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ABSTRACT 

 

Microbiome and parasitome of Aedes albopictus and Culex pipiens 

mosquitoes in urban and sub-urban areas of South Korea 

 

 The mosquito microbiome interacts with their host’s biology influencing their fitness and vector 

competence. Future mosquito biocontrol strategies will require descriptive knowledge of these 

interactions as well as constant and comprehensive microbiome surveillance. Metabarcoding offers 

a scalable method for such monitoring efforts. In this study, 16S and 18S rRNA gene metabarcoding 

was used via iSeq100 sequencing to profile the prokaryotic and eykaryotic communities of three 

population of Aedes albopictus and Culex pipiens in in South Korea. Ae. Albopictus and Cx. pipiens 

are two globally-distributed mosquito vectors with medical importance in South Korea. Bacterial 

alpha and beta diversity was significantly different among populations, suggesting that microbial 

composition varied by population. Pseudomonadota dominated the microbiota of both species. 

Wolbachia and Aeromonas dominated Cx. pipiens, while Enterococcus dominated Ae. albopictus. 

Ascogregarina taiwanensis, a common Ae. Albopictus parasite, was highly abundant in this species 

but not present in Cx. pipiens. Linear discriminant analysis Effect Size (LEfSe) tested on the 

microbiome of A. Taiwanensis–infected and uninfected Ae. albopictus showed its absence was 

associated with seven bacterial taxa.  

 

 

                                                                                

Key words : microbiome, parasites, metabarcoding, Aedes albopictus, Culex pipiens, 

Ascogregarina Taiwanensis
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1.  INTRODUCTION 

 

Mosquitoes (Diptera: Culicidae) are a global public health concern as they serves as vectors of 

multiple pathogens [1]. These pathogens do not live in isolation, but interact closely with the 

microbiome and the host [2]. These pathogen-microbiome-host interactions are known to exert 

direct effects on the mosquito vector competence [3]. The microbiome composition to mosquitoes 

depends on multiple factors, such as the environment, their food sources, the life stage, as well as 

the mosquito species and population [1,4]. Interactions withing the microbiome also regulate the 

mosquito microbiome composition [5]. In mosquito species, examples of these interactions are well 

documented: the bacteria Asaia and Wolbachia are known to antagonize each other and compete for 

colonization in Anopheles [6]. However, not only other bacteria can determine microbiome 

composition and body fitness. Rather, parasites are important pathogens that can affect competitive 

ability, body fitness, and influence microbiome composition [7]. For example, Plasmodium 

colonization in Aedes aegypti is known to be sensitive to other parasitic infections [8].  

As certain bacterial taxa, such as Wolbachia, Asaia and Serratia will become relevant in the 

future for the implementation of biocontrol strategies for mosquito-borne diseases [2], the 

microbiome composition of different mosquito species needs to be comprehensively explored. 

Certain bacteria such as Wolbachia, are already in use to control mosquito reproduction [2]. Given 

that the mosquito microbiome changes not only across species, but also populations [9],  

information of the microbiome interactions within vectors from different geographic locations is 

needed [3] for the correct development of microbiota-based control of mosquito populations [1]. 

In Korea, mosquito-borne pathogens continue to raise public health concerns [10], especially 

due to imported cases of diseases like malaria, dengue, and chikungunya [11], associated with 

mosquito populations from different geographic regions. Additionally, anthropological factors such 

as climate change and increased international travel pose the risk of the recrudescence of pathogens 

such as Malaria parasites, making the continued surveillance of mosquitoes and their microbiome a 

priority in South Korea [12]. 

The two species studied here are invasive mosquitoes with the potential to carry and transmit 

pathogens. First, Aedes albopictus is a species that thrives in urban habitats and serves as vector for 
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important arboviruses worldwide. Among these, the most relevant are the Dengue Virus (DENV) 

[13], the West Nile virus (WNV) [14], the Japanese encephalitis virus (JEV) [15], and the 

chikungunya virus (CHIKV) [16]. Recent imported cases of arboviral infections such as CHIKV, 

are believed to be linked to this vector [11]. Culex pipiens is also an important urban mosquito [17] 

as studies have shown this species can be a competent vector for WNV [18] and JEV in South Korea 

[19]. The Culex species complex presents two subspecies that are present in South Korea [20]: Cx. 

pipiens pallens and Cx. pipiens f. molestus. 

In this study, the microbiome and parasitome compositions of Ae. albopictus from one region 

and Cx. pipiens populations from two regions in South Korea was characterized by 16S and 18S 

ribosomal RNA metabarcoding. Although metabarcoding is commonly employed to investigate 

microbial communities in environmental contexts, its use in vector surveillance has gained recent 

attention [21].  
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2. MATERIALS AND METHODS 

 

2.1.  Sample collection 

 Sampling was performed for adult mosquitoes in the early autumn (September 2023) from an 

urban area located in Seoul, Gyeonggi, and the semi-urban area of Asan city, Chungnam (Table 1). 

In the Seoul location (37° 33’ 44.06’’ N, 126° 56’ 0.96’’ E), mosquitoes were collected around the 

same area during five collection days (n = 74). Two collection batches were carried out in Asan. A 

first collection of n = 20 in the locality of Oncheon (36° 47’ 5.31’’ N, 127° 0’ 7.0’’ E) where we 

collected Cx. pipiens individuals, and a second collection of n = 30 in the locality of Sinchang (36° 

46’ 42.11’’ N, 126° 56’ 9.62’’ E) where we collected Ae. albopictus individuals (Figure 1). Sampling 

took place outdoors during the early morning and near sources of vegetation in all locations. Resting 

adult mosquitoes were collected alive from natural or artificial surfaces with a mouth aspirator and 

stored in sterile conical plastic tubes. We avoided swarm collection and human landing collection 

to prevent contamination. Samples were stored at -81 °C until DNA extraction. Samples were frozen 

without the use of a fast-freezing agent. 
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Table 1. Mosquitoes captured in Seoul and Asan for this study 

Mosquito species Stage Seoul Asan 

Ae. albopictus 

Adults 0 30 

Pupae 0 2 

3rd instar larvae 0 10 

Cx. pipiens 

Adults 74 20 

Pupae 0 3 

3rd instar larvae 0 3 

Total 74 68 
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Figure 1. Study Area. Samplin areas in South Korea (A). Surrounding areas of the Seoul location 

(B-E). Surrounding area of Oncheon, Asan (F). Surrounding area of Sinchang, Asan (G). Stagnant 

water environment of mosquito larvae in Sinchang, Asan (H-I). Mosquito larvae from stagnant water 

collected in Oncheon, Asan (J).  
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2.2.  Sampling of other life stages 

Additionally, the larval (n = 13) and pupal (n = 5) stages were also collected from stagnant water 

sources like flower pots and discarded tires in the Asan location. Larvae and pupae were preserved 

in 2 mL RNAlater solution (Invitrogen, Vilnius, Lithuania) at room temperature (approximately 

20 °C) and then frozen at -81 °C until DNA extraction. The life stage of each mosquito was assessed 

based on morphology. Species typing was performed in the same way as for adults. However, all 

diversity calculations and statistical comparisons of the related microbial community were 

performed only on adult samples.  

 

2.3.  DNA extraction and mosquito species identification 

The mosquito cuticle was washed with absolute ethanol and dried at room temperature 

(approximately 20 °C) prior to DNA extraction. Whole genomic DNA was extracted from individual 

mosquitoes using the entire insect with newly opened NucleoSpin DNA Insect extraction kit 

(Macherey-Nagel, Düren, Germany) following the manufacturer’s instructions and then stored at -

41 °C. Mosquito species was assessed by morphology and confirmed by Sanger sequencing (Bionics, 

Seoul, Republic of Korea) of the mitochondrial cytochrome c oxidase subunit I (MT-CO1) partial 

sequence using LCO1490 and HCO2198 primers by following a protocol described earlier (Table 

2). Amplification was performed using the AccuPower Taq PCR PreMix (BIONEER, Daejeon, 

Republic of Korea) with 2 μL of template DNA and 1 μL of 10 μM of each primer for a 20-μL final 

volume. PCR-grade water was used as the negative control. 

 

2.4.  Microbiome molecular identification 

The bacterial community was identified using the 16S_V4_515F and 16S_V4_806R primers to 

amplify the V4 region of the 16S rRNA bacterial gene (Table 2). Parasites were identified using the 

18S_V9_1391f and 18S_V9_EukBr primers to amplify the V9 region of the 18S rRNA eukaryotic 

gene. All the targets were amplified using the PCR protocol described by Kim at al. [22]. An eight 

cycle-PCR amplification step was used to attach Illumina multiplexing indices for library 

preparation using the Nextera XT Index Kit v2 (Illumina, San Diego, CA, USA). Amplicon clean-
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up was performed using AMPure XP (Beckman Coulter, Brea, CA, USA) after each amplification 

step. For the multiplexing step, DNA concentration was measured for every sample using the 

QuantiFluor ONE dsDNA System (Madison, WI, USA). Samples were pooled in Tris-HCl buffer 

for a 2 nM pool and then diluted for a final pooling concentration of 50 pM. Metabarcoding was 

performed according to the manufacturer’s instructions, using the iSeq100 i1 Reagent Cartridge v2 

(Illumina) on the iSeq100 Sequencing System platform. PhiX Control v3 (Illumina) was used as the 

control for all runs.  

All 142 samples (124 adult samples composed of 74 adult Cx. pipiens from Seoul, 20 adult Cx. 

pipiens from Asan, 30 adult Ae. albopictus from Asan, and 18 samples from other life stages) were 

processed for 18S rRNA metabarcoding. A total of 131 samples (composed of 74 adult Cx. pipiens 

from Seoul, 20 adult Cx. pipiens from Asan, 30 adult Ae. albopictus from Asan and 7 samples from 

other life stages) were processed for 16S rRNA metabarcoding sequencing.  

Since Ascogregarina taiwanensis amplicon sequence variants (ASVs) were highly prevalent in 

Ae. albopictus, we confirmed the infection status of positive Ae. albopictus by sequencing (Bionics, 

South Korea) with specific primers (Table 2) using the same PCR kit used for COI gene 

amplification. PCR conditions were the same as described by Seabourn et al (2020) [9]. 
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Table 2. Primers used in this study 

Primer Sequence 
Annealing 

temperature 

Band 

Size 
Reference 

LCO1490 
5’-GGT CAA CAA ATC ATA AAG 

ATA TTG G-3’ 
48°C 700 bp [23] 

HCO2198 
5’-TAA ACT TCA GGG TGA CCA 

AAA AAT CA-3′ 

16S_V4_515F 

5’-TCG TCG GCA GCG TCA GAT 

GTG TAT AAG AGA CAG GTG 

CCA GCM GCC GCG GTA A-3’ 
55 °C 350 bp [24] 

16S_V4_806R 

5′-GTC TCG TGG GCT CGG AGA 

TGT GTA TAA GAG ACA GGG 

ACT ACH VGG GTW TCT AAT-3’ 

18S_V9_1391f 

5’-TCG TCG GCA GCG TCA GAT 

GTG TAT AAG AGA CAG GTA 

CAC ACC GCC CGT C-3’ 
55 °C 250 bp [25] 

18S_V9_EukBr 

5’-GTC TCG TGG GCT CGG AGA 

TGT GTA TAA GAG ACA GTG ATC 

CTT CTG CAG GTT CAC CTA C-3’ 

12S_L1085_F 

5’-TCG TCG GCA GCG TCA GAT 

GTG TAT AAG AGA CAG CCC 

AAA CTG GGA TTA GAT AAC 

CC3’ 55 °C 215 bp [26] 

12S_H1259_R 

5’-GTC TCG TG GGC TCG GAG 

ATG TGT ATA AGA GAC AGG TTT 

GCT GAA GAT GGC GGT A-3’ 

AT_SHORT_2_F 
5’-TCG ATG AAG GAC GCA GCT 

TA-3’ 
56 °C 100 bp [9] 

AT_SHORT_2_R 
5’-AGG CAC TGA ACT GGA CAT 

ACT-3’ 
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2.5.  Bioinformatics and statistical analyses 

All statistical analyses were performed only on the 124 adult mosquito samples (composed of 

74 adult Cx. pipiens from Seoul, 20 adult Cx. pipiens from Asan, 30 adult Ae. albopictus from Asan). 

Microbiota analyses were performed using the QIIME 2 pipeline v. 2022.11.1 (https://qiime2.org/). 

Raw reads were demultiplexed and trimmed using the q2-cutadapt plugin [27]. The trimmed 

sequences were denoised using the DADA2 package with the consensus method for chimera 

exclusion and minimum overlap of 4bp [28]. Taxonomic classification of the ASVs was performed 

using the classify-consensus-blast classifier of the q2-feature-classifier plugin [29] against the 

SILVA v. 138.99 database for 16S rRNA ASVs and an in-house NCBI-RefSeq database for 18S 

rRNA ASVs. 

Alpha (Shannon index and richness, defined as observed features) and beta diversity 

(unweighted UniFrac distances and Bray–Curtis dissimilarity) metrics were obtained for bacterial 

ASVs using the core-metrics-phylogenetic plugin after rarefaction to a 1,000-read depth. Alpha 

diversity metrics were compared among the three adult mosquito populations—Cx. pipiens from 

Seoul and Asan and Ae. albopictus from Asan—using the Kruskal–Wallis rank sum test with the 

stats package in the R software v. 4.3.1. (https://www.R-project.org/). Post-hoc pairwise Wilcoxon’s 

tests with Benjamini–Hochberg correction from the stats package were used to assess specific 

pairwise differences in the Shannon index, and the Dunn’s test with Bonferroni correction was 

applied as a post-hoc test to evaluate the differences in richness using the FSA package in R. Beta 

diversity metrics were compared between, and within the three populations, using permutational 

multivariate analysis of variance (PERMANOVA) in QIIME 2. Beta diversity metrics were 

visualised through principal coordinate analysis (PCoA) in R.  

Linear discriminant analysis (LDA) effect size (LEfSe) was performed in R using the 

microbiomeMarker package [30]. LDA is a dimensionality reduction statistical tool that separates 

classes by selecting the best linear combinations of features. LEfSe implements LDA and differential 

abundance test to find indicator taxa that are representative from each group [27]. Histograms of the 

ASVs LDA scores were constructed with a 2.0 cutoff and p-value < 0.05 to characterise the 

representative bacterial taxa from the three populations. The same analysis was repeated for Ae. 

albopictus population to test representative taxa of gregarine infected and non-infected hosts. The 

microeco package [31] was used to visualize the dominant bacterial taxa in the microbiome of the 

https://qiime2.org/
https://www.r-project.org/
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three populations and to construct a co-occurrence network of the ASVs identified in this study at 

the family and genus levels. Co-occurrence was calculated using a Spearman correlation matrix. The 

cal_network function was used for the construction of the network with a 0.05 p-value threshold and 

the Spearman’s correlation coefficient optimisation option. All raw sequencing data were uploaded 

to the NCBI Short Read Archive under the BioProject number PRJNA1104456. 
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3. RESULTS 

3.1.  Alpha diversity of the mosquito microbiome 

Differences in the alpha diversity and richness of the microbiome were observed among the 

three adult mosquito populations (Seoul Cx. pipiens, Asan Cx. pipiens, and Asan Ae. albopictus; 

Figure 2). Specifically, Cx. pipiens from Asan had lower Shannon diversity and lower richness 

compared to those from Seoul (Shannon diversity: p = 0.01; richness: p = 0.0002) and Ae. albopictus 

from Asan (Shannon diversity: p < 0.001; richness: p = 0.003). Additionally, the Cx. pipiens Seoul 

population exhibited lower Shannon diversity compared to the Ae. albopictus population in Asan (p 

< 0.001), although the richness of ASVs did not vary significantly between these two populations (p 

= 0.767). 

3.2.  Beta diversity of the mosquito microbiome 

Beta diversity distances PCoA showed distinct microbiome compositions by population (Figure 

3). PERMANOVA of the unweighted UniFrac distances showed a difference in the beta diversity of 

the microbiota between the three adult populations (p = 0.001). The microbiome of Cx. pipiens and 

Ae. Albopictus differed within Asan (p = 0.003), and the Cx. pipiens from Asan were different than 

those from Seoul (p = 0.001; Figure 4). Distances of Ae. albopictus from Asan were smaller within 

the same Asan population compared to Cx. pipiens from Asan, with the largest distances observed 

when comparing them with Cx. pipiens from Seoul. The differences in beta diversity show that the 

Ae. albopictus from Asan has a more similar microbiome composition within its own population and 

other species in the same region than in comparison to Cx. pipiens from Seoul. Additionally, the 

distances of Cx. pipiens from Asan were closer to Ae. albopictus from Asan than to Cx. pipiens from 

Seoul, pointing that geographic proximity influences the microbiome similarities between these 

populations (Figure 4). PERMANOVA results based on the Bray–Curtis dissimilarity matrix showed 

the same beta diversity differences (p = 0.001).
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Figure 2. Comparisons of alpha diversity metrics of the microbiome of three adult mosquito 

populations in Korea. Comparison of diversity of bacterial ASVs assessed using the Shannon index 

between populations (A) and comparison of bacterial ASV richness between populations (B). Only 

comparisons between adult individuals were made. 
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Figure 3. Comparisons of beta diversity metrics of the microbiome of three adult mosquito 

populations in Korea. Principal component analysis (PCoA) of the unweighted UniFrac distances 

between populations (A). PERMANOVA p-value = 0.001. Principal component analysis (PCoA) of 

the Bray–Curtis dissimilarity index between populations (B). PERMANOVA p-value = 0.001. 

Ellipses represent t-distribution 95% confidence intervals. 
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Figure 4. Microbiome beta diversity (unweighted UniFrac distances) differences in the present 

study. Unweighted UniFrac distances from the three populations to the Ae. Albopictus population 

from Asan (A). Unweighted UniFrac distances from the three populations to the Cx. pipiens 

population from Asan (B). Unweighted UniFrac distances from the three populations to the Cx. 

pipiens population from Seoul (C). Unweighted UniFrac distances of all samples from the two 

locations to the Asan location (D). Unweighted UniFrac distances of all samples from the two 

locations to the Seoul location (E). Unweighted UniFrac distances of all samples from the two 

species to Ae. albopictus (F). Unweighted UniFrac distances of all samples from the two species to 

Cx. pipiens (G).
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3.3.  Mosquito microbiome composition 

 An average of 4,859 reads per sample and 508 ASVs were identified from the V4 region of the 

16S rRNA gene from the 131 mosquitoes sequenced. After rarefaction, the minimum and maximum 

number of reads per sample ranged from 1,000 to 72,969 reads. In adult Cx. pipiens, the most 

abundant reads belonged to the phyla Pseudomonadota (95.6%), Bacteroidota (1.6%), 

Cyanobacteriota (1.3%), Spirochaetota (0.7%), Actinobacteriota (0.01%), and Campilobacterota 

(0.01%). The most abundant reads in adult Ae. albopictus were associated with the phyla 

Pseudomonadota (73.1%), Bacillota (10.88%), Actinobacteriota (4.92%), Planctomycetota (0.64%), 

Actinobacteriota (4.9%), Bacteroidota (0.4%), and Acidobacteriota (0.05%). The bacterial 

composition of the three adult populations is shown in Figure 5, and the composition of the larvae 

and pupae is shown in Figure 6. The genus Wolbachia and the family Comamonadaceae dominated 

the microbiome of the three populations. However, both groups from Asan were also dominated by 

Aeromonas, and Ae. albopictus individuals in particular, by Enterococcus (Figure 7).  

Differentially enriched taxa in the microbiomes of the three adult populations were identified 

using LEfSe analysis (Figure 8). Cx. pipiens mosquitoes from Seoul were significantly enriched 

with Wolbachia sp. having an LDA score of 5.53. Other significantly enriched taxa from this 

population were the families Spirochaetaceae (4.11), Erwiniaceae (3.80), Arcobacteraceae (2.56), 

and the genera Comamonas sp. (3.84), Acinetobacter sp. (3.63) and Thiovirga sp. (2.95). In Cx. 

pipiens from Asan, the family Xanthobacteraceae (3.11), and the genera Aeromonas sp. (5.60) and 

Methylophilus sp. (2.91) were differentially enriched. Finally, representative taxa of Ae. albopictus 

populations in Asan were the family Comamonadaceae (3.88), and the genera Enterococcus sp. 

(4.98), Limnobacter sp. (3.50), Variorovax sp. (2.47), Nevskia sp. (2.46) and Dysgonomonas sp. 

(2.45).  
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Figure 5. Microbiome composition of the three adult mosquito populations studied in South 

Korea. Relative abundance of the ASVs found in the three mosquito populations including 

Wolbachia ASVs (A) and excluding Wolbachia ASVs (B). Bar plots show the 25 most abundant 

ASVs. Only adult mosquito samples are included. 
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Figure 6. Microbiome composition of larva and pupa stages of Ae. albopictus and Cx. pipiens 

in Asan (Chungnam region). Only ASVs with more than 100 total reads are shown. ASVs from 

Wolbachia are not shown. 
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Figure 7. Relative abundance of dominant bacterial taxa in three adult mosquito populations 

studied in South Korea. Heatmap of the 15 most abundant Families of the bacterial ASVs found in 

the three adult mosquito populations (A). Mean relative abundance of the 20 most common bacterial 

ASVs by adult mosquito population (B). 
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Figure 8. Linear discriminant analysis (LDA) effect size of differentially abundant bacterial 

taxa of the three adult mosquito populations studied in South Korea. Only comparisons between 

adult individuals are included. 
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3.4.  ASV co-occurrence analyses 

The co-occurrence network showed that Anaplasmataceae co-occurred with Comamonadaceae 

and Erwiniaceae; Xanthomoadaceae was related to Erwiniaceae, Comamonadaceae, and 

Anaplamataceae (Figure 9); and Halomonadaceae, Moraxellaceae, and Weeksellaceae were found 

with Erwiniaceae. At the genus level, Wolbachia co-occurred most frequently with 

Stenotrophomonas, Pantoea, and Comamonas; Stenotrophomonas was associated with Pantoea and 

Chryseobacterium, whereas Erwinia was associated with Elizabethkingia, Acinetobacter, and 

Chryseobacterium Finally, Elizabethkingia also occurred along with Chryseobacterium and 

Acinetobacter. 

 

3.5.  Mosquito Eukaryome composition 

An average of 37,940 reads and 64 ASVs were identified from the V9 region of the 18S rRNA 

gene in the 142 mosquitoes analysed (mean frequency per sample: 16,745 reads). Most of the ASVs 

reads were unassigned or hosts sequences. Two adult mosquitoes from Seoul had a Crithidia 

fasciculata ASV (Table 3). Thirty adult mosquito samples from Asan yielded 18S rRNA ASVs 

assigned as other than metazoan sequences from the mosquito. Four adult Cx. pipiens isolated from 

Asan contained uncultured eukaryotes (n = 1), Ganoderma (n = 1) and an unassigned ASV (n = 2). 

The remaining 26 mosquitoes were Ae. albopictus, one of which had an Anurofeca ASV and two 

had an unresolved eukaryote ASV. However, we did not detect these sequences at a level of at least 

10 reads per sample. The parasitic apicomplexan Ascogregarina taiwanensis was the most abundant 

eukaryotic taxon in the microbiome of Ae. albopictus, detected in 26 adult mosquitoes. Only four 

adult mosquitoes did not show reads of A. taiwanensis ASV. Positive mosquitoes presented A. 

taiwanensis specific sequences, except for one with poor sequence quality. Uninfected individuals 

were enriched in Chryseobacterium, Rhodobacteraceae, Enhydrobacter, Cloacibacterium, 

Acetobacteraceae, Acinetobacter, and Roseomonas according to LEfSe analysis (Table 4). 
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Figure 9. Co-occurrence network of bacterial ASVs in the populations. Co-occurrence 

network based on Spearman correlation (optimized Spearman correlation, p < 0.05). Co-

occurrence network of bacterial ASVs at the family level (A). Co-occurrence network of bacterial 

ASVs at the genus level (B). Co-occurrence network of bacterial ASVs in mosquitoes from Seoul 

at the family level (C). Co-occurrence network of bacterial ASVs in mosquitoes from Asan at the 

family level (D). 
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Table 3. Read counts of eukaryote ASVs microbiome of three adult mosquito populations identified 

by metabarcoding of the V9 region of the 18S rRNA gene in South Korea 

Population Read count Mean read count ± SD Species 
Positive 

individuals 

Cx. pipiens (Seoul) 6 3 ± 1 Crithidia fasciculata 2 

Cx. pipiens (Asan) 2 - Ganoderma sp. (Fungi) 1 

Cx. pipiens (Asan) 3 - Uncultured eukaryote 1 

Ae. albopictus (Asan) 1399 53.81 ± 59.81 Ascogregarina taiwanensis 26 

Ae. albopictus (Asan) 2 - Anurofeca sp. 1 
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Table 4. Linear discriminant analysis (LDA) effect size of enriched bacterial taxa from gregarine-

negative adult Ae. albopictus mosquitoes in Asan 

Feature Group LDA p-value Adjusted p-value 

Chryseobacterium sp. Not infected 4.336785 0.0253 0.0253 

Rhodobacteraceae Not infected 3.242327 0.0253 0.0253 

Enhydrobacter sp. Not infected 3.192106 0.0253 0.0253 

Cloacibacterium sp. Not infected 2.838307 0.0253 0.0253 

Acetobacteraceae Not infected 2.833764 0.0253 0.0253 

Acinetobacter sp. Not infected 2.788569 0.0253 0.0253 

Roseomonas sp. Not infected 2.481199 0.0253 0.0253 
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4. DISCUSION 

This study revealed differences in the microbiome composition and diversity across three 

mosquito populations: Asan Ae. Albopictus, Asan Cx. pipiens, and Seoul Cx. pipiens. Ae. albopictus 

was found only in Asan, consistent with prior findings that report higher presence in peripheral areas 

with abundant abandoned artificial habitats such as tires and flower pots [12]. In contrast, Cx. pipiens, 

which exhibits greater habitat versatility and is commonly found in urban environments [19], was 

prevalent in Seoul. The Seoul location presented fewer of the artificial environments found in Asan, 

but more polluted environments such as street ponds, ditches and gutters. Microbial diversity was 

higher in Asan Ae. albopictus than in both Cx. pipiens populations. However, richness was not 

different between Asan Ae. albopictus and Seoul Cx. pipiens. This difference is likely due to the 

higher evenness observed in the Ae. albopictus microbiome, where microbial taxa were more evenly 

distributed than in Seoul Cx. pipiens. In contrast, the microbiome of Cx. pipiens from Seoul was 

completely dominated by Wolbachia (Anaplasmataceae), while Aeromonas (Aeromonadaceae) was 

notably abundant in Cx. pipiens from Asan.  

These variations in the microbiome composition between Cx. pipiens populations in Seoul and 

Asan align with findings that microbial diversity in mosquitoes is not only species-specific but can 

also vary significantly with environmental factors unique to each collection site [21]. In this study, 

Wolbachia was found to be dominant in all populations, a frequent occurrence in Cx. pipiens and Ae. 

albopictus [1]. This genus is a maternally inherited obligate endosymbiont found in mosquitoes with 

the ability to promote or antagonize the dissemination of pathogens [8]. Furthermore, certain strains 

of this bacterium can cause cytoplasmic incompatibility, making it an important bacterium for vector 

control [8]. Recent studies in the south eastern regions of Korea also found Ae. albopictus and Cx. 

pipiens to be heavily colonised by Wolbachia [32,33]. 

Cx. pipiens from Seoul were associated with the families Spirochaetaceae, Erwiniaceae, 

Arcobacteraceae, and the genera Comamonas (Comamonadaceae), Thiovirga (Halothiobacillaceae ) 

and Acinetobacter (Moraxellaceae). The species Spironema culicis, was also prevalent in the Cx. 

pipiens from the Seoul location. This species belongs to the family Spirochaetaceae, which was an 

enriched taxon in this population. Spirochaetaceae bacteria and have been found in previous studies 

along with other commensals, such as the families Acetobacteraceae and Yersiniaceae, and the 

genera Acinetobacter, Xanthomonas (Xanthomonadaceae), Wolbachia, and Erwinia (Erwiniaceae) 
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[34]. Although the genus Erwinia was not identified to be enriched by the LEfSe analysis, the family 

Erwiniaceae was enriched in the Cx. pipiens Seoul population. This family includes phytopathogens 

carried by insects that may elicit antimicrobial gene expression in dipterans [35]. Acinetobacter was 

enriched in this population (n = 27) but was also detected in Asan Cx. pipiens (n = 1) and Asan Ae. 

albopictus (n = 4). Acinetobacter has been associated with the reproductive organs of Aedes 

mosquitoes [36] and the salivary glands of Anopheles mosquitoes in malaria-endemic areas in Korea 

[37]. The last two enriched taxa from the Seoul Cx. pipiens population were the sulfur-oxidizing 

bacterium Thiovirga and the family Arcobacteraceae, that harbours human foodborne pathogens [38].  

In contrast, Cx. pipiens from Asan were associated with a high prevalence of the genera 

Aeromonas and Methylophilus (Methylophilaceae), and the family Xanthobacteraceae. Aeromonas 

was one of the dominating taxa of Cx. pipiens in this location (n = 52). Aeromonas is a commensal 

bacterium found in the female Aedes spp. gut and increases susceptibility to DENV-2 [39]. This 

species was also reported from the guts of Cx. pipiens and An. sinensis in the south eastern regions 

of Korea [32]. This and other Gammaproteobacteria like the family Enterobacteriaceae, found in 

this study are known to populate mosquitoes in high abundance [5].  

Asan Ae. albopictus presented Enterococcus (Enterococcaceae), Limnobacter 

(Rhodobacteraceae), Nevskia (Xanthomonadaceae), Variovorax (Comamonadaceae) and 

Dysgomonas (Dysgonomonadaceae). The genus Enterococcus (n = 23) and the family 

Comamonadaceae (n = 42) were the most representative of this population. Enterococcus is 

abundant in the midgut of Ae. albopictus and Cx. pipiens [4], while some species exhibit larvicidal 

toxicity [40]. Comamonadaceae populates mosquito larvae and adults [5]. Unresolved 

Acetobacteraceae were detected in several Ae. albopictus individuals. From this family, some 

subordinate genera were found in Asan, such as the insect symbionts Acetobacter, Roseomonas, and 

Gluconobacter. These genera usually populate the guts of the mosquitoes studied here, for example, 

Roseomonas is a commensal in Aedes [21], and Gluconobacter was found in Cx. pipiens and Cx. 

restuans [1]. Interestingly, in this location, the genus Thorsellia was found in high abundance in Ae. 

albopictus larvae but was absent adults. The application of this bacteria for the symbiotic control of 

mosquito-transmitted parasites has been proposed because environmental Thorsellia colonise the 

gut of numerous species and seems to be a consistent symbiont of Culex and Anopheles [41]. 

Previously, Wolbachia has been found to co-occur with Comamonas, Acinetobacter, and 

Stenotrophomonas in Ae. albopictus [42]. In the present study, Stenotrophomonas co-occurred with 
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Pantoea and Chryseobacterium. The genus Erwinia co-occurred with the ASVs of Acinetobacter 

and Chryseobacterium. Notably, the same profile was previously observed in An. sinensis in the 

hyperendemic malarial areas of Korea [37]. Additionally, commonly co-occurring genera like 

Elizabethkingia and Chryseobacterium, known to be involved in metabolizing sugars after nectar 

and blood feeding [5] were also present in this study. Erwinia has also been reported to co-occur 

with the genus Elizabethkingia [43], a pairing that was detected here. Interestingly, Erwinia can 

provide antimicrobial traits to the host [43], and Elizabethkingia is a mosquito commensal that also 

elicits antimicrobial activity [44]. These antimicrobial properties are notable because Culex are 

potential vectors of lymphatic filariasis that was endemic in Korea until recently [45]. Both 

Elizabethkingia and Erwinia also co-occur with their closely related variants, something that can 

be overlooked in metagenomics by ASV clustering algorithms [43]. This suggests that both genera 

might serve as important commensals providing metabolic and antimicrobial contributions to the 

host that have the potential to be exploited. Nonetheless, Elizabethkingia is a known opportunistic 

pathogen known to produce hospital-related infections that are difficult to eliminate [46].  

Interestingly, other bacteria of interest for vector and mosquito-borne pathogen control such as 

Asaia and Serratia were not found in this study. Their absence in our analysis could potentially point 

to microbial exclusion by commensals like Wolbachia. Serratia colonisation is antagonized by 

certain commensals such as Enterobacteriaceae bacteria [47]. Simmilarly, Wolbachia and Asaia are 

known to exclude each other in the mosquito gut [6]. 

The ASV reads of A. taiwaneneis were present in 26 Ae. albopictus adults. To our knowledge 

the genus Ascogregarina is the only gregarine that infects mosquitoes and is a parasite of the genus 

Aedes [48]. Similar to other gregarine endoparasites, A. taiwanensis displays host specificity [48]. 

Neither adult, larva, nor pupae of Culex contained this ASV. The same ASV was observed for nine 

Ae. albopictus larvae and two pupae. The relationship between A. taiwanensis infection and the 

composition of the gut microbiome of Ae. albopictus has been previously documented [9]. In this 

study, uninfected mosquitoes were enriched with the genera Chryseobacterium (Flavobacteriaceae), 

Enhydrobacter (Moraxellaceae), Acinetobacter (Moraxellaceae), Cloacibacterium (Weeksellaceae) 

and Roseomonas (Acetobacteraceae), and the families Rhodobacteraceae and Acetobacteraceae. 

Chryseobacterium is a commensal of Aedes and Culex mosquitoes [5] and was found to dominate 

the gut microbiome of several Cx. pipiens populations found in Korea [32]. Chryseobacterium 

decreases the susceptibility of colonisation by Plasmodium by modulating basal immunity [49]. 
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Similarly, the genus Acinetobacter (Moraxellaceae) along with other taxa can inhibit P. 

falciparum development in Anopheles mosquitoes by stimulating the mosquito Imd signalling 

pathway, an innate immune system defence mechanism that protects against bacteria and malaria 

parasites [50]. The potential for exploitation of similar anti-microbial interactions in different 

mosquito species suggests a need to study similar mosquito parasite-microbiome interactions. 

Investigating these microbe-endoparasite-host interactions is important, as gregarine parasitism has 

well-documented adverse effects on the fitness and microbiome of mosquito hosts. These adverse 

effects include lengthened larval development and mortality, reduced fecundity and egg hatching, 

and poor competition [7]. Additionally, their host specificity and impact on host biology suggest that 

gregarine parasites could be viable candidates for biocontrol strategies. Specific bacterial or 

eukaryotic mosquito pathogens that influence the susceptibility of mosquitoes to commensals or 

human pathogens will have implications during the development of targeted strategies to manipulate 

the mosquito microbiome. 

Overall, the description of vector microbiomes provides relevant information that can be used 

to understand host–microbe interactions and develop vector control strategies. The study of the 

microbiome associated with clinically important vectors helps mitigate the risk that mosquito-borne 

diseases may recur or extend to Korea because of the effects of climate change and vector movement 

[12]. In the future it may be useful to monitor the emergence of pathogens and the presence of 

desirable bacteria taxa for biocontrol reasons in vector populations [1]. However, monitoring of 

those microbiome-based biocontrol strategies will need to extend beyond the detection of specific 

microbes of interest to encompass a comprehensive understanding of their effects on the entire 

microbiome because these approaches might not focus solely on controlling mosquito populations 

but also on their susceptibility to harbor and transmit pathogens [3]. Metabarcoding offers the 

capability to simultaneously identify a broader range of microorganisms, providing an insight into 

the interactions within the microbiome and the overall impact of the biocontrol agents [4]. As 

sequencing technologies such as iSeq100 evolve and become more cost-effective, we anticipate 

metabarcoding will complement traditional qPCR assays, enabling a wider approach of microbiome 

surveillance. Furthermore, the use of technologies such as bead-bound, target-captured libraries as 

primers offers the potential to expand metagenomic surveillance to include resistome profiling (i.e., 

the composition of antibiotic resistance genes, or ARGs, in the microbiome) and viral monitoring 

through targeted metagenomic sequencing [51]. Mosquito viral metagenomic surveillance, for 
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example, can be used to predict the emergence of arboviruses and help prevent the spread of these 

pathogens across regions [52]. 

Future studies should take into account the relationships of the microbiome with biotic and 

abiotic factors of the habitat over a broader time period. Variations in the microbiota between 

individuals, populations, species and regions, can provide insights into the factors driving 

microbiome diversity [21]. Microbiome variations among populations may be influenced by abiotic 

factors from the habitat. Differing urbanization levels, climate, and available breeding sites, between 

the two locations may play a role in shaping the microbiomes of mosquito populations in these areas. 

In turn, individual differences in gut microbiota contribute to variations in vector competence [1]. 

As those differences are influenced by the environment, feeding patterns, and ecology, distinct 

populations may as well exhibit different responses to biocontrol strategies [37].  
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5. CONCLUSION 

The present study expands the knowledge of the bacterial and eukaryotic communities 

associated with these two mosquito species in Korea. Similar studies will become necessary as 

microbial-based vector control strategies become implemented worldwide for the monitoring of 

desired bacterial taxa or emerging vector-borne pathogens.
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ABSTRACT IN KOREAN 

 

대한민국 도시 및 교외 지역의 Culex pipiens 및 Aedes 

albopictus의 미생물군 및 기생체군 감시 

 

 모기의 마이크로바이옴은 적합도와 병원체 전달 능력에 영향을 미친다. 향후 

모기 생물학적 방제 전략은 이러한 상호작용에 대한 포괄적인 마이크로바이옴 감시가 

요구된다. iSeq100 시퀀싱을 통해 16S 및 18S rRNA 유전자 메타바코딩을 수행하여, 

대한민국 내 세 개 집단의 흰줄숲모기 (Aedes albopictus) 및 빨간집모기 (Culex 

pipiens)에 존재하는 원핵생물 및 진핵생물 군집을 분석하였다. Ae. albopictus와 Cx. 

pipiens는 대한민국 내에서도 의학적으로 중요한 세계적 분포의 모기 매개체이다. 

박테리아의 알파 및 베타 다양성은 집단 간에 유의하게 차이를 보여, 미생물 군집 

구성이 개체군에 따라 달라짐을 시사하였다. 두 종 모두에서 Pseudomonadota가 

우점하였으며, Cx. pipiens에서는 Wolbachia와 Aeromonas가, Ae. albopictus에서는 

Enterococcus가 주요 우점균으로 나타났다. Ae. albopictus에 흔히 기생하는 

원생생물인 Ascogregarina taiwanensis는 해당 종에서 매우 높은 비율로 

존재하였으나, Cx. pipiens에서는 검출되지 않았다. 또한, A. taiwanensis에 감염된 Ae. 

albopictus와 비감염 개체의 마이크로바이옴을 비교하기 위해 선형 판별 분석 효과 

크기(LEfSe)를 적용한 결과, 감염이 없는 개체에서 7개의 박테리아 분류군과의 

관련성이 나타났다. 
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