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Abstract

Container aquatic habitats host a community of aquatic insects, primarily mosquito larvae that browse on container surface microbial
biofilm and filter-feed on microorganisms in the water column. We examined how the bacterial communities in these habitats respond
to feeding by larvae of two container-dwelling mosquito species, Culex pipiens and Cx. restuans. We also investigated how the microbiota
of these larvae is impacted by intra- and interspecific interactions. Microbial diversity and richness were significantly higher in water
samples when mosquito larvae were present, and in Cx. restuans compared to Cx. pipiens larvae. Microbial communities of water
samples clustered based on the presence or absence of mosquito larvae and were distinct from those of mosquito larvae. Culex pipiens
and Cx. restuans larvae harbored distinct microbial communities when reared under intraspecific conditions and similar microbial
communities when reared under interspecific conditions. These findings demonstrate that mosquito larvae play a major role in
structuring the microbial communities in container habitats and that intra- and interspecific interactions in mosquito larvae may
shape their microbiota. This has important ecological and public health implications since larvae of the two mosquito species are

major occupants of container habitats while the adults are vectors of West Nile virus.
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Introduction

In nature, most animals have complex life cycles where the juve-
nile and adult stages are separated by metamorphosis and exploit
different niches. Adaptive decoupling hypothesis postulates that
metamorphosis is beneficial as it may decouple juvenile and adult
stages and allow each stage to independently adapt to their re-
spective environments (Moran 1994). However, this hypothesis is
frequently breached in nature as demonstrated by numerous re-
ports showing that the environment experienced by the juveniles
often affects later adult life-history traits. Developmental plastic-
ity of this type is often referred to as a “carryover effect” (Dickson
et al. 2017, Moore and Martin 2019) and can impact a variety of
adult traits such as survival, reproduction, body size, immunity
to pathogens, and behavior (Relyea 2001, Watkins 2001, Alto et al.
2008, Muturi et al. 2011, Schmidt et al. 2012, Muller and Muller
2015, Collet and Fellous 2019). Therefore, accurate knowledge of
the ecology of juvenile stages of organisms is critical to the under-
standing of how traits evolve in biological systems.

For many aquatic insects (e.g. mosquitoes, dragon flies, cad-
disflies, mayflies, and stoneflies), the juvenile stages develop in
aquatic habitats while the adults are terrestrial. Water-filled con-
tainers such as tree holes, bamboo stumps, discarded cans, and
waste tires are among a variety of aquatic habitats that are used
by juveniles of aquatic insects, primarily mosquitoes. These sys-
tems are fueled by detritus from terrestrial environments, mainly

leaf litter, with occasional input of invertebrate carcasses and
stemflow (Carpenter 1982, Daugherty et al. 2000, Kitching 2000).
The detritus is colonized by microbial communities which initiate
the decomposition process and provide a critical food resource for
mosquito larvae and other invertebrate consumers. Some of the
microbes ingested by mosquito larvae colonize the midgut and
other internal tissues and support larval growth and development
(Coon et al. 2014, Coon et al. 2016,Valzania et al. 2018). A portion
of these microbes is transstadially transmitted to the adult stage
and contribute to host reproduction, resistance to toxicants, de-
fense against pathogens, and other essential biological functions
(Cirimotich et al. 2011, Coon et al. 2016, Soltani et al. 2017). There-
fore, container-dwelling mosquitoes serve as excellent models for
studying larval nutritional ecology as well as the interactions be-
tween invertebrate consumers and microbial communities in con-
tainer habitats. This knowledge could inform formulation of hy-
potheses to test how the specific microbes encountered by juve-
nile insects contribute to adult performance and fitness.

The main mosquito species found in water-filled container
habitats in mid-western USA include some important vectors
such as Aedes albopictus, Ochlerotatus triseriatus, Oc. japonicus, Culex
pipiens, and Cx. restuans (Yee et al. 2010, Bara and Muturi 2015,
Bara et al. 2016). However, most studies on the interactions be-
tween mosquito larvae and the microbial communities in con-
tainer habitats have mainly focused on Oc. triseriatus. These stud-
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ies reported that the presence of Oc. triseriatus larvae can affect
the microbial abundance and composition in container habitats
(Kaufman et al. 1999, Kaufman et al. 2001, 2008, Xu et al. 2008). Al-
though Cx. pipiens and Cx. restuans larvae are major occupants of
container habitats, and are important vectors of West Nile virus,
little is known about their impact on microbial communities in
container aquatic habitats (Muturi et al. 2020). The two Culex
species tend to differ in their seasonal peaks in abundance, but
often overlap during parts of the summer and early fall and can
co-occur in the same container habitats (Harbison et al. 2017). The
larvae of both species are filter feeders and are thought to essen-
tially be ecological homologues with Cx. restuans as the slightly
superior competitor (Reiskind and Wilson 2008).

In this study, we investigated how the microbial communities
in container habitats respond to the feeding activity of Cx. pipi-
ens and Cx. restuans larvae under intra- and interspecific rearing
conditions. We also investigated how intra- and interspecific in-
teractions among larvae of the two mosquito species affect their
microbial composition and structure. This was accomplished us-
ing laboratory microcosms that mimicked the container aquatic
habitats that are frequently utilized as larval habitats by these
mosquito species. We predicted that the microbial communi-
ties of container-aquatic habitats would shift in response to lar-
val feeding activity and that interactions among larvae of the
two mosquito species would influence the microbial communi-
ties that colonize their bodies. The findings of this study improve
our understanding of how invertebrate consumers interact with
their prey (microbial communities) in container aquatic habitats
and provide valuable knowledge on the larval ecology of two im-
portant West Nile virus vectors.

Materials and methods

Experimental set up

Culex egg rafts were collected from South Farms, an agriculture
experimental farm of the University of Illinois located in Urbana,
IL, USA. Nineteen-liter white cylindrical buckets (30 cm diameter)
with overflow holes about 18 cm from the base were used as ovipo-
sition traps. Each bucket was baited with 3 L of 5-day-old grass in-
fusion that was prepared by mixing 600 g of fresh grass with 50 L
of tap water. The collections were done in May to late June 2021,
a time associated with large populations of Cx. restuans, while Cx.
pipiens are typically less abundant in central Illinois during this
period (Westcott et al. 2011). The egg rafts were collected using a
paint brush, placed in moist filter papers, and transported to the
laboratory for hatching. More than 300 Culex egg rafts were col-
lected for this study. Each egg raft was hatched individually in 12-
well cell culture plates containing 3 mL of deionized water and a
single firstinstar larva identified to species morphologically based
on the presence of a clear scale anterior to the sclerotized egg-
breaker that is present in Cx. restuans but not Cx. pipiens (Crabtree
et al. 1995). First instar larvae for each species were pooled and
rinsed three times with deionized water before they were added
to the experimental microcosms.

The experimental microcosms included fifty 400-mL tri-pour
beakers filled with 350 mL of grass infusion prepared as described
above. The grass infusion was filtered with a screen mesh to ex-
clude large debris before it was dispensed into the experimen-
tal containers without dilution. The 50 containers were divided
into five experimental groups of 10 containers (10 replicates per
group). Fifteen milliliter of grass infusion from group 1 containers
were drawn immediately on day O for the processing and analysis

of initial microbiota. This group is comprised of water initial (WI)
samples. Groups 2 and 3 containers were each stocked with 40 first
instar larvae of Cx. pipiens (PIP) and Cx. restuans (RES), respectively,
while group 4 containers (BOTH) were stocked with 20 first instar
larvae of each species (20 Cx. pipiens and 20 Cx. restuans). Group 5
containers were incubated without mosquito larvae (WNLV). The
experimental containers were maintained in the environmental
chamber (incubator) at 26°C, 70% relative humidity, and 14:10 h
(light:dark cycle) and monitored daily for larval development. On
day 5 when most larvae had matured to fourth instars, 15 mL of
water samples from containers with and without mosquito larvae
were collected after agitating the content and labeled by treat-
ment (WI, WNLV, WPIP, WRES, and WBOTH). The larvae from all
treatments (PIP, RES, and BOTH) were collected and preserved in a
—80°C freezer in pools of five larvae. Three larval pools replicated
five times for each of the 10 replicates per group were processed
for microbiome analysis.

DNA extraction, library preparation, and
sequencing

The water samples were centrifuged at 5000 x g for 20 min and
DNA was isolated from the resulting pellet using DNeasy Power
Soil Pro Kit (Qlagen Inc., Valencia, CA, USA) according to the
manufacturer’s protocol. For larval samples, each larval pool was
surface-sterilized in 3% bleach solution for 3 min, transferred to
70% ethanol for 5 min, and then rinsed three times in 0.8% sterile
phosphate-buffered saline solution for 10 s (Coon et al. 2014). DNA
was extracted using the same kit used for the water samples. Be-
fore DNA extraction, the fourth instar Cx. pipiens and Cx. restuans
larvae that were reared together (BOTH) were each identified mor-
phologically and separated based on the number of hairs on the
siphon with Cx. restuans bearing a single hair, whereas Cx. pipiens
has three or more hairs (Ross and Horsfall 1965). This was further
confirmed using a previously described TagMan assay (Sanogo et
al. 2007). Briefly, DNA extracted from the pooled samples was as-
sayed as described in the reference with the following exceptions.
The polymerase chain reaction (PCR) master mix was AmpliTaqg
gold 360 (Thermo Fisher Scientific, Waltham, MA, USA) and each
of the three primer/probe sets was run as a single reaction us-
ing fluorescein as the probe dye. Three primer/probes sets were
tested, Cx. pipens, Cu. restuans, and Cx. quinquefasciatus.

PCR amplification of the V3-V4 region of the 16S rRNA gene
was accomplished using PCR primers 341f and 806r (Muyzer et al.
1993, Caporaso et al. 2011). Thermocycling conditions were 95°C,
10 min, 35 cycles of 95°C, 30's; 58°C, 30 s; and 72°C, 60 s. After nor-
malization of the PCR amplicons using the SequalPrep™ normal-
ization plate (Thermofisherinc, Waltham, MA, USA), the sample li-
braries were pooled, quantified with a Kapa Library Quantification
Kit (Kapa Biosystems Willington, MA, USA) and sequenced using
an [llumina MiSeq system with a MiSeq V3 2 x 300 bp sequencing
kit. Using CLC Bio Microbial Genomics module (Qiagen Inc., Valen-
cia, CA, USA), demultiplexed reads were quality trimmed to Q30
and paired-end reads were merged, trimmed to fixed length, and
clustered into operational taxonomic unit (OTU). Taxonomic af-
filiation was assigned at 97% sequence similarity using the SILVA
database (Quast et al. 2013).

Statistical analyses

Data were imported into R version 4.1.0 statistical software and
manipulated using the phyloseq package (McMurdie and Holmes
2013). Samples with <2397 sequences and OTUs with <10 se-
quences were discarded. For alpha diversity, samples were rar-



Table 1. Number of samples that were processed for each
treatment.

Treatment # of replicates # of DNA samples
WI 10 10
PIP 10 50
RES 10 50
BOTH 10 60
WNLV 10 10
WBOTH 10 10
‘WPIP 10 10
WRES 10 10

efied to 2397 reads per sample to avoid biases arising from differ-
ent sampling depths across sample types. Conversely, beta diver-
sity was estimated based on log-normalized nonrarefied data us-
ing the phyloseq package. Alpha diversity metrics included Shan-
non diversity index and observed OTUs (richness) and were com-
puted using vegan package in R (Oksanen et al. 2016). The non-
parametric Kruskal-Wallis test was used to determine whether
intra- and interspecific larval interactions had significant effects
on microbial communities. Significant means were separated us-
ing Wilcoxon rank sum test with Bonferroni correction. Beta diver-
sity ordination was conducted using the microbiome package and
was achieved by applying principal component analysis (PCA) to
the centered log-ratio transformed counts. Permutational multi-
variate analysis of variance (PERMANOVA) with 999 random per-
mutations was used to test whether different treatments had a
significant effect on bacterial OTU abundance. Pairwise adonis
with Bonferroni corrections for multiple testing was used to per-
form pairwise comparisons between treatments. The multivariate
homogeneity of group dispersions test was used to measure the
overall variation in microbiome composition within treatments.

Results

In total, 210 samples including 50 water samples and 160 lar-
val samples (Table 1) were sequenced generating 1993 976 high-
quality reads belonging to the domain bacteria. After discarding
11 samples with <2397 reads and OTUs with <10 reads, a total of
1967077 reads were retained (mean + SE = 12763.49 + 402.17).
OTU diversity and richness differed significantly among treat-
ments (Shannon diversity index: Kruskal-Wallis test, x? = 129.6,
df = 8, P < 0.001; richness: Kruskal-Wallis test, x? = 126.7, df = 8,
P < 0.001; Fig. 1). Pairwise comparisons revealed that water sam-
ples with mosquito larvae had significantly higher OTU diversity
and richness relative to water samples that were incubated with-
out mosquito larvae. When reared separately, Cx. restuans larvae
had significantly higher bacterial OTU diversity and richness com-
pared to Cx. pipiens larvae, but this effect was not observed when
the two species were reared together. When reared together, Cx.
pipiens OTU richness was increased, whereas that of Cx. restuans
decreased. On bacterial OTU diversity, Culex larvae reared in the
presence of the other species have elevated diversity, strongly for
Cx. pipiens and weakly for Cx. restuans.

A total of six bacterial phyla were identified across all treat-
ments (Fig. 2). Proteobacteria (41.98%) consisting of Gammapro-
teobacteria (30.53%), Alphaproteobacteria (4.96%), Epsilonpro-
teobacteria (2.53%), Betaproteobacteria (2.21%), and Deltapro-
teobacteria (1.76%) was the most dominant phylum followed
by Firmicutes (29.63%), and Bacteroidetes (22.23%). The other
bacterial phyla identified included Actinobacteria (4.53%), TM7
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(0.89%), and Verrucomicrobia (0.76%). All bacterial phyla were
identified in all sample types but at varying proportions. Irre-
spective of larval presence or absence, Proteobacteria (33.50%-
75.72%) and Bacteroidetes (35.49%—60.32%) were the most abun-
dant bacterial phyla in water samples. Gammaproteobacteria was
the most abundant Class of Proteobacteria in the water sam-
ples. Gammaproteobacteria, Alphaproteobacteria, Epsilonbacte-
ria, and Verrucomicrobia were less abundant in water samples
incubated without mosquito larvae (WNLV) than in water sam-
ples with mosquito larvae (WRES, WPIP, and WBOTH). In contrast,
Bacteroidetes and Betaproteobacteria were more abundant in wa-
ter samples incubated without mosquito larvae (WNLV) than in
water samples with mosquito larvae (WRES, WPIP, and WBOTH).

In mosquito larvae, the dominant bacteria phyla varied
markedly depending on whether the larvae of the two species
were reared together or separately (Fig. 2). When reared together,
both species had similar bacterial communities dominated by
Firmicutes (81.46%-86.43%) and Actinobacteria (12.34%-15.79%).
In contrast, the two species had different bacterial communi-
ties when reared separately. The most dominant bacterial phyla
in Cx. pipiens larvae were Gammaproteobacteria (61.46%), Firmi-
cutes (21.99%), and Alphaproteobacteria (11.38%), while the dom-
inant bacterial phyla in Cx. restuans were Firmicutes (58.48%),
Gammaproteobacteria (16.5%), Actinobacteria (7.44%), and Bac-
teroidetes (6.79%). In terms of changes in the trajectory of bac-
terial composition between groups, Gammaproteobacteria, the
most abundant subphylum in water initial infusion (WI) reported
a decrease in abundance compared to water samples incubated
without mosquito larvae (WNLV), whereas Bacteroidetes abun-
dance increased in the latter. Firmicutes and Alphaproteobacte-
ria were more abundant in the Cx. pipiens larvae (PIP) samples
compared to WI. The abundance of Gammaproteobacteria and
Bacteroidetes was low in Cx. restuans larvae (RES) samples com-
pared to WI treatment, whereas the Firmicutes were higher in
the larvae samples. Gammaproteobacteria was more abundant in
Cx. pipiens larvae samples compared to Cx. restuans larvae sam-
ples, whereas the Firmicutes were more abundant in Cx. restuans
larvae samples. Compared to WNLV, the WBOTH treatment re-
ported a higher Gammaproteobacteria abundance, whereas the
Bacteroidetes decreased in abundance. Both Gammaproteobacte-
ria and Firmicutes reported a higher abundance in Cx. pipiens (PIP)
larvae reared separately compared to water samples containing
both species (WBOTH); however, Bacteroidetes were more abun-
dantin the water samples compared to the larvae samples. When
reared together, both larvae samples had identical bacterial com-
munity composition that was dominated by Firmicutes and Acti-
nobacteria (Fig. 2).

A total of 545 OTUs belonging to 171 genera were detected.
The top 21 genera accounted for 80.29% of the total sequences
(Table 2; Supplementary Fig. S1). The 10 most abundant gen-
era included unclassified Clostridium (17.56%), unclassified En-
terobacteriaceae (12.34%), Thorsellia (8.04%), Bacteroides (7.25%),
Pseudomonas (5.0%), Fluviicola (4.72%), Lucobacter (3.52%), Arcobac-
ter (2.52%), Bacillus (2.32%), and Pedobacter (1.9%). The same bac-
terial genera were detected in all water samples, but their rela-
tive abundance differed among treatments. Cloacibacterium, Pseu-
domonas, and unclassified Porphyromonadaceae were more abun-
dant in water samples that were incubated without mosquito lar-
vae (WNLV) compared to water samples with mosquito larvae
(WRES, WPIP, and WBOTH). In contrast, unclassified Enterobac-
teriaceae, Pedobacter, Enterobacter, Phenylobacterium, Acinetobacter,
Arcobacter, and unclassified Bacteriovoracaceae were more abun-
dant in water samples with mosquito larvae (WRES, WPIP, and


https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae002#supplementary-data

4 | FEMS Microbes, 2024, Vol. 5

w

Shannon diversity index
- [

0
S DRI R R PO
&E \,\Q@oo T & FF

Treatment

OTU richness

0
S LR PP
& Q‘Q' Q\“&O Q¥ & é&
Treatment

Figure 1. Bacterial OTU diversity and richness for Culex pipiens and Culex restuans larvae and water samples from the microcosms. Initial water
infusion (WI), water infusion without larvae (WNLV), water infusion with Cx. restuans larvae (WRES), water infusion with Cx. pipiens larvae (WPIP),
water infusion with both Cx. pipiens and Cx. restuans larvae (WBOTH), Cx. pipiens larvae (PIP), Cx. pipiens from containers with larvae of both species
(BPIP), Cx. restuans larvae (RES), and Cx. restuans from containers with larvae of both species (BRES).
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Figure 2. Relative abundance of bacterial phyla associated with different treatments. Initial water infusion (WI), water infusion without larvae
(WNLV), water infusion with Cx. restuans larvae (WRES), water infusion with Cx. pipiens larvae (WPIP), water infusion with both Cx. pipiens and Cx.
restuans larvae (WBOTH), Cx. pipiens larvae (PIP), Cx. pipens larvae from containers with larvae of both species (BPIP), Cx. restuans larvae (RES), and Cx.

restuans larvae from containers with larvae of both species (BRES).

WBOTH) than in water samples without mosquito larvae (WNLV).
Compared to Wl samples, WNLV treatment reported more diverse
bacteria genera (Supplementary Fig. S1) indicating that some bac-
teria were acquired in succession. Similarly, this was observed
in water samples containing mosquito larvae (WRES, WPIP, and
WBOTH) where more diverse bacteria genera were reported com-
pared to the initial water infusion (WI). All microbial genera found
in the larval samples were also present in the water samples.
The dominant bacterial genera in the two mosquito species var-
ied markedly depending on whether they were reared together
or separately. When reared together (BPIP and BRES), the two
species had identical bacterial genera dominated by Clostridium
(41.57%-43.98%), followed by Leucobacter (10.09%-12.95%), unclas-
sified Leuconostocacea (6.09%-9.18%), and Bacillus (6.01%—6.25%).
Furthermore, the water samples containing both larvae species
(WBOTH) reported more diverse genera compared to individ-
ual larvae samples which was dominated by Enterobacteriaceae,
Bacteroides, and Fluviicola. In contrast, the two mosquito species

were dominated by different bacterial genera when reared sepa-
rately. The most abundant bacterial genus in Cx. pipiens (PIP) lar-
vae was Thorsellia (59.85%), followed by Clostridium (18.36%) and
then Wolbachia (10.66%). For Cx. restuans (RES), Clostridium (49.50%)
was the most abundant bacterial genus followed by Thorsellia
(10.01%), Leucobacter (5.12%), and unclassified Enterobacteriaceae
(4.92%).

We conducted PCA and PERMANOVA to determine the extent
of similarity between bacterial OTU abundance among treatment
groups. PCA demonstrated the separation and clustering of both
water and larvae samples by treatment groups. Bacteria commu-
nities in water samples (WI, WPIP, and WNLV) were clearly sep-
arated and distinct from WBOTH and WRES groups that clus-
tered together (Fig. 3A). In larval samples, the bacteria commu-
nities in Cx. restuans and Cx. pipiens demonstrated a clear sep-
aration; the two groups were also distinct from BPIP and BRES
treatments that clustered together (Fig. 3B). PERMANOVA analy-
sis revealed that the difference in bacterial community composi-
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Table 2. Percentage abundance of top 21 bacteria genera in different treatment groups.

Percentage abundance of top 21 bacteria genera in each treatment

Genus Phylum Sum WI WNLV WRES WPIP WBOTH PIP BPIP RES BRES
Leucobacter Actinobacteria 3.52 0.02 0.13 0.35 1.04 0.25 1.75 12.95 5.12 10.09
Bacteroides Bacteroidetes 7.25 8.71 13.91 15.06 12.22 13.42 0.25 0.02 1.69 0.01
Fluviicola Bacteroidetes 4.72 0.18 12.20 10.05 7.84 9.86 0.62 0.01 1.74 0.00
Pedobacter Bacteroidetes 1.90 0.04 1.39 5.57 4.72 4.53 0.08 0.01 0.77 0.01
Porphyromonadaceae Bacteroidetes 1.90 6.71 7.88 0.58 1.22 0.63 0.05 0.00 0.05 0.00
Cloacibacterium Bacteroidetes 1.43 0.07 12.20 0.01 0.57 0.00 0.01 0.00 0.00 0.00
Dysgonomonas Bacteroidetes 1.07 2.93 1.51 1.67 1.42 1.51 0.10 0.03 0.42 0.04
Clostridium Firmicutes 17.56 0.71 1.26 0.66 1.55 0.42 18.36 43.99 49.50 41.57
Bacillus Firmicutes 2.32 0.07 1.44 1.72 1.19 1.23 1.03 6.25 1.98 6.01
Leuconostocaceae Firmicutes 1.72 0.01 0.01 0.01 0.02 0.02 0.04 6.09 0.06 9.18
Staphylococcus Firmicutes 1.23 0.06 0.02 0.02 0.03 0.02 0.04 4.45 0.06 6.40
Clostridiales Firmicutes 1.02 0.05 0.03 0.03 0.06 0.03 0.19 4.05 0.25 451
Enterobacteriaceae Proteobacteria 12.34 26.31 1.93 24.25 20.57 32.12 0.79 0.06 4.92 0.14
Thorsellia Proteobacteria 8.04 0.06 0.01 0.30 0.17 0.14 59.85 1.66 10.01 0.18
Pseudomonas Proteobacteria 5.01 19.81 13.19 2.42 6.54 2.08 0.56 0.00 0.45 0.00
Arcobacter Proteobacteria 2.52 8.96 1.51 3.13 6.72 2.15 0.14 0.00 0.10 0.00
Acinetobacter Proteobacteria 1.63 6.71 0.74 2.02 2.32 2.34 0.10 0.02 0.39 0.02
Bacteriovoracaceae Proteobacteria 1.53 0.01 2.12 4.64 3.38 3.41 0.09 0.00 0.14 0.00
Wolbachia Proteobacteria 1.24 0.01 0.01 0.00 0.00 0.00 10.66 0.37 0.15 0.00
Enterobacter Proteobacteria 1.18 3.47 0.19 2.17 1.75 2.72 0.04 0.00 0.23 0.00
Phenylobacterium Proteobacteria 1.14 0.01 0.98 3.47 1.84 3.14 0.09 0.01 0.74 0.01
(A) Water samples B) larvae samples ... i,
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ie® 3 o 4
®
25
! ot Treament | _ Treatment
g . @ weoTH E @ orP
& g s o w = @ BRES
o 4 ® vy | Y & rp
g ‘*. @ vwer |T0° @ res
. @ wRES
00
o
'.' 2 ‘@
25 p i I ]
2 [] 2 -2 0 1 2
PC1 [29.7%] PC1 [36.8%]

Figure 3. PCA of bacterial community of water samples: (A) initial water infusion (WI), water infusion without larvae (WNLV), water infusion with Cx.
restuans larvae (WRES), water infusion with Cx. pipiens larvae (WPIP), water infusion with both Cx. pipiens and Cx. restuans larvae (WBOTH); and larvae
samples: (B) Cx. pipiens larvae (PIP), Cx. pipiens from containers with larvae of both species (BPIP), Cx. restuans larvae (RES), and Cx. restuans from

containers with larvae of both species (BRES).

tion was significant (F = 44.98, df = 8, 183, R? = 0.66, P = 0.001).
Pairwise comparisons with Bonferroni adjustments for multiple
comparisons revealed that all treatments were significantly dif-
ferent from each other. Test for multivariate dispersion was also
significant (F=7.67,df =8, 163, P = 0.001). The average distance to
median was 14.95 (WI), 15.40 (WNLV), 20.75 (WPIP), 16.50 (WRES),
12.68 (WBOTH), 19.62 (PIP), 21.33 (RES), 18.22 (BPIP), and 18.55
(BRES). Post-hoc tests revealed that dispersion was significantly
greater in water samples with Cx. pipiens larvae (WPIP) relative to
initial water samples (WI) and water samples with larvae of both
species (WBOTH). However, none of these samples differed signifi-
cantly from water samples with Cx. restuans (WRES) or water sam-
ples that were incubated without larvae (WNLV). Dispersion was
not significantly different between Cx. pipiens (PIP) and Cx. restu-

ans (RES) larvae that were reared separately but was significantly
higher in Cx. restuans reared under intraspecific condition com-
pared to Cx. pipiens from interspecific treatment.

Discussion

In this study, we investigated how intra- and interspecific inter-
actions among larvae of two closely related container-dwelling
mosquito species (Cx. pipiens and Cx. restuans) affect the micro-
bial communities of container aquatic habitats. We also evalu-
ated how these interactions affect the larval microbiota of the two
mosquito species. Overall, we found that larval feeding and ac-
tivity alters the microbial community composition and richness
in container aquatic habitats, and that the two mosquito species
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harbored similar microbial communities when sharing the lar-
val environment and distinct microbial communities when reared
separately under a common food resource. These findings are con-
sistent with our previous findings where the presence of Cx. restu-
ans larvae altered the bacterial community composition, abun-
dance, diversity, and richness in the water column (Muturi et al.
2020). Similar findings were reported in a study by Coon et al.
(2014) where the relative abundance of different bacterial fami-
lies differed among Aedes aegypti, Anopheles gambiae, and George-
craigius atropalpus larvae that were reared separately under the
same food resource and laboratory conditions. Interestingly, Saab
et al. (2020) reported that An. gambiae and Aedes albopictus adults
derived from a shared larval environment harbored distinct gut
microbiota which is inconsistent with our study. However, un-
like our study, which focused on larval microbiota, Saab and col-
leagues’ study focused on the impact of larval environment on
gut microbiota of adult mosquitoes. Thus, the two studies are not
directly comparable since many microbes are lost during meta-
morphosis and adult emergence (Moll et al. 2001).

Larvae of both mosquito species suppressed the abundance
of Cloacibacterium, Pseudomonas, and unclassified Porphyromon-
adaceae and enhanced the abundance of unclassified Enterobac-
teriaceae, Pedobacter, Enterobacter, Phenylobacterium, Acinetobacter,
Arcobacter, Phenylobacterium, and unclassified Bacteriovoracaceae.
Kaufman et al. (1999) reported the suppression of Pseudomon-
adaceae and enhancement of Enterobacteriaceae by Oc. trise-
riatus larvae, which is consistent with our findings. A similar
study by the same research group reported the suppression of
Alphaproteobacteria and Bacteroidetes and enhancement of Be-
taproteobacteria by Oc. triseriatus larvae (Kaufman et al. 2008).
In the current study, mosquito larvae suppressed Bacteroidetes,
Betaproteobacteria, and Firmicutes, and enhanced Gammapro-
teobacteria, Alphaproteobacteria, Epsilonproteobacteria, and Ver-
rucomicrobia in the simulated larval container aquatic habitats.
Thus, only the suppression of Bacteroidetes mirrors the findings of
Kaufman and colleagues (Kaufman et al. 2008). However, the pat-
tern observed at the phylum level did not hold at the genus level
where there were some genera from Bacteroidetes that were en-
hanced (e.g. Pedobacter) and some genera from Gammaproteobac-
teria that were suppressed (e.g. Pseudomonas) in water samples
with mosquito larvae. While the enhancement of Verrucomicro-
bia and the suppression of Pseudomonas is consistent with our pre-
vious study with Cx. restuans larvae, we also find discrepancies
between the two studies in which Gammaprotebacteria was en-
hanced in this study and suppressed in the previous study (Muturi
et al. 2020). Collectively, these findings demonstrate that the inter-
action between the mosquito larvae and bacterial communities in
container habitats is complex and can vary markedly within and
between species. Larval feeding activity and/or larval excretions
are some of the likely mechanisms through which the mosquito
larvae may alter the microbial composition of their larval habitats
(Kaufman et al. 2008, Saab et al. 2020), as some bacterial taxa may
be more susceptible than others to digestion, redox potential, and
the alkaline gut condition of mosquito larvae (Austin and Baker
1988, Sota and Kato 1994, Vallet-Gely et al. 2008).

Differences in microbial composition and diversity between Cx.
pipiens and Cx. restuans larvae could partly be due to species dif-
ferences in their physiology and/or feeding behavior. Culex pipi-
ens larvae filter-feed on microbial communities on the water sur-
face but may modify this behavior in response to resource avail-
ability (Yee et al. 2004). While Culex restuans larvae have similar
mouthpart morphology as Cx. pipiens larvae, their feeding behav-
ior is poorly understood. If larvae of the two species filter-feed at

different water depths, they may be exposed to different bacte-
rial communities (Gimonneau et al. 2014). Additionally, the larvae
of the two mosquito species may also have different physiologies
that may control the type of microbes that colonize and estab-
lish in their bodies. Further studies are needed to establish the
contribution of larval physiology and larval feeding behavior to
species differences in microbial composition and structure. Dif-
ferences in bacteria composition and abundance may also have
been caused by interactions between bacterial communities in
both water and larvae treatments. Interbacterial interactions can
be either symbiotic or competitive, which may promote growth
and survival or deprivation of nutrients in others (Kern et al. 2021).
Antagonistic interactions between bacteria communities such as
exploitation and interference competition result in competition
for, or alteration of a shared niche and nutrients (Hedge et al. 2018,
Coyte and Rakoff-Nahoum 2019, Kozlova et al. 2021). Exploitation
competition for a shared food resource can limit the resource for
the competing bacterial community. Interference competition on
the other hand may alter the niche or harm other bacteria taxa
through the release of toxins or molecules, leading to replacement
of some communities (Jakubovics 2015).

It is unclear why Cx. pipiens and Cx. restuans larvae harbored
identical bacterial communities when reared together in the same
containers. Given the small size of the containers used in this
study, it is possible that individuals of the two species frequently
came into contact and physically transferred the bacteria from
one individual to another. We surface-sterilized the larvae before
DNA isolation but it is possible that the sterilization was not per-
fect.

Thorsellia was detected from larvae of both mosquito species
but was more abundant in Cx. pipiens than in Cx. restuans lar-
vae, and among intraspecific treatment than in interspecific treat-
ment. This bacterium was also present in water samples in low
abundance suggesting that mosquito larvae may have acquired it
from the larval environment. It is unclear why the abundance of
Thorsellia was less abundant in larvae samples from the treatment
where both species were reared together, but as alluded earlier, it
is possible that interspecific interactions may have exposed the
larvae of both mosquito species to other microbes that were an-
tagonistic to Thorsellia. In Cx. tarsalis, Thorsellia was detected across
all stages and accounted for 31.0%, 52.3%, 93.0%, and 3.3% of the
total sequences, in early instar larvae, late instar larvae, pupae,
and adults from field collected larvae, respectively (Duguma et al.
2015). In Cx. nigripalpus larvae, Thorsellia accounted for 46.5% of the
total sequences (Duguma et al. 2017). Thorsellia has also been iso-
lated in malaria vectors, including An. gambiae, An. arabiensis, An.
stephensis, and An. culifacies (Lindh et al. 2005, Briones et al. 2008,
Raniet al. 2009, Wang et al. 2011, Chavshin et al. 2014). It was also
isolated from the water surface microlayer of An. gambiae habi-
tats (Briones et al. 2008). The ability of Thorsellia to tolerate high
pH and to utilize blood as a carbon source have been cited as po-
tential explanations for its ability to thrive in the midguts of some
mosquito species (Briones et al. 2008).

Clostridium was detected in larvae of both mosquito species but
was less abundantin Cx. pipiens larvae that were reared separately
from Cx. restuans. Previous studies reported Clostridium to account
for 72.9% of the total sequences in Cx. restuans larvae (Muturi et
al. 2020), 22.5% of the total sequences in Cx. nigripalpus larvae, and
5.7% of the total sequences in Cx. colonator larvae (Duguma et al.
2017). Thus, it appears to be a common bacterium among larvae of
Culex mosquitoes that have been examined so far. Unsurprisingly,
Wolbachia, a maternally inherited endosymbiont that infects nu-
merous invertebrates was abundant in Cx. pipiens larvae and rare



in Cx. restuans larvae, as observed in our previous studies (Muturi
et al. 2016, 2020).

The high abundance of Thorsellia in Cx. pipiens larvae and
Clostridium in Cx. restuans larvae in our study warrants further
investigation to determine their role in mosquitoes, focusing on
mosquito life-history traits and vector competence. For the simu-
lated larval habitats, Cloacibacterium and Fluviicola abundance was
very high in water incubated without mosquito larvae (WNLV)
compared to the initial grass infusion (WI), indicating that these
bacteria taxa abundance may have increased over time due to
either exploitative or interference competition among the bacte-
rial community. Conversely, the abundance of Enterobacteriaceae,
Arcobacter, and Acinetobacter was very low in water incubated
without mosquito larvae compared to the initial grass infusion,
an indication that these pioneer bacteria genera were lost over
time.

In summary, we found that Cx. pipiens and Cx. restuans lar-
val feeding and activity alters the microbial community compo-
sition, diversity, and richness in container aquatic habitats and
that intra- and interspecific interactions among larvae of the
two mosquito species strongly impacts the microbial communi-
ties that colonize their bodies. These findings demonstrate that
mosquito larvae play a vital role in structuring the community
of microbes in container aquatic habitats and that biotic interac-
tions in aquatic habitats are key determinants of Cx. pipiens and
Cx. restuans larval microbiota. Some microbial communities are
known to enhance or suppress pathogen transmission and thus,
the observed within and between species differences in micro-
bial communities may account for individual and population vari-
ation in vector competence that is commonly reported among
wild caught mosquitoes. Further studies are needed to examine
whether the results of this study carryover to the adult stage
and to assess how the distinct bacterial communities detected
among larvae that were reared under intra- and interspecific
treatments affect vector competence for West Nile virus and other
pathogens that are transmitted by the two mosquito species. Ad-
ditional studies should also investigate which of the detected mi-
crobes are consumed by mosquito larvae and assess how larval
feeding activity affects litter decomposition in container aquatic
habitats.
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