-
fied as An. darlingi were preserved in DNA/RNA Shield™
(Zymo Research) and stored at -80 °C until further process-
ing. Only unfed female mosquitoes with no apparent blood
in the abdomen were included in the study according to the
classification of Santos et al. (2019) [30].

Bacterial and Fungal DNA Extraction and Amplicon
Sequencing

Stored mosquito samples were thawed overnight at 4 °C and
the DNA/RNA Shield solution was discarded. Each mos-
quito was then surface-sterilized by washing in 70% ethanol
for 2-3 min, followed by three rinses with 1X phosphate-
buffered saline (PBS) to remove potential external con-
taminants [31]. Mosquitoes were then decapitated to avoid
PCR inhibition [32]. DNA was extracted from 51 individual
mosquitoes (33 for bacterial and 18 for fungal analyses)
using a salt precipitation protocol [33], with modifica-
tions that included an incubation step at 90 °C for 30 min
after the addition of lysis buffer. Subsequently, 0.2 pL of
RNase Cocktail™ Enzyme Mix (Thermo Fisher Scientific)
was added, followed by a 10 min incubation at 56 °C. The
extracted DNA was resuspended in 50 pL of TE buffer and
stored at -20 °C until amplification. To minimize microbial
contamination, all extraction reagents were filtered through
sterile 0.22 um membranes (Advantec MFS™),

DNA concentration was measured using the NanoDrop
One spectrophotometer (Thermo Fisher Scientific) and the
260/280 absorbance ratio was calculated to assess purity.
DNA integrity was evaluated by electrophoresis (1% aga-
rose gel, 90 V for 40 min). Samples that met the quality
criteria were amplified and sequenced by Novogene Corpo-
ration (Sacramento, CA, USA). Amplification of the bacte-
rial 16 S rRNA V3-V4 hypervariable region was performed
with primers 341 F (CCT AYG GGR BGC ASC AG) and
806R (GGA CTA CNN GGG TAT CTA AT) [34], and the
fungal ITS2 region with primers ITS3-2024 F (GCA TCG
ATG AAG AAC GCA GC) and ITS4-2409R (TCC TCC
GCT TAT TGA TAT GC) [35]. The bacterial 16 S rRNA
V3-V4 hypervariable region was selected for amplicon
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sequencing because it provides higher taxonomic resolu-
tion than the V1-V2 and V4-V5 regions [36] and is the most
widely used marker in mosquito microbiota studies [19, 31,
37]. The fungal ITS2 region was selected because it exhibits
lower length variability than ITS1 and is less prone to PCR
and sequencing biases that may result in lower estimates of
fungal diversity [38].

PCR amplification was performed using Phusion™ High-
Fidelity PCR Master Mix (New England Biolabs) with the
following thermal cycling conditions: initial denaturation at
98 °C for 1 min, followed by 30 cycles of 98 °C for 10 s,
50 °C for 30 s and 72 °C for 30 s and a final extension at
72 °C for 5 min. Library preparation was carried out using
the Rapid Plus DNA Library Prep Kit (ABclonal Tech-
nology) and then 250 bp paired-end sequencing (PE250,
100k reads) was performed on the NovaSeq 6000 platform
(Illumina).

To detect and remove potential external contaminants
and to validate each step from DNA extraction to sequenc-
ing, two non-template controls (for bacteria and fungi), one
wash control and one mock community control (for bac-
teria) were included following the recommendation of the
Mosquito Microbiome Consortium [24]. The mock bacterial
community was prepared from genomic DNA of eight bac-
teria previously isolated from Anopheles mosquitoes, with
> 99% identity (V2-V4 region of the 16 S rRNA gene). The
bacteria were Acinetobacter sp., Chryseobacterium gleum,
Enterobacter sp., Kurthia sp., Serratia marcescens, Micro-
coccus sp., Lysinibacillus sp. and Bacillus cereus, obtained
from the Biological Collection of Mosquitoes and Micro-
organisms of the Molecular Microbiology Research Group
(COLBIOL-MICROMOL, 271). DNA was pooled to obtain
a uniform mock community (final concentration = 104 ng/
pL). Given that in Colombia there is not a fungal collection
derived from Anopheles mosquitoes, it was not possible to
assemble a fungal mock community.

Detection of Plasmodium infection in Anopheles
darlingi

All mosquito samples were screened for Plasmodium
infection through nested PCR targeting the 18 S rRNA
gene. The first amplification round was performed using
primers rPLU 1 (TCA AAG ATT AAG CCA TGC AAG
TGA) and rPLU 5 (CCT GTT GTT GCC TTAAAC TCC),
followed by a second round with primers rPLU 3 (TTT
TTA TAA GGA TAA CTA CGG AAA AGC TGT) and
rPLU 4 (TAC CCG TCA TAG CCA TGT TAG GCC AAT
ACC) [39, 40]. As no Plasmodium infected mosquitoes
were detected, the infection parameter was not included in
further analyses.
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Processing of Bacterial and Fungal Sequences and
Taxonomic Analyses

Preprocessed bacterial and fungal paired-end reads provided
by Novogene Corporation, from which primer and adapter
sequences had been removed were used for downstream
bioinformatic analyses. Bacterial reads were imported
into QIIME2 (v. 2023.07) [41]. The DADA2 plugin [42]
was used to correct sequencing errors, remove low-quality
sequences and singletons, identify and remove chimeras
and merge paired-end reads (parameters: trunc_len f=225,
trunc_len r = 222). Amplicon sequence variants (ASVs)
were subsequently generated and filtered to remove non-
bacterial sequences (archaeal, mitochondrial, eukaryotic
and chloroplast sequences). Potential contaminants identi-
fied in non-template and wash control were detected using
the isContaminant function (prevalence method) from the
decontam package (v. 1.24.0) [43] in R (v. 4.4.1) [44] and
were excluded from downstream analyses. Taxonomic clas-
sification was performed using the pre-formatted SILVA
NR 138.1 database (v. 138.1, released 2020-08-20). Prior
to taxonomic classification, 16 S rRNA V3-V4 sequences
were extracted from the pre-formatted database and then the
Naive Bayes classifier [45] was trained. Extraction of reads,
fitting Naive Bayes classifier and taxonomic classification
were performed using the q2-feature-classifier plugin [46].

Fungal ITS2 sequences were processed using the PIPITS
pipeline (v. 3.0), specifically designed for fungal ITS data
[47]. Paired-end reads were joined using the PEAR tool [48]
and quality filtering was performed with FASTX-Toolkit
[49]. The ITSx (v.1.1.3) [50] was used to extract the fungal
ITS2 region by removing the flanking 5.8 S and 28 S rRNA
sequences because these regions may complicate clustering
[51, 52]. Sequences were subsequently dereplicated, single-
tons removed and the remaining sequences were clustered
into operational taxonomic units (OTUs) at > 97% identity
using VSEARCH (v. 2.22.1) [53]. Chimera detection and
removal were performed using the UNITE UCHIME refer-
ence database [54]. Taxonomic assignment was carried out
using the RDP classifier against the UNITE database (v. 9.0)
[55]. OTUs were filtered to remove non-fungal sequences,
including those assigned to Metazoa, Viridiplantae and
Alveolata.

Composition, Diversity and Distance Decay Analyses
of Bacterial and Fungal Communities in Anopheles
darlingi

Alpha and beta diversity analyses were estimated with a
sampling depth of 87,517 reads for bacterial and 105,044
for fungal communities. Bacterial sequences were rarefied

using the core-metrics-phylogenetic plugin in QIIME2,
while fungal sequences were rarefied using the rarefy _even
depth function from phyloseq (v. 1.48.0). Four bacterial
sequence samples (AB6, PB1, PB3 and PB10) appeared as
outliers in the principal coordinates analysis (PCoA) (95%
CI); therefore, they were excluded from alpha and beta
diversity analyses. However, these analyses were also per-
formed using the full dataset, as it is known that excluding
samples may lead to a loss of information (supplementary
materials). Furthermore, composition analyses included all
samples.

Alpha diversity indices, including Shannon’s index (H’),
observed richness (S) and Pielou’s evenness (J*), were cal-
culated to describe community diversity using the vegan
package (v. 2.6.8) in R (v. 4.4.1) [44]. Normality of the data
was assessed using the Shapiro-Wilk test [56]. Differences
in alpha diversity were evaluated using either the Kruskal-
Wallis test or ANOVA followed by pairwise comparisons, if
they were significant (Dunn’s test for non-parametric data
and Tukey’s HSD test for parametric data). The p-values
were adjusted using Benjamini-Hochberg method to control
the false discovery rate (FDR) (g-value) [57]. Beta diversity
was assessed using Bray-Curtis dissimilarity and UniFrac
distance matrices (both weighted and unweighted) using
the phyloseq package (v. 1.48.0) in R (v. 4.4.1) [44]. Dif-
ferences in mosquito microbiota composition between eco-
epidemiological regions were visualized through PCoA.
Statistical comparisons between groups were conducted
using PERMANOVA (999 permutations). A p-value < 0.05
was considered statistically significant and was adjusted for
multiple comparisons using FDR correction.

The relationship between the microbial composition of
An. darlingi and geographic distance between sampling
regions was assessed through a distance decay analysis. A
Bray-Curtis similarity matrix (1 - Bray-Curtis dissimilarity)
was constructed from the normalized abundance table of
ASVs for bacteria and OTUs for fungi. Geographic distance
matrices were calculated using the latitude and longitude
coordinates of each sampling site and computing pairwise
distances with the geosphere package (v. 1.5.20) in R (v.
4.4.1) [44]. A Spearman correlation was then performed
between the matrices and the significance of the association
was evaluated using the Mantel test (999 permutations) [58],
in the vegan package (v. 2.6.8) in R (v. 4.4.1) [44]. Results
were visualized using the ggplot2 package (v. 3.5.1).

Fungal OTUs were assigned to ecological guilds using
the FUNGuild database [59]. From an initial set of 32 cat-
egories, OTUs were classified into eight ecological guilds:
animal parasite/pathogen, plant parasite/pathogen, sapro-
troph, endophyte, epiphyte, fungal parasite, ectomycorrhi-
zal and endosymbiont.
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Intra-kingdom Co-occurrence Network

For intra-kingdom co-occurrence/co-exclusion analysis,
only normalized bacterial ASVs and fungal OTUs with a
relative abundance higher than 0.1% and occurring in more
than two samples were included [60, 61]. Spearman cor-
relation analysis was applied and only correlations with a
coefficient (p) > 0.7 or < -0.7 and a p-value < 0.05 were
included. Co-occurrence networks were constructed using
the Hmisc (v. 5.2.3), dplyr (v. 1.1.4) and devtools (v. 2.4.5)
packages in R (v. 4.4.1) [44] and exported for visualization
to Gephi (v. 0.10.1) using the Fruchterman-Reingold layout
algorithm [62].

Results

The bacterial and fungal microbiota associated with An.
darlingi were characterized in 51 female mosquitoes; bac-
teria were identified in 33 specimens and fungi in 18. The
sequencing of the bacterial 16 S TRNA V3-V4 region yielded
6,377,191 reads (an average of 193,248 per sample). After
DADAZ2 filtering and removal of contaminants identified in
the wash and non-template controls, 4,656,789 high-quality
sequences remained, corresponding to 612 ASVs (Table
S2). Fungal microbiota sequencing of the ITS2 region gen-
erated 3,045,649 reads (an average of 169,202 per sample).
After processing with PIPITS, 2,917,556 sequences were
retained and assigned to 1,349 fungal OTUs (Table S3). No
amplification was detected in the fungal non-template con-
trol. Rarefaction curves plateaued for all samples, indicating
sufficient sequencing depth (Fig. Sla, Fig. S1b).

Bacterial and Fungal Microbiota Composition in
Anopheles darlingi by Region

Bacterial ASVs were classified into 16 phyla, 119 families
and 219 genera. The most abundant phylum was Pseudo-
monadota (synonym: Proteobacteria), accounting for 85.3%
of the total bacterial abundance, followed by Bacteroidota
(6.7%), Actinomycetota (syn. Actinobacteriota, 4.9%) and
Firmicutes (syn. Bacillota, 2.1%). All remaining phyla rep-
resented less than 1% of the total abundance (Fig. S2a). At
the family level, the most prevalent groups were Burkholde-
riaceae (34.2%), Xanthobacteraceae (26.5%), Rhizobiaceae
(8.9%) and Chitinophagaceae (6.1%) (Fig. 2a). At the genus
level, 11 bacterial taxa accounted for approximately 90% of
the relative abundance: Cupriavidus (33.6%), Bradyrhizo-
bium (26.1%), Mesorhizobium (8.8%), Sediminibacterium
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(6.1%), Leifsonia (4.0%), Rickettsia (2.7%), Asaia (2.6%),
Sphingomonas (2.3%), Acinetobacter (1.6%), Lactococcus
(1.3%) and Serratia (0.8%) (Fig. 2b, Table S4). All bac-
teria in the mock community were identified, except for
Micrococcus. The absence of Micrococcus may be due to
technical issues during the preparation of the DNA mock
community, potentially resulting in its underrepresenta-
tion in the sequencing dataset, although the exact cause
could not be determined. It is unlikely that the cause was a
sequencing errot, as Micrococcus was successfully detected
in field-collected Anopheles mosquitoes.

Fungal OTUs were classified into seven phyla, 167 fami-
lies and 240 genera. The dominant phylum was Ascomy-
cota, representing 95.4% of the total relative abundance
(Fig. S2b). At the family level, the most prevalent taxa were
Aspergillaceae (72.7%), Didymosphaeriaceae (12.5%), Dia-
porthaceae (4.8%) and Cordycipitaceae (1.2%) (Fig. 3a). At
the genus level, four genera accounted for approximately
80% of the total fungal abundance, Talaromyces (70.0%),
Diaporthe (4.8%), Aspergillus (2.5%) and Leptobacillium
(0.9%). An additional 18.6% were not classified at the genus
level (Fig. 3b, Table S5).

Among the bacterial ASVs, 133 were found in An. dar-
lingi mosquitoes from all three study regions. These ASVs
corresponded to 85 bacterial genera, the most abundant
were Cupriavidus, Bradyrhizobium, Mesorhizobium, Sedi-
minibacterium, Leifsonia, Sphingomonas, Acinetobacter,
Lactococcus and Serratia. Other genera detected at lower
abundances included Streptococcus, Corynebacterium,
Kurthia, Lysinibacillus, Bacillus, Pseudomonas, Aeromo-
nas, Klebsiella, Pantoea and Micrococcus, among oth-
ers (Fig. S3a, Fig. S3b). Regarding the fungal component,
172 OTUs were shared across An. darlingi from the three
regions, corresponding to 43 fungal genera. The most prom-
inent included Talaromyces, Cecropia, Diaporthe, Asper-
gillus, Leptobacillium, Setophoma, Paraphaeosphaeria,
Zasmidium, Cladosporium, Alternaria, Candida, Tricho-
derma, Rhodotorula, Malassezia, Penicillium, Pichia and
Cryptococcus (Fig. S3c, Fig. S3d). Mosquito populations
from the Amazonas region harbored the highest number
of unique bacterial ASVs and fungal OTUs (115 and 878,
respectively), with two to fourfold higher richness than that
observed in the Bajo Cauca (38 unique bacterial ASVs,
208 unique fungal OTUs) and Pacific regions (27 unique
bacterial ASVs, 445 unique fungal OTUs) (Fig. S3c, Fig.
S3d). The region-specific ASVs in Amazonas were associ-
ated with bacterial genera such as Denitratisoma and Lach-
nospira, while unique fungal OTUs were associated with
Nigrospora, Trichosporon, and Metarhizium, among others.
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Fig. 2 Taxonomic classification of bacterial ASVs in Anopheles darlingi from Colombia. a Family level and (b) genus level. The figure displays
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Bacterial and Fungal Microbiota Diversity and
Distance Decay Analyses in Anopheles darlingi by
Region

The alpha and beta diversity of bacterial and fungal com-
munities across different regions were assessed. The Shan-
non diversity index revealed significantly greater bacterial
community diversity in mosquitoes from the Amazonas
than in those collected in the Pacific (Dunn’s test, AM-PC,
q=0.002). At the same time, no significant differences were
detected in the microbiota of mosquitoes from the Bajo
Cauca region compared with the other regions (Fig. 4a,
Table S6a). Regarding fungal communities, the Shannon
index suggested higher diversity in mosquitoes from the
Amazonas region, although this difference was not statisti-
cally significant (F=2.41, p=0.124). Nevertheless, observed
richness indicated a significantly higher fungal richness in
mosquitoes from the Amazonas compared to those from
Bajo Cauca (Tukey’s HSD test, AM-BC, ¢=0.010) (Fig. 4b,
Table S6b).

Regarding beta diversity, Bray-Curtis dissimilarity anal-
ysis detected significant differences in bacterial community
composition between mosquitoes from the Amazonas and
Pacific regions (pairwise comparison AM-PC, ¢=0.030)
(Fig. 5a, Table S7). Unweighted UniFrac indicated differ-
ences in bacterial composition between Amazonas with
both, the Pacific and Bajo Cauca regions (pairwise compari-
sons AM-PC, ¢=0.003; AM-BC, ¢=0.052, marginally sig-
nificant) (Fig. 5b, Table S7). In contrast, weighted UniFrac
analyses did not detect significant differences in bacterial
community composition among regions (Fig. S4), and this

(a) Bacterial communities

pattern remained unchanged when all samples were included
in the analysis (Fig. S5). For fungal communities, the Bray-
Curtis dissimilarity analysis revealed regional microbial
structure. However, pairwise comparisons between mos-
quitoes from Amazonas and Pacific (AM-PC, ¢=0.055) and
between Amazonas and Bajo Cauca (AM-BC, ¢=0.055) did
not reach statistical significance but were near the threshold
(Fig. 5c, Table S5). Overall, results suggested that mosqui-
toes from the Amazonas harbored a distinct microbial struc-
ture compared to those from the Pacific and Bajo Cauca
regions.

Results of the distance decay of microbial community
similarity in An. darlingi revealed a low but statistically sig-
nificant correlation between geographic distance and Bray-
Curtis dissimilarity, for both bacterial (Mantel r=0.113,
p=0.018) (Fig. 6a) and fungal (Mantel »=0.139, p=0.037)
(Fig. 6b) community composition in An. darlingi. Increasing
geographic distance was associated with decreased similar-
ity in the bacterial and fungal communities of An. darlingi.

Ecological Guilds of Fungi Associated with
Anopheles darlingi

A total of 873 fungal OTUs were assigned to ecological
guilds, predominantly saprotrophs (50.4%), followed by
plant parasite/pathogen (17.5%), animal parasite/pathogen
(14.0%) and endophytes (10.6%). Among the most abun-
dant OTUs were: Talaromyces, associated with both the ani-
mal parasite/pathogen and saprotroph guilds, and Diaporthe
and Aspergillus, linked to the plant parasite/pathogen, sap-
rotroph and endophyte guilds (Fig. 7).

(b) Fungal communities
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Fig. 4 Alpha diversity of bacterial and fungal microbiota in Anoph-
eles darlingi by study region. a Shannon diversity (Kruskal-Wallis:
p<0.05), observed richness (Kruskal-Wallis: p>0.05) and Pielou’s
evenness (Kruskal-Wallis: p<0.05) for bacterial ASVs. b Shannon

diversity (ANOVA: p>0.05), observed richness (ANOVA: p<0.05)
and Pielou’s evenness (ANOVA: p>0.05) for fungal OTUs. Differ-
ent letters indicate statistically significant differences between groups
(post-hoc test, ¢<0.05)
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Fig. 5 Principal coordinates analysis plots of bacterial and fungal
microbiota in Anopheles darlingi. Based on (a) the Bray-Curtis dis-
similarity matrix of bacterial ASVs, (b) the unweighted UniFrac dis-
tance matrix of bacterial ASVs, and (¢) the Bray-Curtis dissimilarity

Intra-kingdom Co-occurrence Network

In the overall bacterial co-occurrence network, ASV nodes
were predominantly associated with An. darlingi mosqui-
toes from the Amazonas (Fig. S6). When networks were
constructed separately by region, the bacterial network
of mosquitoes from the Amazonas displayed two mod-
ules composed of highly interconnected genera or degree,
including Blautia, Klebsiella, Akkermansia, Prevotella,
Bacteroides, Asaia and Acinetobacter. Negative correla-
tions primarily involved Streptococcus, which showed
co-exclusion with bacteria such as Bryobacter, Leifsonia,
Lysinibacillus and Sphingomonas, among others (Fig. 8a).
In mosquitoes from the Pacific region, a distinct module
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matrix of fungal OTUs. The proportion of variation explained by each
PCoA axis is indicated in parentheses. PERMANOVA statistics are
shown at the bottom of each panel

was identified comprising Lactobacillus, Delftia, Akker-
mansia, Weissella and Bacteroides (Fig. 8c). In contrast, not
highly connected ASVs were detected in mosquitoes from
the Bajo Cauca region (Fig. 8b). Network stability metrics,
clustering coefficient and degree were higher in the Pacific
and Amazonas regions compared to the Bajo Cauca.
Fungal co-occurrence networks were constructed at
the family level due to a high proportion of fungal genera
being designated as “Unclassified” in the intra-kingdom
network. Compared with bacterial networks, the fungal
networks showed a lower connectivity degree. Addi-
tionally, a higher number of OTUs were observed in
An. darlingi mosquitoes from the Amazonas (Fig. S6b).
The network of this region also exhibited the highest
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Fig.8 Co-occurrence networks of bacterial ASVs identified in Anoph-
eles darlingi from Colombian regions. a Amazonas, (b) Bajo Cauca
and (c) Pacific regions. The most abundant bacterial genera per region

modularity, with more interconnected families such as
Roussoellaceae, Glomerellaceae, Sporidiobolaceae,
Cordycipitaceae and Cladosporiaceae (Fig. 9a). As seen
in the bacterial networks, the Bajo Cauca region did not
display a high module formation (Fig. 9b). In the Pacific
region, families such as Mycosphaerellaceae and Plecto-
sphaerellaceae, among others, were identified in the main
module (Fig. 9¢).

Discussion

In this study, the bacterial and fungal communities asso-
ciated with adult An. darlingi mosquitoes from the Ama-
zonas, Bajo Cauca and Pacific regions of Colombia were
characterized. The results revealed significant differences in
microbial composition among regions, as well as a weak
but significant correlation between geographic distance
and microbiota composition, suggesting that geography
shapes microbial composition in An. darlingi; in addition,
environmental or biological factors likely contribute to
the observed variation. This study expands the geographic

@ Springer

@ Acinetobacter (14.2%)

Methylobacterium-Methylorubrum (7.1%)
@ Bradyrhizobium (7.1%)
Sediminibacterium (3.5%)
Stenotrophomonas (3.5%)
Escherichia-Shigella (3.5%)
Sphingomonas (3.5%)
@ Amycolatopsis (3.5%)

Clustering coefficient: 0.56

@ Unclassified Muribaculaceae (20.3%)

@ Acinetobacter (5.5%)
Delftia (5.5%)

@ Rothia (3.7%)

@ Streptococcus (3.7%)

@ Bacteroides (3.7%)

@ Bradyrhizobium (3.7%)

@ Faecalibaculum (1.8%)
Escherichia-Shigella (1.8%)
Sediminibacterium (1.8%)
Stenotrophomonas (1.8%)
Cupriavidus (1.8%)

Nodes: 56
Edges: 474

Positive: 474 (100%)
== Negative: 0 (0%)
Degree: 16.92

Modularity: 0.15
Clustering coefficient: 0.87

are displayed. Nodes with the same color correspond to the same
genus-level taxonomic assignment. Only correlations with p>0.7 or <
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scope of previous studies on bacterial communities in this
species in Colombia and represents the first metabarcoding-
based characterization of the fungal component in adult An.
darlingi for the Neotropics.

Although a previous study characterized both the bacte-
rial and fungal microbiota of this vector [63], it employed
a metatranscriptomic approach designed to identify the
transcriptionally active microbiota and its functional profile
through RNA-Seq. In contrast, the present study is based on
DNA metabarcoding, enabling the characterization of both
bacterial and fungal communities, including microorgan-
isms that are not transcriptionally active and may constitute
a microbial reservoir capable of responding to environmen-
tal changes [64]. Furthermore, as the same molecular mark-
ers and analytical framework can be applied across samples,
the metabarcoding approach allows robust comparisons of
microbial richness, diversity and geographic variation in
community composition. Together, metatranscriptomic
and metabarcoding approaches provide complementary
perspectives, contributing to a more comprehensive under-
standing of microbiota—vector interactions and their eco-
logical dynamics.
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Fig. 9 Co-occurrence networks of fungal OTUs identified in Anophe-
les darlingi from Colombian regions. a Amazonas, (b) Bajo Cauca and
(¢) Pacific regions. The most abundant fungal families per region are

Bacterial Taxonomic Composition Across Regions
and its Potential Role in Host Ecology

In general, the bacterial composition of An. darlingi included
genera such as Cupriavidus, Bradyrhizobium, Sphingomo-
nas, Acinetobacter, Lactococcus, Serratia, Chryseobacte-
rium, Lysinibacillus, Enterobacter, Streptococcus, Delftia,
Escherichia-Shigella, Pseudomonas, Bacillus, Aeromonas,
Pantoea, Micrococcus, among others. Consistent with
the present study, previous reports have identified several
of these genera in An. darlingi from Colombia, including
Aeromonas, Acinetobacter, Pseudomonas [15, 20], Pan-
toea, Micrococcus, Bacillus, Serratia and Chryseobacte-
rium [20]. Similarly, adult An. darlingi mosquitoes collected
in Brazil have been shown to harbor Streptococcus, Coryne-
bacterium, Acinetobacter, Pseudomonas, Staphylococcus,
Bacillus, Delftia, Escherichia-Shigella, Enterobacter, Ser-
ratia, Pantoea and Cupriavidus [19]. In addition, studies on
An. darlingi feces reported the presence of Enterobacter,
Serratia, Acinetobacter, Staphylococcus and Pantoea [65];
while, in breeding-site water samples, the genera found
were Acinetobacter, Bacillus, Escherichia-Shigella and

Clustering coefficient: 0.78

Positive: 102 (98%)
== Negative: 3 (2%)

Degree: 5.12
Modularity: 0.65
Clustering coefficient: 0.92

shown. Node colors indicate taxonomic assignment at the genus level.
Only correlations with p>0.7 or <-0.7 and p<0.05 were included

Staphylococcus, among others [66]. All these genera were
also detected in the An. darlingi populations from the three
Colombian regions included in this study. In addition, a sub-
set of bacterial taxa was consistently detected in An. dar-
lingi across the three Colombian regions; they most likely
represent members of the vector core microbiota. This
hypothesis is supported by their widespread geographic
distribution in An. darlingi populations across the country
and by their detection in Anopheles mosquitoes collected in
Colombia in 2015 [15, 20], suggesting temporal persistence
in this vector, although longitudinal studies are needed to
confirm temporal stability.

Among the bacteria identified and shared across wild
populations of An. darlingi, some genera have been
reported with the potential to inhibit Plasmodium parasites;
these include Serratia [67, 68], Enterobacter [69], Delftia
[70], Pantoea [68], Pseudomonas [68, 71] and Escherichia
[71]. In addition, members of the genus Acinetobacter sp.,
which has also been reported in various Anopheles species
from Asia [72, 73] and Africa [74], demonstrated in vitro
capability to inhibit Plasmodium development [68]. Fur-
thermore, some species of this genus, such as Acinetobacter
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baumannii and Acinetobacter johnsonii, isolated from mos-
quitoes, have demonstrated their role in the degradation
of substrates such as a-ketovaleric acid and glycine (com-
ponents of blood), as well as 4-hydroxybenzoic acid and
xylose (found in plants). The above supports the hypothesis
that some bacteria may function as symbionts involved in
blood and nectar digestion in mosquitoes [75]. Although
in this study species-level classification was not possible,
a recent study by our research group reported that Acineto-
bacter strains isolated from the midgut of An. nuneztovari
and An. darlingi present a high 16 S rRNA gene similarity
with A. baumannii [20].

The genera Cupriavidus, Bradyrhizobium and Meso-
rhizobium were found in greater abundance, they have
previously been described as soil-associated taxa [76—78];
however, previous studies have also reported the presence
of Cupriavidus in Aedes mosquitoes [79], while Mesorhi-
zobium has been detected in Aedes, Culex [80] and Anoph-
eles species; nevertheless, the mechanisms by which these
bacteria are acquired within mosquito populations remain
poorly understood [81]. Notably, some species of Cupria-
vidus, such as Cupriavidus metallidurans, are capable of
surviving in environments contaminated with heavy met-
als, including mining sites [82]. In Colombia, Anopheles
larvae have been reported in breeding habitats derived from
human activities such as mining [83], and adult Anopheles
mosquitoes have been documented in areas disturbed by
human activities, including open-pit mining [84, 85]. These
observations suggest that Cupriavidus may be acquired
from the larval breeding habitats and persists in the adult
stage. Furthermore, the genus Bradyrhizobium is associated
with soils and leguminous roots owing to its nitrogen-fixing
capacity [76]. Yet, a previous study reported that Bradyrhi-
zobium strains isolated from ants form a distinct clade from
the nitrogen-fixing rhizobial symbionts commonly associ-
ated with legume [86], suggesting that these bacteria may
represent a specialized evolutionary lineage associated with
insects. In line with this hypothesis, some insects are thought
to depend on nitrogen-fixing bacteria [87]. Although its
relationship with mosquitoes remains largely unexplored,
Bradyrhizobium has previously been identified as part of
the transcriptionally active microbiota of An. darlingi [63].
Taken together, these observations suggest that the ecologi-
cal roles of these bacteria, as well as their interactions with
An. darlingi, warrant further investigation.

Notably, in mosquitoes from the Pacific region, there
was a high abundance of Rickettsia in sample PB1 (> 90%
relative abundance) and a lower abundance in sample PB5.
Rickettsia species are strictly obligate intracellular bac-
teria, some species are pathogenic to mammals [88]. The
presence of this bacterium has been previously reported in
mosquitoes of the genera Anopheles [89], Aedes and Culex
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[90]. Although the role of mosquitoes in the transmission of
Rickettsia is not yet well established, it has been shown that
An. gambiae can transmit Rickettsia felis, leading to tran-
sient rickettsial infections in mice [91]. However, further
research is required to determine the role of Anopheles as a
competent vector, and not just a carrier, taking into account
established vector incrimination criteria [92]. Likewise, it
is essential to confirm the presence of Rickettsia and char-
acterize the species involved and their pathogenicity [90].

Insights into the Mycobiota of Anopheles darlingi

The fungal genera identified as potentially comprising the
An. darlingi core mycobiota correspond to fungi consis-
tently detected in mosquitoes from all regions, included fila-
mentous fungi such as Talaromyces, Diaporthe, Aspergillus,
Cladosporium, Alternaria and Penicillium and the yeasts
Candida and Pichia, among others (Fig. S3d). Accord-
ing to the available literature, there are no prior reports of
fungal microbiota characterization using metabarcoding
approaches in adult An. darlingi; however, a previous study
on the larvae reported the presence of Penicillium [21].
Studies focusing on other mosquito genera, such as Aedes
and Culex, have revealed similar fungal community compo-
sitions, with Aspergillus, Cladosporium, Penicillium, Trich-
oderma, Candida, Cryptococcus and Rhodotorula among
the predominant taxa [25, 93]. All these genera were also
detected in An. darlingi natural populations across the three
study regions.

Furthermore, identified fungal OTUs within the gen-
era Fusarium, Metarhizium and Beauveria include ento-
mopathogenic species with potential application in vector
control [94, 95]. Specifically, Metarhizium anisopliae and
Beauveria bassiana have demonstrated efficacy in the
biological control of An. gambiae larvae in Africa [96].
Besides, M. anisopliae reduced feeding and reproductive
capacity in adult An. gambiae mosquitoes [97]. Until now,
only Fusarium has been reported in Anopheles mosquitoes
in the Neotropics, specifically in An. albimanus larvae and
adults from Pert [98]. The findings from this study open
new possibilities for exploring the use of entomopathogenic
fungi in vector control strategies in the Neotropics.

Mosquitoes acquire their microbiota through various
routes, including water from the aquatic habitat during
the larval stage, with only a subgroup of microorganisms
persisting into adulthood [12]; vertical transmission [99]
and sugar or blood feeding [100, 101]. While the acquisi-
tion pathways of bacterial microbiota are well documented,
less is known about the acquisition of fungal communi-
ties. The An. darlingi fungal OTUs were predominantly
associated with saprotrophic ecological guilds, followed
by plant parasites/pathogens, animal parasites/pathogens,



Bacterial and Fungal Microbiota in Anopheles darlingi Exhibit Differences in Diversity Across Three Main...

Page 150f 20 167

and endophytes. It has been suggested that saprophytic and
plant-related fungi are acquired by larvae from the breeding
sites and are retained in the adult mosquito or are obtained
during nectar feeding. In contrast, animal parasitic/patho-
genic fungi are more likely to infect mosquitoes through
the vector’s cuticle [93, 101]. In this context, the surround-
ing environment where mosquitoes develop and circulate
appears to play a critical role in shaping not only their bac-
terial microbiota, but also their fungal microbiota, as previ-
ously suggested for Ae. albopictus [93].

Geography Shapes the Microbiota of Anopheles
darlingi

The composition of the microbiota in An. darlingi from the
Amazonas region differed from that observed in the Bajo
Cauca and Pacific regions, possibly influenced by a vari-
ety of factors, among them, geographic distance. Alpha
and beta diversity analyses revealed a higher diversity of
bacterial and fungal microbiota in An. darlingi from the
Amazonas. In this region, community composition dif-
fered significantly from that of the Bajo Cauca and Pacific
regions, as evidenced by the Bray-Curtis and unweighted
UniFrac distance metrics. A similar pattern in bacterial com-
munity structure was previously observed in An. darlingi
from the Bajo Cauca and Pacific regions [15]. Likewise, the
viral component of this vector showed a comparable pattern
of regional dissimilarity [16]. Notably, the weighted Uni-
frac results did not show a consistent degree of dissimilarity
between regions, likely because this analysis is more sus-
ceptible to changes in abundant lineages [102], which limits
its ability to detect differences when low-abundance taxa
primarily drive microbial variation.

Using distance decay analysis, we observed weak but sta-
tistically significant correlation between microbial commu-
nity similarity (both bacterial and fungal) and geographic
distance in An. darlingi populations across the regions.
This finding aligns with previous observations that showed
a decline in microbiota similarity in Diabrotica virgifera
(Order Coleoptera) with increasing geographic distance
[103], as well as shifts in microbiota composition associ-
ated with geographic latitude in Anastrepha ludens (Order
Diptera) [104]. In addition, various studies have shown
that the collection site, considered as a geographic factor,
influenced differences in mosquito microbiota composition
[15, 105]. Results are consistent with the proposed bacte-
rial taxon-area relationship, which indicates a tendency
toward lower microbial community similarity between
geographically distant locations, mainly due to environ-
mental heterogeneity [106]. In this study, the An. darlingi
specimens originated from three different ecoregions with
variable resource availability and climatic conditions [28],

and host availability and abundance [6]. In addition to envi-
ronmental filtering, dispersal limitation may also contribute
to the observed patterns. The An. darlingi collection sites
are separated by the Andes mountain range, a major geo-
graphical barrier that could restrict mosquito movement [3]
and associated microbial dispersal among regions, thereby
contributing to the observed differences in mosquito micro-
biota composition. These factors could partially explain
the observed differences in microbiota composition among
regions, as previously suggested [13, 107].

In addition to geographical distance, other factors may
contribute to the observed differences in An. darlingi bacte-
rial and fungal microbiota composition. Previous studies in
insects have reported that microbiota composition is asso-
ciated with host genetic background, as shown in models
such as mosquitoes [11], wasps [13] and water fleas [108].
Although genetic difference was not assessed in the pres-
ent study, earlier research has documented that An. dar-
lingi from Colombia is structured into two populations; one
located west of the Andes (including the Bajo Cauca and
Pacific regions), which is genetically closer to the Central
American populations, and the other located to the east (the
Amazonas region), which is genetically related to Brazil-
ian populations [3, 109]. The reported genetic structure and
the results on its microbial composition allow hypothesizing
that the genetic background of An. darlingi might be shap-
ing its microbiota. Therefore, future studies are necessary to
evaluate the relationship between host genetics and micro-
bial composition in this vector.

Potential Microbial Interactions and Their Ecological
Role in Host Biology

This study aimed to generate hypotheses regarding intra-
kingdom interactions between components of the host
microbiota. To achieve this, we constructed co-occurrence
networks to identify microbial components (ASVs and
OTUs) that respond similarly to changes in the host and
environment. This approach revealed that mosquitoes from
the Amazonas region had the highest number of unique
ASVs and OTUs, and their co-occurrence networks exhib-
ited higher degree values, mainly due to the bacterial gen-
era Asaia, Prevotella, and Acinetobacter. Notably, Asaia
was previously reported as a predominant bacterium in 4n.
darlingi [110]; it was also proposed as a genus of interest
because it induces the expression of antimicrobial peptides
in vitro that may interfere with the Plasmodium life cycle
[111]. Some of its characteristics, such as genome reduc-
tion, loss of mobile elements, and loss of motility, among
others, shape Asaia as a symbiont in An. darlingi [112]. Fur-
thermore, in a metatranscriptomic study, Asaia transcripts
were linked to carbohydrate and amino acid transport and
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metabolism, as well as vitamin biosynthesis [63]; these pro-
cesses may benefit An. darlingi. Also, Asaia’s role as a key-
stone taxon in the microbial co-occurrence network further
underscores its ecological relevance.

The co-occurrence networks also revealed that some of
the most abundant bacterial genera, such as Cupriavidus,
Bradyrhizobium and Mesorhizobium were not part of net-
work modules. In the Amazonas region, the bacteria with the
highest degree of connectivity were Klebsiella, Asaia and
Acinetobacter, which have been previously identified and
evaluated in mosquito vectors [75, 113]. In contrast, other
genera present within the main modules, such as Blautia,
Akkermansia, Prevotella and Bacteroides, remain largely
unexplored in terms of their interaction with mosquitoes. To
date, the only evidence linking these taxa to mosquito-asso-
ciated microbiota is the reported co-occurrence of Blautia
and Asaia in An. darlingi [110]. Of note, inferences about
microbial interactions derived from co-occurrence networks
are inherently limited. These networks primarily reflect taxa
that occupy similar ecological niches instead of direct causal
relationships. Nonetheless, these analyses provide a valu-
able overview of microbial community structure and help
to prioritize taxa for future studies aimed at understanding
specific ecological or functional interactions [114].

Furthermore, an interesting overall finding from our studies
is that mosquitoes from the Amazonas harbored a more abun-
dant and diverse bacterial and fungal community than those
from the other two regions. In Colombia, this region accounts
for a relatively low proportion of the reported malaria cases,
approximately 7.7% of the total, whereas the Pacific and Bajo
Cauca regions report 54.5% and 31.5% of cases, respectively
[2]; a trend that has remained consistent over time [115]. Simi-
larly, greater bacterial diversity was reported in Anopheles
sinensis collected from areas with lower malaria transmission
[116]. These findings raise the question of whether the mos-
quito microbiota composition and diversity influence its capac-
ity to transmit the parasite. Future research would benefit from
including the analysis of An. darlingi populations from areas
with lower malaria transmission, where this vector is also pres-
ent [4], such as the Andean, Caribbean, or Orinoco regions [2].

Finally, although this study provides valuable insights
into the microbiota of An. darlingi mosquitoes and offers
interesting findings, it is important to acknowledge some
limitations. These include the sample size and the fact that
microbiota was assessed from whole mosquitoes, which pre-
vents conclusions about tissue-specific bacterial and fungal
presence. Future studies should consider these factors and
the role of determinants, such as host genetic background,
in bacterial and fungal composition. Furthermore, it will
be relevant to evaluate the transstadial dynamics of fungal
communities and the potential of specific fungal strains for
vector-control interventions.

@ Springer

Conclusion

This study advances the understanding of An. darlingi bacte-
rial and fungal microbiota in Colombia, revealing differences
in microbial composition and diversity across geographical
settings. Higher alpha diversity was observed in mosquitoes
from the Amazonas, while beta diversity analyses indicated
differences in both bacterial and fungal community composi-
tion among regions, particularly between Amazonas and the
other two regions. In addition, the microbial communities
of An. darlingi showed decreased similarity with increasing
geographic distance in both bacterial and fungal communi-
ties. The characterization of the microbiota composition in
this vector allowed the identification of taxa shared across all
sampled regions, suggesting a core microbiota in Colombian
An. darlingi. In addition, bacterial taxa associated with An.
darlingi included the genera Serratia, Enterobacter, Delf-
tia, Pantoea, Pseudomonas and Escherichia; some strains
within these genera have been previously reported to exhibit
potential inhibitory activity against Plasmodium parasites.
Similarly, fungal taxa included Fusarium, Metarhizium and
Beauveria, contain members with entomopathogenic poten-
tial useful for vector control. These findings provide insight
into the structure of the microbiota of An. darlingi and may
serve as the basis for future research aimed at understanding
its role in vector control and its influence on vector compe-
tence in epidemiologically relevant regions.

SupplementaryInformation The online version contains supplementary
material available at https://doi.org/10.1007/s00248-026-02829-9.

Acknowledgements We thank all the field technicians for their sup-
port during mosquito collection and the members of the Grupo Micro-
biologia Molecular, Escuela Microbiologia, Universidad de Antioquia,
especially JC. Gomez and S. Piedrahita for their support in the labora-
tory work. We thank T. Zhao, H. da Silva and N. dos Santos for their
suggestions on the bioinformatic analyses of this manuscript, and to
Professor N. Benevides Matos for her internship process support at
Fiocruz Rondoénia. The PIVEM Group, FIOCRUZ-Rondénia, Brazil;
and the Groningen Institute for Evolutionary Life Sciences, Univer-
sity of Groningen, The Netherlands, for their valuable support in the
research process. Finally, we also thank the Center for Information
Technology at the University of Groningen for providing access to the
Habrok high-performance computing cluster.

Author Contributions PML. Conceptualization, Investigation, For-
mal Analysis, Methodology, Visualization, Writing - Original Draft
Preparation. JCH. Conceptualization, Methodology, Writing - Review
& Editing. JPZ. Methodology, Writing - Review & Editing. MSA.
Methodology, Writing - Review & Editing. JFS. Methodology, Formal
Analysis, Writing - Review & Editing. MMC. Conceptualization, Vali-
dation, Supervision, Funding Acquisition, Writing - Review & Editing.

Funding Open Access funding provided by Colombia Consortium.
This study received funding from the Escuela de Microbiologia, Uni-
versidad de Antioquia, project code 2023-66350 to MMC. PM.L
was awarded a Minciencias Colombia SGR Scholarship through the


https://doi.org/10.1007/s00248-026-02829-9

Bacterial and Fungal Microbiota in Anopheles darlingi Exhibit Differences in Diversity Across Three Main...

Page 17 0f 20 167

Alianza UNAL-UDEA call for applications for MSc studies (Convo-
catoria 7, Departamento Choco), as well as an Erasmus Mundus+ICM
Scholarship at the Center for Information Technology at the Univer-
sity of Groningen, The Netherlands, and an internship funded by Co-
ordenagdo de Aperfeicoamento de Pessoal de Nivel Superior - Brasil
(CAPES) - Code 001, held at PIVEM, Fiocruz Rondénia, Brazil.

Data Availability The raw Illumina sequencing reads generated during
this study are available in the NCBI database Sequence Read Archive
under BioProject accession number PRINA1276476 (https://www.nc
bi.nlm.nih.gov/sra/PRINA1276476), BioSamples SAMN49073438 to
SAMN49073491.

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Hiwat H, Bretas G (2011) Ecology of Anophelels darlingi Root
with respect to vector importance: A review. Parasit Vectors 4:1—
13. https://doi.org/10.1186/1756-3305-4-177

2. Padilla-Rodriguez JC, Olivera M, Ahumada-Franco ML, Pare-
des-Medina A (2021) Malaria risk stratification in Colombia 2010
to 2019. PLoS ONE 16:1-15. https://doi.org/10.1371/journal.pon
¢.0247811

3. Naranjo-Diaz N, Conn JE, Correa MM (2016) Behavior and pop-
ulation structure of Anopheles darlingi in Colombia. Infect Genet
Evol 39:64-73. https://doi.org/10.1016/j.meegid.2016.01.004

4. Naranjo-Diaz N, Correa MM (2025) An updated checklist of
Anopheles (Diptera, Culicidae) of Colombia with new records
and distribution data. Zookeys 189:169—-189. https://doi.org/10.
3897/zookeys.1231.133711

5. Naranjo-Diaz N, Rosero DA, Rua-Uribe G et al (2013) Abun-
dance, behavior and entomological inoculation rates of anthro-
pophilic anophelines from a primary Colombian malaria endemic
area. Parasit Vectors 6:1756-3305. https://doi.org/10.1186/1756
-3305-6-61

6. Piedrahita S, Alvarez N, Naranjo-Diaz N et al (2022) Anopheles
blood meal sources and entomological indicators related to Plas-
modium transmission in malaria endemic areas of Colombia. Acta
Trop 233:106567. https://doi.org/10.1016/j.actatropica.2022.106
567

7. Conn JE, Ribolla PE (2016) Ecology of Anopheles darlingi, the
primary malaria vector in the Americas and current nongenetic
methods of vector control. In ZN. Adelman (Ed.), Genetic Con-
trol of Malaria and Dengue. Elsevier Inc., pp 81-102. Academic
Press. https://doi.org/10.1016/B978-0-12-800246-9.00005-3

11.

12.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Guégan M, Zouache K, Démichel C et al (2018) The mosquito
holobiont: Fresh insight into mosquito-microbiota interactions.
Microbiome 6:49. https://doi.org/10.1186/s40168-018-0435-2
Berg G, Rybakova D, Fischer D et al (2020) Microbiome defi-
nition re-visited: Old concepts and new challenges. Microbiome
1-22. https://doi.org/10.1186/s40168-020-00875-0
Cansado-Utrilla C, Zhao SY, McCall PJ et al (2021) The micro-
biome and mosquito vectorial capacity: Rich potential for discov-
ery and translation. Microbiome 9:111. https://doi.org/10.1186/s4
0168-021-01073-2

Novakova E, Woodhams DC, Rodriguez-ruano SM (2017) Mos-
quito microbiome dynamics, a background for prevalence and
seasonality of West Nile Virus. Front Microbiol 8:1-17. https://
doi.org/10.3389/fmicb.2017.00526

Galeano-Castafieda Y, Bascufian P, Serre D, Correa MM (2020)
Trans-stadial fate of the gut bacterial microbiota in Anopheles
albimanus. Acta Trop 201:105204. https://doi.org/10.1016/j.actat
ropica.2019.105204

Brinker P, Chen F, Ben Y et al (2023) Microbiome composition
is shaped by geography and population structure in the parasitic
wasp Asobara japonica, but not in the presence of the endosym-
biont Wolbachia. Mol Ecol 6644—6658. https://doi.org/10.1111/m
ec.16699

Sandeu MM, Grace C, Maffo T et al (2022) Seasonal variation
of microbiota composition in Anopheles gambiae and Anopheles
coluzzii in two different eco-geographical localities in Cameroon.
Med Vet Entomol 269-282. https://doi.org/10.1111/mve.12583
Bascuiian P, Nifio-Garcia JP, Galeano-Castafieda Y et al (2018)
Factors shaping the gut bacterial community assembly in two
main Colombian malaria vectors. Microbiome 6:148. https://do
1.0rg/10.1186/s40168-018-0528-y

Hernandez-Valencia JC, Gémez G, Correa MM (2025) Metage-
nomic analysis evidences a core virome in Anopheles darlingi
from three contrasting Colombian ecoregions. PLoS ONE 1-19.
https://doi.org/10.1371/journal.pone.0320593

Villegas LM, Pimenta PFP (2014) Metagenomics, paratransgene-
sis and the Anopheles microbiome: A portrait of the geographical
distribution of the anopheline microbiota based on a meta-anal-
ysis of reported taxa. Mem Inst Oswaldo Cruz 109:672—684.
https://doi.org/10.1590/0074-0276140194

Zoure AA, Sare AR, Yameogo F et al (2020) Bacterial commu-
nities associated with the midgut microbiota of wild Anopheles
gambiae complex in Burkina Faso. Mol Biol Rep 47:211-224.
https://doi.org/10.1007/s11033-019-05121-x

Santos NAC, de Carvalho VR, Souza-Neto JA et al (2023) Bac-
terial microbiota from lab-reared and field-captured Anopheles
darlingi midgut and salivary gland. Microorganisms 11:1145. h
ttps://doi.org/10.3390/microorganisms11051145

Piedrahita S, Bascuiian P, Urrea-aguirre PA, Correa MM (2023)
Characterization of the culturable gut microbiota of two colom-
bian main malaria vector. Acta Biologica Colomb 28:528-539.
https://doi.org/10.15446/abc.v28n3.105865

Pereira E, Sarquis M, Ferreira-Keppler R et al (2009) Filamen-
tous fungi associated with mosquito larvae (Diptera: Culicidae)
in municipalities of the Brazilian Amazon. Neotrop Entomol
352-359. https://doi.org/10.1590/s1519-566x2009000300009
De Oliveira M, Souza T, Arcos A et al (2024) Fungi from Anoph-
eles darlingi Root,1926, larval breeding sites in the Brazilian
Amazon. PLoS ONE 1-17. https://doi.org/10.1371/journal.pone
0312624

Gurung K, Wertheim B, Falcao Salles J (2019) The microbiome
of pest insects: It is not just bacteria. Entomol Exp Appl 167:156—
170. https://doi.org/10.1111/eea.12768

Dada N, Jupatanakul N, Minard G et al (2021) Considerations for
mosquito microbiome research from the Mosquito Microbiome

@ Springer


https://www.ncbi.nlm.nih.gov/sra/PRJNA1276476
https://www.ncbi.nlm.nih.gov/sra/PRJNA1276476
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/1756-3305-4-177
https://doi.org/10.1371/journal.pone.0247811
https://doi.org/10.1371/journal.pone.0247811
https://doi.org/10.1016/j.meegid.2016.01.004
https://doi.org/10.3897/zookeys.1231.133711
https://doi.org/10.3897/zookeys.1231.133711
https://doi.org/10.1186/1756-3305-6-61
https://doi.org/10.1186/1756-3305-6-61
https://doi.org/10.1016/j.actatropica.2022.106567
https://doi.org/10.1016/j.actatropica.2022.106567
https://doi.org/10.1016/B978-0-12-800246-9.00005-3
https://doi.org/10.1186/s40168-018-0435-2
https://doi.org/10.1186/s40168-020-00875-0
https://doi.org/10.1186/s40168-021-01073-2
https://doi.org/10.1186/s40168-021-01073-2
https://doi.org/10.3389/fmicb.2017.00526
https://doi.org/10.3389/fmicb.2017.00526
https://doi.org/10.1016/j.actatropica.2019.105204
https://doi.org/10.1016/j.actatropica.2019.105204
https://doi.org/10.1111/mec.16699
https://doi.org/10.1111/mec.16699
https://doi.org/10.1111/mve.12583
https://doi.org/10.1186/s40168-018-0528-y
https://doi.org/10.1186/s40168-018-0528-y
https://doi.org/10.1371/journal.pone.0320593
https://doi.org/10.1590/0074-0276140194
https://doi.org/10.1007/s11033-019-05121-x
https://doi.org/10.3390/microorganisms11051145
https://doi.org/10.3390/microorganisms11051145
https://doi.org/10.15446/abc.v28n3.105865
https://doi.org/10.1590/s1519-566x2009000300009
https://doi.org/10.1371/journal.pone.0312624
https://doi.org/10.1371/journal.pone.0312624
https://doi.org/10.1111/eea.12768

167

Page 18 of 20

P. Muioz-Laiton et al.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Consortium. Microbiome 9:36. https://doi.org/10.1186/s40168-0
20-00987-7

Malassigné S, Moro CV, Luis P (2020) Mosquito mycobiota: An
overview of non-entomopathogenic fungal interactions. Patho-
gens 9:1-14. https://doi.org/10.3390/pathogens9070564

Seye F, Faye O, Ndiaye M et al (2009) Pathogenicity of the fun-
gus, Aspergillus clavatus, isolated from the locust, Oedaleus
senegalensis, against larvae of the mosquitoes Aedes aegypti,
Anopheles gambiae and Culex quinquefasciatus. J Insect Sci
9:1-7. https://doi.org/10.1673/031.009.5301

QinY, Liu X, Peng G et al (2023) Recent advancements in patho-
genic mechanisms, applications and strategies for entomopatho-
genic fungi in mosquito biocontrol. J Fungi 9:746. https://doi.org
/10.3390/j0f9070746

Olson DM, Dinerstein E, Wikramanayake ED, Burgess ND, Pow-
ell GVN et al (2001) Terrestrial ecoregions of the world: A new
map of life on Earth. Bioscience 51(11):933-938

Gonzalez R, Carrejo NS (2009) Introduccion al estudio tax-
ondémico de Anopheles de Colombia: Claves y notas de distribu-
cion. Programa Editorial Universidad del Valle, editor

Santos PMR, da Rocha TC, Navarro-Silva MA (2019) Molecular
identification of blood meals in mosquitoes (Diptera, Culicidae)
in urban and forested habitats in southern Brazil. PLoS ONE
14:1-18. https://doi.org/10.1371/journal.pone.0212517

Dada N, Benedict AC, Lopez F et al (2021) Comprehensive
characterization of internal and cuticle surface microbiota of
laboratory-reared F1 Anopheles albimanus originating from
different sites. Malar J 20:414. https://doi.org/10.1186/s1
2936-021-03934-5

Beckmann J, Fallon M (2012) Decapitation improves detection
of Wolbachia pipientis (Rickettsiales: Anaplasmataceae) in Culex
pipiens (Diptera: Culicidae) mosquitoes by the polymerase chain
reaction. ] Med Entomol 49:1103—-1108. https://doi.org/10.1603/
mel2049

Rosero D, Guitiérrez A, Cienfuegos A et al (2010) Optimizacion
de un procedimiento de extraccion de ADN para mosquitos
anofelinos. Rev Colomb Entomol 36:260-263. https://doi.org/1
0.25100/socolen.v36i2.9156

YuY, Lee C, Kim J, Hwang S (2005) Group-specific primer and
probe sets to detect methanogenic communities using quantitative
real-time polymerase chain reaction. Biotechnol Bioeng 89:670—
679. https://doi.org/10.1002/bit.20347

White T, Bruns TD, Lee SB, Taylor JW (1990) Amplification
and direct sequencing of fungal ribosomal RNA Genes for phy-
logenetics. In: PCR - Protocols and Applications - A Laboratory
Manual. pp 315-322

Barak N, Fadeev E, Brekhman V et al (2023) Selecting 16S rRNA
primers for microbiome analysis in a host-microbe system: The
case of the jellyfish Rhopilema nomadica. Microorganisms
11:955. https://doi.org/10.3390/microorganisms 11040955

Baltar MC, Pavan MG, Corr J et al (2023) Gut Bacterial diversity
of field and laboratory-reared Aedes albopictus populations of
Rio de Janeiro, Brazil. Viruses 15:1-22. https://doi.org/10.3390
/v15061309

Tedersoo L, Lindahl B (2016) Fungal identification biases in
microbiome projects. Environ Microbiol Rep 8:774-779. https:
//doi.org/10.1111/1758-2229.12438

Singh B, Bobogare A, Cox-Singh J et al (1999) A genus and spe-
cies-specific nested polymerase chain reaction malaria detection
assay for epidemiologic studies. Am J Trop Med Hyg 60:687—
692. https://doi.org/10.4269/ajtmh.1999.60.687

Gutiérrez LA, Naranjo N, Jaramillo LM et al (2008) Natural
infectivity of Anopheles species from the Pacific and Atlantic
regions of Colombia. Acta Trop 107:99-105. https://doi.org/10.
1016/j.actatropica.2008.04.019

Springer

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Bolyen E, Rideout JR, Dillon MR et al (2019) Reproducible,
interactive, scalable and extensible microbiome data science
using QIIME 2. Nat Biotechnol 37:852—857. https://doi.org/10.
1038/s41587-019-0209-9

Callahan B, McMurdie P, Rosen M et al (2016) DADA2: High res-
olution sample inference from Illumina amplicon data. Nat Meth-
ods 13:1-7. https://doi.org/10.1007/978-1-4614-9209-2 118-1
Davis NM, Proctor DM, Holmes SP et al (2018) Simple statistical
identification and removal of contaminant sequences in marker-
gene and metagenomics data. Microbiome 6:1-14. https://doi.org
/10.1186/s40168-018-0605-2

R Core Team (2024) A language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Com-
puting; https://www.r-project.org/. Accessed 10 June 2024
Zhang H (2004) The optimality of Naive Bayes. Proc Seven-
teenth Int Fla Artif Intell Res Soc Conf FLAIRS 2004 2:562-567
Bokulich NA, Kaehler BD, Rideout JR et al (2018) Optimizing
taxonomic classification of marker-gene amplicon sequences
with QIIME 2’s q2-feature-classifier plugin. Microbiome 6:1-17.
https://doi.org/10.1186/s40168-018-0470-z

Gweon HS, Oliver A, Taylor J et al (2015) PIPITS: An auto-
mated pipeline for analyses of fungal internal transcribed spacer
sequences from the [llumina sequencing platform. Methods Ecol
Evol 6:973-980. https://doi.org/10.1111/2041-210X.12399
Zhang J, Kobert K, Flouri T, Stamatakis A (2014) PEAR: A fast
and accurate Illumina Paired-End reAd mergeR. Bioinformatics
30:614-620. https://doi.org/10.1093/bioinformatics/btt593
Gordon A, Hannon G (2010) FASTX-Toolkit. https://github.com
/agordon/fastx_toolkit. Accessed 27 January 2024
Bengtsson-Palme J, Ryberg M, Hartmann M et al (2013)
Improved software detection and extraction of ITS1 and ITS2
from ribosomal ITS sequences of fungi and other eukaryotes for
analysis of environmental sequencing data. Methods Ecol Evol
4:914-919. https://doi.org/10.1111/2041-210X.12073

Lindahl B, Nilsson RH, Tedersoo L et al (2013) Fungal commu-
nity analysis by high-throughput sequencing of amplified markers
—auser’s guide. New Phytol. https://doi.org/10.1111/nph.12243
Tedersoo L, Bahram M, Zinger L et al (2022) Best practices in
metabarcoding of fungi: From experimental design to results.
Mol Ecol 31:2769-2795. https://doi.org/10.1111/mec.16460
Rognes T, Flouri T, Nichols B et al (2016) VSEARCH: A versa-
tile open source tool for metagenomics. Peer] 2016:1-22. https://
doi.org/10.7717/peerj.2584

Nilsson RH, Tedersoo L, Ryberg M et al (2015) A comprehen-
sive, automatically updated fungal ITS sequence dataset for refer-
ence-based chimera control in environmental sequencing efforts.
Microbes Environ 30:145-150. https://doi.org/10.1264/jsme2.M
E14121

Koljalg U, Nilsson HR, Schigel D et al (2020) The taxon hypoth-
esis paradigm—On the unambiguous detection and communica-
tion of taxa. Microorganisms 8:1-24. https://doi.org/10.3390/mic
roorganisms8121910

Shapiro SS, Wilk MB (1965) Biometrika trust an analysis of vari-
ance test for normality. Biometrika 52:591-611

Benjamini Y, Hochberg Y (1995) Controlling the false discovery
rate: A practical and powerful approach to multiple testing. J R
Stat Soc Ser B Stat Methodol 57:289-300. https://doi.org/10.111
1/4.2517-6161.1995.tb02031.x

Bocardi D, Legendre P (2012) Is the Mantel correlogram power-
ful enough to be useful in ecological analysis? A simulation study.
Ecology 93:1473—1481. https://doi.org/10.1890/11-1737.1
Nguyen NH, Song Z, Bates ST et al (2016) FUNGuild: An open
annotation tool for parsing fungal community datasets by eco-
logical guild. Fungal Ecol 1-8. https://doi.org/10.1016/j.funeco.2
015.06.006


https://doi.org/10.1186/s40168-020-00987-7
https://doi.org/10.1186/s40168-020-00987-7
https://doi.org/10.3390/pathogens9070564
https://doi.org/10.1673/031.009.5301
https://doi.org/10.3390/jof9070746
https://doi.org/10.3390/jof9070746
https://doi.org/10.1371/journal.pone.0212517
https://doi.org/10.1186/s12936-021-03934-5
https://doi.org/10.1186/s12936-021-03934-5
https://doi.org/10.1603/me12049
https://doi.org/10.1603/me12049
https://doi.org/10.25100/socolen.v36i2.9156
https://doi.org/10.25100/socolen.v36i2.9156
https://doi.org/10.1002/bit.20347
https://doi.org/10.3390/microorganisms11040955
https://doi.org/10.3390/v15061309
https://doi.org/10.3390/v15061309
https://doi.org/10.1111/1758-2229.12438
https://doi.org/10.1111/1758-2229.12438
https://doi.org/10.4269/ajtmh.1999.60.687
https://doi.org/10.1016/j.actatropica.2008.04.019
https://doi.org/10.1016/j.actatropica.2008.04.019
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1007/978-1-4614-9209-2_118-1
https://doi.org/10.1186/s40168-018-0605-2
https://doi.org/10.1186/s40168-018-0605-2
https://www.r-project.org/
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1111/2041-210X.12399
https://doi.org/10.1093/bioinformatics/btt593
https://github.com/agordon/fastx_toolkit
https://github.com/agordon/fastx_toolkit
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1111/nph.12243
https://doi.org/10.1111/mec.16460
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1264/jsme2.ME14121
https://doi.org/10.1264/jsme2.ME14121
https://doi.org/10.3390/microorganisms8121910
https://doi.org/10.3390/microorganisms8121910
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1890/11-1737.1
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.funeco.2015.06.006

Bacterial and Fungal Microbiota in Anopheles darlingi Exhibit Differences in Diversity Across Three Main...

Page 190f 20 167

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Silva H, Oliveira TMP, Sallum MAM (2022) Bacterial commu-
nity diversity and bacterial interaction network in eight mosquito
species. Genes 13. https://doi.org/10.3390/genes13112052
Hegde S, Khanipov K, Albayrak L et al (2018) Microbiome inter-
action networks and community structure from laboratory-reared
and field-collected Aedes aegypti, Aedes albopictus, and Culex
quinquefasciatus mosquito vectors. Front Microbiol 9:1-16.
https://doi.org/10.3389/fmicb.2018.02160

Fruchterman TMJ, Reingold EM (1991) Graph drawing by force-
directed placement. Software-Practice Exp 21:1129-1164
Muifioz-Laiton P, Hernandez-Valencia JC, Isaza JP, Correa MM
(2025) Metatranscriptomic profiling of the bacterial and fungal
microbiota of field-collected Anopheles darlingi from Colombia:
Community composition and functional insights. Acta Trop 270.
https://doi.org/10.1016/j.actatropica.2025.107795

Liu J, Meng Z, Liu X, Hua X (2019) Microbial assembly, interac-
tion, functioning, activity and diversification: A review derived
from community compositional data. Mar Life Sci Technol
1:112-128. https://doi.org/10.1007/s42995-019-00004-3

Arruda A, Ferreira GEM, Junior AS et al (2021) Diversity of cul-
turable bacteria isolated from the feces of wild Anopheles dar-
lingi (Diptera: Culicidae) mosquitoes from the Brazilian Amazon.
J Med Entomol. https://doi.org/10.1093/jme/tjab028

Nilsson L, Oliveira MR, De, Marinotti O et al (2019) Characterization
of bacterial communities in breeding waters of Anopheles darlingi in
Manaus in the the Amazon basin malaria-endemic area. Microb Ecol
78:781-791. https://doi.org/10.1007/500248-019-01369-9

Bando H, Okado K, Guelbeogo WM et al (2013) Intra-specific
diversity of Serratia marcescens in Anopheles mosquito midgut
defines Plasmodium transmission capacity. Sci Rep 3. https://doi.
org/10.1038/srep01641

Bahia AC, Dong Y, Blumberg BJ et al (2014) Exploring Anophe-
les gut bacteria for Plasmodium blocking activity. Environ Micro-
biol 16:2980-2994. https://doi.org/10.1111/1462-2920.12381
Cirimotich CM, Dong Y, Clayton AM et al (2011) Natural
microbe-mediated refractoriness to Plasmodium infection in
Anopheles gambiae. Science 332:855-858. https://doi.org/10.11
26/science.1201618

Huang W, Rodrigues J, Bilgo E et al (2023) Delftia tsuruhatensis TC1
symbiont suppresses malaria transmission by anopheline mosquitoes.
Science 540:533-540. https://doi.org/10.1126/science.adf8141
Pumpuni CB, Beier MS, Nataro JP et al (1993) Plasmodium
falciparum: Inhibition of sporogonic development in Anopheles
stephensi by Gram-Negative bacteria. Exp Parasitol 77:195-199.
https://doi.org/10.1006/expr.1993.1076

Ngo CT, Romano-bertrand S, Manguin S et al (2016) Diversity
of the bacterial microbiota of Anopheles mosquitoes from Binh
Phuoc Province, Vietnam. Front Microbiol 7:1-11. https://doi.org
/10.3389/fmicb.2016.02095

Ngo CT, Aujoulat F, Veas F, Jumas-bilak E (2015) Bacterial
diversity associated with wild caught Anopheles mosquitoes from
Dak Nong Province, Vietnam using culture and DNA fingerprint.
PLoS ONE 1-18. https://doi.org/10.1371/journal.pone.0118634
Chavshin AR, Oshaghi MA, Vatandoost H et al (2014) Isolation
and identification of culturable bacteria from wild Anopheles
culicifacies, a first step in a paratransgenesis approach. Parasit
Vectors 1-8. https://doi.org/10.1186/1756-3305-7-419

Minard G, Tran FH, Raharimalala FN et al (2013) Prevalence,
genomic and metabolic profiles of Acinetobacter and Asaia
associated with field-caught dedes albopictus from Madagascar.
FEMS Microbiol Ecol 83:63—73. https://doi.org/10.1111/.1574-6
941.2012.01455.x

Panzieri M, Marchettini N, Hallam TG (2000) Importance of the
Bradhyrizobium japonicum symbiosis for the sustainability of a

71.

78.

79.

80.

81.

82.

3.

84.

85.

86.

87.

88.

89.

90.

91.

92.

soybean cultivation. Ecol Model 135:301-310. https://doi.org/10
.1016/S0304-3800(00)00383-5

Abe JNA, Dhungana I, Nguyen NH (2023) Legume-nodulating
rhizobia are widespread in soils and plants across the island of
O’ahu, Hawai’i. PLoS ONE 1-13. https://doi.org/10.1371/journa
l.pone.0291250

Doi Y, Maeda N, Takaya N (2025) Mechanism of soil bacteria
(Cupriavidus sp. LA-1) for degrading natural pterin and lumazine
pigments. Commun Biol 8:23-25. https://doi.org/10.1038/s4200
3-025-08737-x

Goémez M, Martinez D, Mufioz M, Ramirez JD (2022) Aedes
aegypti and Ae. albopictus microbiome/virome: New strategies
for controlling arboviral transmission? Parasit Vectors 15:1-13.
https://doi.org/10.1186/s13071-022-05401-9

Zotzmann S, Steinbrink A, Schleich K et al (2017) Bacterial
diversity of cosmopolitan Culex pipiens and invasive Aedes
Japonicus from Germany. Parasitol Res 116:1899-1906. https://
doi.org/10.1007/500436-017-5466-2

Ebenezer KS, Tamilselvan C, Manivannan R, Manivanan R
(2019) Molecular characterization and distance tree identifica-
tion of unique environmental carryover proteobacteria Mesorhi-
zobium sp. in the midgut of Anopheles stephensi. Int ] Mosq Res
6:53-56

Gwynne P (2013) There’s gold in them there bugs. Nature 493:9—
10. https://doi.org/10.1038/495512a

Rojas MA, Ahumada ML, Camila M et al (2025) Anopheles spe-
cies associated with malaria transmission in gold—mining areas
of northwest Colombia. Malar J 24. https://doi.org/10.1186/s129
36-025-05551-y

Hernandez-Valencia JC, Rincon DS, Marin A et al (2020) Effect
of land cover and landscape fragmentation on anopheline mos-
quito abundance and diversity in an important Colombian malaria
endemic region. PLoS ONE 15:1-17. https://doi.org/10.1371/jou
rnal.pone.0240207

Naranjo-Diaz N, Altamiranda-saavedra M, Correa MM
(2019) Anopheles species composition and entomologi-
cal parameters in malaria endemic localities of North West
Colombia. Acta Trop 190:13-21. https://doi.org/10.1016/j.
actatropica.2018.10.011

Dominguez-Santos R, Pérez-Cobas AE, Artacho A et al (2020)
Unraveling assemblage, functions and stability of the gut micro-
biota of Blattella germanica by antibiotic treatment. Front Micro-
biol 11:1-16. https://doi.org/10.3389/fmicb.2020.00487
Bar-shmuel N, Behar A, Segoli M (2020) What do we know about
biological nitrogen fixation in insects? Evidence and implications
for the insect and the ecosystem. Insect Sci 392—403. https://doi.
org/10.1111/1744-7917.12697

Bernabeu-Wittel M, Segura-Porta F (2005) Enfermedades produ-
cidas por Rickettsia. Enferm Infecc Microbiol Clin 23:163-172.
https://doi.org/10.1157/13072167

Mediannikov O, Socolovschi C, Edouard S et al (2013) Common
epidemiology of Rickettsia felis infection and malaria, Africa.
Emerg Infect Dis 19:1775-1783. https://doi.org/10.3201/eid191
1.130361

Pollio AR, Jiang J, Lee SS et al (2022) Discovery of Rickettsia
spp. in mosquitoes collected in Georgia by metagenomics analy-
sis and molecular characterization. Front Microbiol 1-10. https://
doi.org/10.3389/fmicb.2022.961090

Dieme C, Bechah Y, Socolovschi C et al (2015) Transmis-
sion potential of Rickettsia felis infection by Anopheles
gambiae mosquitoes. PNAS 1-6. https://doi.org/10.1073/pn
as.1413835112

Weaver SC (2020) Incrimination of mosquito vectors. Nat Micro-
biol 5:232-233. https://doi.org/10.1038/s41564-019-0665-5

@ Springer


https://doi.org/10.3390/genes13112052
https://doi.org/10.3389/fmicb.2018.02160
https://doi.org/10.1016/j.actatropica.2025.107795
https://doi.org/10.1007/s42995-019-00004-3
https://doi.org/10.1093/jme/tjab028
https://doi.org/10.1007/s00248-019-01369-9
https://doi.org/10.1038/srep01641
https://doi.org/10.1038/srep01641
https://doi.org/10.1111/1462-2920.12381
https://doi.org/10.1126/science.1201618
https://doi.org/10.1126/science.1201618
https://doi.org/10.1126/science.adf8141
https://doi.org/10.1006/expr.1993.1076
https://doi.org/10.3389/fmicb.2016.02095
https://doi.org/10.3389/fmicb.2016.02095
https://doi.org/10.1371/journal.pone.0118634
https://doi.org/10.1186/1756-3305-7-419
https://doi.org/10.1111/j.1574-6941.2012.01455.x
https://doi.org/10.1111/j.1574-6941.2012.01455.x
https://doi.org/10.1016/S0304-3800(00)00383-5
https://doi.org/10.1016/S0304-3800(00)00383-5
https://doi.org/10.1371/journal.pone.0291250
https://doi.org/10.1371/journal.pone.0291250
https://doi.org/10.1038/s42003-025-08737-x
https://doi.org/10.1038/s42003-025-08737-x
https://doi.org/10.1186/s13071-022-05401-9
https://doi.org/10.1007/s00436-017-5466-2
https://doi.org/10.1007/s00436-017-5466-2
https://doi.org/10.1038/495S12a
https://doi.org/10.1186/s12936-025-05551-y
https://doi.org/10.1186/s12936-025-05551-y
https://doi.org/10.1371/journal.pone.0240207
https://doi.org/10.1371/journal.pone.0240207
https://doi.org/10.1016/j.actatropica.2018.10.011
https://doi.org/10.1016/j.actatropica.2018.10.011
https://doi.org/10.3389/fmicb.2020.00487
https://doi.org/10.1111/1744-7917.12697
https://doi.org/10.1111/1744-7917.12697
https://doi.org/10.1157/13072167
https://doi.org/10.3201/eid1911.130361
https://doi.org/10.3201/eid1911.130361
https://doi.org/10.3389/fmicb.2022.961090
https://doi.org/10.3389/fmicb.2022.961090
https://doi.org/10.1073/pnas.1413835112
https://doi.org/10.1073/pnas.1413835112
https://doi.org/10.1038/s41564-019-0665-5

167

Page 20 of 20

P. Muioz-Laiton et al.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Tawidian P, Coon KL, Jumpponen A et al (2021) Host-environ-
ment interplay shapes fungal diversity in mosquitoes. mSphere 6.
https://doi.org/10.1128/msphere.00646-21

Scholte E, Knols BGJ, Samson RA, Takken W (2004) Entomo-
pathogenic fungi for mosquito control: A review. J Insect Sci.
https://doi.org/10.1093/jis/4.1.19

Renuka S, Vani C, Alex E (2023) Entomopathogenic fungi as a
potential management tool for the control of urban malaria vector,
Anopheles stephensi (Diptera: Culicidae). J Fungi 9:223. https://d
01.0rg/10.3390/j019020223

Bukhari T, Takken W, Koenraadt CJM (2011) Development of
Metarhizium anisopliac and Beauveria bassiana formulations for
control of malaria mosquito larvae. Parasit Vectors 1-14. https://
doi.org/10.1186/1756-3305-4-23

Scholte E, Knols BGJ, Takken W (2006) Infection of the malaria
mosquito Anopheles gambiae with the entomopathogenic fungus
Metarhizium anisopliae reduces blood feeding and fecundity. J
Invertebr Pathol 91:43—49. https://doi.org/10.1016/;.jip.2005.10.006
Calle G (2016) Aislamiento e identificacion de hongos a partir de
Anopheles albimanus (Diptera: Culicidae) procedente de Trujillo,
La Libertad (Peru). Dissertation, Universidad Nacional Mayor de
San Marcos Facultad de Ciencias Biologicas

Kaavya K, Tharakan J, Embalil COJ, Aneesh M (2022) Role of
vertically transmitted viral and bacterial endosymbionts of 4edes
mosquitoes. Does paratransgenesis influence vector—borne dis-
ease control? Symbiosis 86:139-153. https://doi.org/10.1007/s1
3199-022-00836-1

Muturi EJ, Njoroge TM, Dunlap C, Caceres CE (2021) Blood
meal source and mixed blood—feeding influence gut bacterial
community composition in Adedes aegypti. Parasit Vectors 14:1—
10. https://doi.org/10.1186/s13071-021-04579-8

Tawidian P, Rhodes VL, Michel K (2019) Mosquito-fungus
interactions and antifungal immunity. Insect Biochem Mol Biol
111:103182. https://doi.org/10.1016/j.ibmb.2019.103182

Chen J, Bittinger K, Charlson ES et al (2012) Associating micro-
biome composition with environmental covariates using general-
ized UniFrac distances. Bioinformatics 28:2106-2113. https://do
i.org/10.1093/bioinformatics/bts342

Paddock KJ, Kim KS, Sappington TW et al (2022) Patterns of micro-
biome composition vary across spatial scales in a specialist insect.
Front Microbiol 13. https://doi.org/10.3389/fmicb.2022.898744
Aluja M, Cerqueda-Garcia D, Altuzar-Molina A et al (2024) Geo-
graphic variation and core microbiota composition of Anastrepha
ludens (Diptera: Tephritidae) infesting a single host across latitu-
dinal and altitudinal gradients. PeerJ 12. https://doi.org/10.7717/
peerj.18555

@ Springer

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Kang X, Wang Y, Li S et al (2020) Comparative analysis of
the gut microbiota of adult mosquitoes from eight locations in
Hainan, China. Front Cell Infect Microbiol 10:1-12. https://doi.o
rg/10.3389/fcimb.2020.596750

Horner-Devine C, Lage M, Hughes J, Bohannan B (2004) A taxa-
area relationship for bacteria. Nature 2:25-27. https://doi.org/10.
1038/nature03073

Brinker P, Fontaine MC, Beukeboom LW, Salles JF (2019) Host,
symbionts, and the microbiome: The missing tripartite interaction.
Trends Microbiol 1-9. https://doi.org/10.1016/j.tim.2019.02.002
Ichige R, Urabe J (2023) Divergence of the host-associated
microbiota with the genetic distance of host individuals within
a parthenogenetic Daphnia species. Microb Ecol 86:2097-2108.
https://doi.org/10.1007/s00248-023-02219-5

Tennessen JA, Brosula R, Chabanol E et al (2026) Population
genomics of Anopheles darlingi, the principal South American
malaria vector mosquito. Science 391:1373—-1378. https://doi.org
/10.1126/science.adw9761

Duque-Granda D, Vivero-Goémez RJ, Gonzalez L et al (2025)
Exploring the diversity of microbial communities associated with
two Anopheles species during dry season in an indigenous com-
munity from the Colombian Amazon. Insects 16:269. https://doi.
org/10.3390/insects 16030269

Capone A, Ricci I, Damiani C et al (2013) Interactions between
Asaia, Plasmodium and Anopheles: New insights into mosquito
symbiosis and implications. Malar Symbiotic Control Parasit
Vectors 6:1756-3305. https://doi.org/10.1186/1756-3305-6-182
Alonso DP, Mancini MV, Damiani C et al (2019) Genome reduc-
tion in the mosquito symbiont Asaia. Genome Biol Evol 11:1-10.
https://doi.org/10.1093/gbe/evy255

Crotti E, Rizzi A, Chouaia B et al (2010) Acetic acid bacteria,
newly emerging symbionts of insects. Appl Environ Microbiol
76:6963—6970. https://doi.org/10.1128/AEM.01336-10

Guseva K, Darcy S, Simon E et al (2022) From diversity to
complexity: Microbial networks in soils. Soil Biol Biochem
169:108604. https://doi.org/10.1016/j.s0ilbio.2022.108604
Padilla-Rodriguez JC, Olivera MJ, Herrera MCP, Abril EP (2022)
Malaria epidemics in Colombia, 1970-2019. Rev Soc Bras Med
Trop 55:1-5. https://doi.org/10.1590/0037-8682-0559-2021

Lee JH, Kim HW, Mustafa B et al (2023) The relationships
between microbiome diversity and epidemiology in domestic
species of malaria—mediated mosquitoes of Korea. Sci Rep 1-12.
https://doi.org/10.1038/s41598-023-35641-3

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1128/msphere.00646-21
https://doi.org/10.1093/jis/4.1.19
https://doi.org/10.3390/jof9020223
https://doi.org/10.3390/jof9020223
https://doi.org/10.1186/1756-3305-4-23
https://doi.org/10.1186/1756-3305-4-23
https://doi.org/10.1016/j.jip.2005.10.006
https://doi.org/10.1007/s13199-022-00836-1
https://doi.org/10.1007/s13199-022-00836-1
https://doi.org/10.1186/s13071-021-04579-8
https://doi.org/10.1016/j.ibmb.2019.103182
https://doi.org/10.1093/bioinformatics/bts342
https://doi.org/10.1093/bioinformatics/bts342
https://doi.org/10.3389/fmicb.2022.898744
https://doi.org/10.7717/peerj.18555
https://doi.org/10.7717/peerj.18555
https://doi.org/10.3389/fcimb.2020.596750
https://doi.org/10.3389/fcimb.2020.596750
https://doi.org/10.1038/nature03073
https://doi.org/10.1038/nature03073
https://doi.org/10.1016/j.tim.2019.02.002
https://doi.org/10.1007/s00248-023-02219-5
https://doi.org/10.1126/science.adw9761
https://doi.org/10.1126/science.adw9761
https://doi.org/10.3390/insects16030269
https://doi.org/10.3390/insects16030269
https://doi.org/10.1186/1756-3305-6-182
https://doi.org/10.1093/gbe/evy255
https://doi.org/10.1128/AEM.01336-10
https://doi.org/10.1016/j.soilbio.2022.108604
https://doi.org/10.1590/0037-8682-0559-2021
https://doi.org/10.1038/s41598-023-35641-3

	﻿Bacterial and Fungal Microbiota in ﻿Anopheles darlingi﻿ Exhibit Differences in Diversity Across Three Main Colombian Malaria-endemic Regions
	﻿Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Mosquito Collection
	﻿Bacterial and Fungal DNA Extraction and Amplicon Sequencing
	﻿Detection of ﻿Plasmodium﻿ infection in ﻿Anopheles darlingi﻿
	﻿Processing of Bacterial and Fungal Sequences and Taxonomic Analyses
	﻿Composition, Diversity and Distance Decay Analyses of Bacterial and Fungal Communities in ﻿Anopheles darlingi﻿
	﻿Intra-kingdom Co-occurrence Network

	﻿Results
	﻿Bacterial and Fungal Microbiota Composition in ﻿Anopheles darlingi﻿ by Region
	﻿Bacterial and Fungal Microbiota Diversity and Distance Decay Analyses in ﻿Anopheles darlingi﻿ by Region
	﻿Ecological Guilds of Fungi Associated with ﻿Anopheles darlingi﻿



