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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 wer e significantl y 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 
comm unities when r ear ed 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. 

Ke yw ords: larvae; Culex pipiens ; Culex restuans ; container aquatic habitats; microbiota 
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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 
differ ent nic hes. Ada ptiv e 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- 
spectiv e envir onments (Mor an 1994 ). Ho w e v er, this hypothesis is 
fr equentl y br eac hed in natur e as demonstr ated by numer ous r e- 
ports showing that the environment experienced by the juveniles 
often affects later adult life-history tr aits. De v elopmental plastic- 
ity of this type is often r eferr ed to as a “carryov er effect” (Dic kson 

et al. 2017 , Moore and Martin 2019 ) and can impact a variety of 
adult traits such as survi val, re production, bod y 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 F ellous 2019 ). T her efor e, accur ate 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 , ma yflies , and stoneflies), the juvenile stages develop in 

aquatic habitats while the adults ar e terr estrial. Water-filled con- 
tainers such as tree holes, bamboo stumps, discarded cans, and 

waste tir es ar e among a v ariety of aquatic habitats that are used 

by juveniles of aquatic insects, primarily mosquitoes. These sys- 
tems are fueled by detritus from terrestrial en vironments , mainly 
Recei v ed 22 August 2023; revised 30 J an uar y 2024; accepted 9 February 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution-NonCommercial License ( https://cr eati v ecommons.org/licen
r e pr oduction in any medium, provided the original work is properly cited. For com
eaf litter, with occasional input of inv ertebr ate carcasses and
temflow (Carpenter 1982 , Daugherty et al. 2000 , Kitching 2000 ).
he detritus is colonized by microbial communities which initiate 
he decomposition process and provide a critical food resource for

osquito larvae and other in vertebrate consumers . Some of the
icrobes ingested by mosquito larvae colonize the midgut and 

ther internal tissues and support larval growth and development 
Coon et al. 2014 , Coon et al. 2016 ,Valzania et al. 2018 ). A portion
f these microbes is transstadially transmitted to the adult stage
nd contribute to host r epr oduction, r esistance to toxicants, de-
ense against pathogens, and other essential biological functions 
Cirimotich et al. 2011 , Coon et al. 2016 , Soltani et al. 2017 ). There-
ore, container-dwelling mosquitoes serve as excellent models for 
tudying larval nutritional ecology as well as the interactions be-
ween inv ertebr ate consumers and micr obial comm unities in con-
ainer habitats . T his knowledge could inform formulation of hy-
otheses to test how the specific microbes encountered by juve-
ile insects contribute to adult performance and fitness. 

The main mosquito species found in water-filled container 
abitats in mid-western USA include some important vectors 
uch as Aedes albopictus , Ochlerotatus triseriatus , Oc. japonicus , Culex
ipiens , and Cx. restuans (Yee et al. 2010 , Bara and Muturi 2015 ,
ara et al. 2016 ). Ho w ever, most studies on the interactions be-
ween mosquito larvae and the microbial communities in con- 
ainer habitats have mainly focused on Oc. triseriatus . These stud-
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es reported that the presence of Oc. triseriatus larvae can affect
he microbial abundance and composition in container habitats
Kaufman et al. 1999 , Kaufman et al. 2001 , 2008 , Xu et al. 2008 ). Al-
hough Cx. pipiens and Cx. restuans larvae are major occupants of
ontainer habitats, and are important vectors of West Nile virus,
ittle is known about their impact on microbial communities in
ontainer aquatic habitats (Muturi et al. 2020 ). The two Culex
pecies tend to differ in their seasonal peaks in abundance, but
ften ov erla p during parts of the summer and early fall and can
o-occur in the same container habitats (Harbison et al. 2017 ). The
arvae of both species are filter feeders and are thought to essen-
ially be ecological homologues with Cx. restuans as the slightly
uperior competitor (Reiskind and Wilson 2008 ). 

In this study, we investigated how the micr obial comm unities
n container habitats respond to the feeding activity of Cx. pipi-
ns and Cx. restuans larv ae under intr a- and interspecific r earing
onditions . We also in v estigated how intr a- and interspecific in-
eractions among larvae of the two mosquito species affect their

icrobial composition and structure . T his was accomplished us-
ng laboratory microcosms that mimicked the container aquatic
abitats that are frequently utilized as larval habitats by these
osquito species. We predicted that the microbial communi-

ies of container-aquatic habitats would shift in response to lar-
al feeding activity and that interactions among larvae of the
wo mosquito species would influence the microbial communi-
ies that colonize their bodies . T he findings of this study impr ov e
ur understanding of how inv ertebr ate consumers inter act with
heir pr ey (micr obial comm unities) in container aquatic habitats
nd provide valuable knowledge on the larval ecology of two im-
ortant West Nile virus vectors. 

aterials and methods 

xperimental set up 

ulex egg rafts were collected from South Farms, an agriculture
xperimental farm of the University of Illinois located in Urbana,
L, USA. Nineteen-liter white cylindrical buckets (30 cm diameter)
ith overflow holes about 18 cm from the base were used as ovipo-

ition tr a ps. Eac h buc ket was baited with 3 L of 5-day-old grass in-
usion that was pr epar ed by mixing 600 g of fr esh gr ass with 50 L
f tap water. The collections were done in May to late June 2021,
 time associated with large populations of Cx. restuans , while Cx.
ipiens ar e typicall y less abundant in centr al Illinois during this
eriod (Westcott et al. 2011 ). The egg rafts were collected using a
aint brush, placed in moist filter papers, and transported to the

aboratory for hatching. More than 300 Culex egg rafts were col-
ected for this study. Each egg raft was hatched individually in 12-
ell cell culture plates containing 3 mL of deionized water and a

ingle first instar larva identified to species mor phologicall y based
n the presence of a clear scale anterior to the sclerotized egg-
reaker that is present in Cx. restuans but not Cx. pipiens (Cr abtr ee
t al. 1995 ). First instar larv ae for eac h species wer e pooled and
insed three times with deionized water before they were added
o the experimental microcosms. 

The experimental microcosms included fifty 400-mL tri-pour
eakers filled with 350 mL of grass infusion prepared as described
bo ve . T he grass infusion was filtered with a screen mesh to ex-
lude large debris before it was dispensed into the experimen-
al containers without dilution. The 50 containers were divided
nto five experimental groups of 10 containers (10 replicates per
roup). Fifteen milliliter of grass infusion from group 1 containers
er e dr awn immediatel y on day 0 for the pr ocessing and anal ysis
f initial microbiota. This group is comprised of water initial (WI)
amples. Groups 2 and 3 containers were each stocked with 40 first
nstar larvae of Cx. pipiens (PIP) and Cx. restuans (RES), r espectiv el y,
hile group 4 containers (BOTH) were stocked with 20 first instar

arvae of each species (20 Cx. pipiens and 20 Cx. restuans ). Group 5
ontainers were incubated without mosquito larvae (WNLV). The
xperimental containers were maintained in the environmental
hamber (incubator) at 26 ◦C, 70% relative humidity, and 14:10 h
light:dark cycle) and monitor ed dail y for larv al de v elopment. On
ay 5 when most larvae had matured to fourth instars, 15 mL of
ater samples from containers with and without mosquito larvae
ere collected after agitating the content and labeled by treat-
ent (WI, WNLV, WPIP, WRES, and WBOTH). The larvae from all

reatments (PIP, RES, and BOTH) were collected and preserved in a
80 ◦C freezer in pools of five larvae . T hree larval pools replicated
ve times for each of the 10 replicates per group were processed
or microbiome analysis. 

N A extr action, libr ary prepar a tion, and 

equencing 

he water samples were centrifuged at 5000 × g for 20 min and
N A w as isolated from the resulting pellet using DNeasy Po w er
oil Pro Kit (Qiagen Inc., Valencia, CA, USA) according to the
anufactur er’s pr otocol. For larv al samples, eac h larv al pool was

urface-sterilized in 3% bleach solution for 3 min, tr ansferr ed to
0% ethanol for 5 min, and then rinsed three times in 0.8% sterile
hosphate-buffered saline solution for 10 s (Coon et al. 2014 ). DNA
as extracted using the same kit used for the water samples. Be-

or e DNA extr action, the fourth instar Cx. pipiens and Cx. restuans
arvae that were reared together (BOTH) were each identified mor-
hologically and separated based on the number of hairs on the
iphon with Cx. restuans bearing a single hair, whereas Cx. pipiens
as three or more hairs (Ross and Horsfall 1965 ). This was further
onfirmed using a pr e viousl y described TaqMan assay (Sanogo et
l. 2007 ). Briefly, DNA extr acted fr om the pooled samples was as-
ayed as described in the r efer ence with the following exceptions.
he pol ymer ase c hain r eaction (PCR) master mix was AmpliTaq
old 360 (Thermo Fisher Scientific, Waltham, MA, USA) and each
f the three primer/probe sets was run as a single reaction us-
ng fluorescein as the probe dye . T hree primer/probes sets were
ested, Cx. pipens , Cu. restuans , and Cx. quinquefasciatus. 

PCR amplification of the V3–V4 region of the 16S rRNA gene
as accomplished using PCR primers 341f and 806r (Muyzer et al.
993 , Ca por aso et al. 2011 ). Thermocycling conditions were 95 ◦C,
0 min, 35 cycles of 95 ◦C, 30 s; 58 ◦C, 30 s; and 72 ◦C, 60 s. After nor-
alization of the PCR amplicons using the SequalPrep™ normal-

zation plate (Thermofisher inc, Waltham, MA, USA), the sample li-
r aries wer e pooled, quantified with a Ka pa Libr ary Quantification
it (Kapa Biosystems Willington, MA, USA) and sequenced using
n Illumina MiSeq system with a MiSeq V3 2 × 300 bp sequencing
it. Using CLC Bio Microbial Genomics module (Qiagen Inc., Valen-
ia, CA, USA), dem ultiplexed r eads wer e quality trimmed to Q30
nd pair ed-end r eads wer e mer ged, trimmed to fixed length, and
lustered into operational taxonomic unit (OTU). Taxonomic af-
liation was assigned at 97% sequence similarity using the SILVA
atabase (Quast et al. 2013 ). 

ta tistical anal yses 

ata were imported into R version 4.1.0 statistical software and
anipulated using the phyloseq pac ka ge (McMurdie and Holmes

013 ). Samples with < 2397 sequences and OTUs with < 10 se-
uences w ere discar ded. For alpha diversity, samples w er e r ar-
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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 
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efied to 2397 reads per sample to avoid biases arising from differ- 
ent sampling depths across sample types . Con v ersel y, beta div er- 
sity was estimated based on log-normalized nonr ar efied data us- 
ing the phyloseq pac ka ge. Alpha div ersity metrics included Shan- 
non diversity index and observed OTUs (richness) and were com- 
puted using vegan pac ka ge 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 pac ka ge and 

was ac hie v ed by a ppl ying principal component analysis (PCA) to 
the center ed log-r atio tr ansformed counts. Perm utational m ulti- 
v ariate anal ysis of v ariance (PERMANOVA) with 999 r andom per- 
mutations was used to test whether different treatments had a 
significant effect on bacterial O TU abundance . Pairwise adonis 
with Bonferr oni corr ections for m ultiple testing was used to per- 
form pairwise comparisons between treatments . T he multivariate 
homogeneity of group dispersions test was used to measure the 
ov er all v ariation in micr obiome composition within tr eatments. 

Results 

In total, 210 samples including 50 water samples and 160 lar- 
val samples (Table 1 ) were sequenced generating 1 993 976 high- 
quality reads belonging to the domain bacteria. After discarding 
11 samples with < 2397 reads and OTUs with < 10 reads, a total of 
1 967 077 reads were retained (mean ± SE = 12763.49 ± 402.17).
OTU div ersity and ric hness differ ed significantl y among tr eat- 
ments (Shannon diversity index: Kruskal–Wallis test, χ2 = 129.6, 
df = 8, P < 0.001; richness: Kruskal–Wallis test, χ2 = 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 ric hness r elativ e 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 Gamma pr o- 
teobacteria (30.53%), Alpha pr oteobacteria (4.96%), Epsilonpr o- 
teobacteria (2.53%), Beta pr oteobacteria (2.21%), and Delta pr o- 
teobacteria (1.76%) was the most dominant phylum follo w ed 

by Firmicutes (29.63%), and Bacteroidetes (22.23%). The other 
bacterial phyla identified included Actinobacteria (4.53%), TM7 
0.89%), and Verrucomicrobia (0.76%). All bacterial phyla were 
dentified in all sample types but at varying proportions. Irre- 
pective of larval presence or absence, Proteobacteria (33.50%–
5.72%) and Bacteroidetes (35.49%–60.32%) were the most abun- 
ant bacterial phyla in water samples. Gamma pr oteobacteria was
he most abundant Class of Proteobacteria in the water sam-
les. Gamma pr oteobacteria, Alpha pr oteobacteria, Epsilonbacte- 
ia, and Verrucomicr obia wer e less abundant in water samples
ncubated without mosquito larvae (WNLV) than in water sam- 
les with mosquito larvae (WRES, WPIP, and WBOTH). In contrast,
acteroidetes and Betaproteobacteria were more abundant in wa- 
er samples incubated without mosquito larvae (WNLV) than in 

ater samples with mosquito larvae (WRES, WPIP, and WBOTH). 
In mosquito larvae, the dominant bacteria phyla varied 

ark edly de pending on whether the larvae of the two species
er e r ear ed together or separ atel y (Fig. 2 ). When r ear ed together,
oth species had similar bacterial communities dominated by 
irmicutes (81.46%–86.43%) and Actinobacteria (12.34%–15.79%).
n contrast, the two species had different bacterial communi- 
ies when r ear ed separ atel y. The most dominant bacterial phyla
n Cx. pipiens larvae were Gammaproteobacteria (61.46%), Firmi- 
utes (21.99%), and Alpha pr oteobacteria (11.38%), while the dom-
nant bacterial phyla in Cx. restuans were Firmicutes (58.48%),
amma pr oteobacteria (16.5%), Actinobacteria (7.44%), and Bac- 

eroidetes (6.79%). In terms of changes in the trajectory of bac-
erial composition between gr oups, Gamma pr oteobacteria, the 

ost abundant subphylum in water initial infusion (WI) reported 

 decrease in abundance compared to water samples incubated 

ithout mosquito larvae (WNLV), whereas Bacteroidetes abun- 
ance increased in the latter. Firmicutes and Alpha pr oteobacte-
ia wer e mor e abundant in the Cx. pipiens larvae (PIP) samples
ompared to WI. The abundance of Gammaproteobacteria and 

acteroidetes was low in Cx. restuans larvae (RES) samples com-
ared to WI treatment, whereas the Firmicutes were higher in
he larv ae samples. Gamma pr oteobacteria was mor e abundant in
x. pipiens larvae samples compared to Cx. restuans larvae sam-
les, whereas the Firmicutes were more abundant in Cx. restuans

arv ae samples. Compar ed to WNLV, the WBOTH tr eatment r e-
orted a higher Gamma pr oteobacteria abundance, wher eas the
acter oidetes decr eased in abundance. Both Gamma pr oteobacte- 
ia and Firmicutes reported a higher abundance in Cx. pipiens (PIP)
arv ae r ear ed separ atel y compar ed to water samples containing
oth species (WBOTH); ho w e v er, Bacter oidetes wer e mor e abun-
ant in the water samples compared to the larvae samples. When
 ear ed together, both larvae samples had identical bacterial com-
unity composition that was dominated by Firmicutes and Acti- 

obacteria (Fig. 2 ). 
A total of 545 OTUs belonging to 171 gener a wer e detected.

he top 21 genera accounted for 80.29% of the total sequences
Table 2 ; Supplementary Fig. S1 ). The 10 most abundant gen-
ra included unclassified Clostridium (17.56%), unclassified En- 
erobacteriaceae (12.34%), Thorsellia (8.04%), Bacteroides (7.25%),
seudomonas (5.0%), Fluviicola (4.72%), Lucobacter (3.52%), Arcobac- 
er (2.52%), Bacillus (2.32%), and Pedobacter (1.9%). The same bac-
erial gener a wer e detected in all water samples, but their rela-
iv e abundance differ ed among tr eatments. Cloacibacterium , Pseu-
omonas , and unclassified Por phyr omonadaceae wer e mor e abun-
ant in water samples that were incubated without mosquito lar- 
 ae (WNLV) compar ed to water samples with mosquito larvae
WRES, WPIP, and WBOTH). In contr ast, unclassified Enter obac- 
eriaceae, Pedobacter , Enterobacter , Phenylobacterium , Acinetobacter ,
rcobacter , and unclassified Bacteriovoracaceae wer e mor e abun-
ant in water samples with mosquito larvae (WRES, WPIP, and

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae002#supplementary-data
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Figur e 1. Bacterial O TU div ersity and ric hness for Culex pipiens and Culex restuans larv ae and water samples fr om the micr ocosms. 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). 

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). 

W  

C  

b  

t  

i  

W  

p  

i  

T  

i  

o  

s  

(  

s  

F  

(  

u  

B  

w  

r  

v  

t  

w  

(  

(
 

o  

g  

w  

n  

a  

t  

n  

a  

t  

s  
BOTH) than in water samples without mosquito larvae (WNLV).
ompared to WI samples, WNLV treatment reported more diverse
acteria genera ( Supplementary Fig. S1 ) indicating that some bac-
eria wer e acquir ed in succession. Similarl y, this was observ ed
n water samples containing mosquito larvae (WRES, WPIP, and

BOTH) wher e mor e div erse bacteria gener a wer e r eported com-
ared to the initial water infusion (WI). All micr obial gener a found

n the larval samples were also present in the water samples.
he dominant bacterial genera in the two mosquito species var-

ed mark edly de pending on whether the y wer e r ear ed together
r separ atel y. When r ear ed together (BPIP and BRES), the two
pecies had identical bacterial genera dominated by Clostridium
41.57%–43.98%), follo w ed b y Leucobacter (10.09%–12.95%), unclas-
ified Leuconostocacea (6.09%–9.18%), and Bacillus (6.01%–6.25%).
urthermore, the water samples containing both larvae species
WBOTH) r eported mor e div erse gener a compar ed to individ-
al larvae samples which was dominated by Enterobacteriaceae ,
acteroides , and Fluviicola . In contrast, the two mosquito species
 ere dominated b y differ ent bacterial gener a when r ear ed sepa-
 atel y. The most abundant bacterial genus in Cx. pipiens (PIP) lar-
ae was Thorsellia (59.85%), followed by Clostridium (18.36%) and
hen Wolbachia (10.66%). For Cx. restuans (RES), Clostridium (49.50%)
as 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
f similarity between bacterial OTU abundance among treatment
roups . PC A demonstrated the separation and clustering of both
ater and larvae samples by treatment groups. Bacteria commu-
ities in water samples (WI, WPIP, and WNLV) wer e clearl y sep-
rated and distinct from WBOTH and WRES groups that clus-
ered together (Fig. 3 A). In larval samples, the bacteria commu-
ities in Cx. restuans and Cx. pipiens demonstrated a clear sep-
r ation; the two gr oups wer e also distinct from BPIP and BRES
reatments that clustered together (Fig. 3 B). PERMANOVA analy-
is r e v ealed that the differ ence in bacterial community composi-

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae002#supplementary-data
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Ta ble 2. P er centage 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 
P orph yromonadaceae 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 4 .51 
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 

Figur e 3. PC A 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). 
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tion was significant ( F = 44.98, df = 8, 183, R 

2 = 0.66, P = 0.001).
Pairwise comparisons with Bonferroni adjustments for multiple 
comparisons r e v ealed that all tr eatments wer e significantl y dif- 
fer ent fr om eac h other . T est for m ultiv ariate dispersion was also 
significant ( F = 7.67, df = 8, 163, P = 0.001). The av er a ge 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 r e v ealed 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). Ho w e v er, none of these samples differ ed signifi- 
cantl y fr om w ater samples with Cx. restuans (WRES) or w ater sam- 
ples that were incubated without larvae (WNLV). Dispersion was 
not significantly different between Cx. pipiens (PIP) and Cx. restu- 
i  
ns (RES) larvae that were reared separately but was significantly
igher in Cx. restuans r ear ed under intr aspecific condition com-
ared to Cx. pipiens from interspecific treatment. 

iscussion 

n this study, we investigated how intra- and interspecific inter-
ctions among larvae of two closely related container-dwelling 
osquito species ( Cx. pipiens and Cx. restuans ) affect the micro-

ial communities of container aquatic habitats. We also e v alu-
ted how these interactions affect the larval microbiota of the two
osquito species. Ov er all, we found that larv al feeding and ac-

ivity alters the microbial community composition and richness 
n container aquatic habitats, and that the two mosquito species
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arbor ed similar micr obial comm unities when sharing the lar-
 al envir onment and distinct micr obial comm unities when r ear ed
epar atel y under a common food resource . T hese findings are con-
istent with our pr e vious findings wher e the pr esence of Cx. restu-
ns larvae altered the bacterial community composition, abun-
ance, diversity, and richness in the water column (Muturi et al.
020 ). Similar findings were reported in a study by Coon et al.
 2014 ) where the relative abundance of different bacterial fami-
ies differed among Aedes aegypti , Anopheles gambiae , and George-
raigius atropalpus larvae that were reared separately under the
ame food resource and laboratory conditions. Interestingly, Saab
t al. ( 2020 ) reported that An. gambiae and Aedes albopictus adults
eriv ed fr om a shar ed larv al envir onment harbor ed distinct gut
icr obiota whic h is inconsistent with our study. Ho w e v er, un-

ik e our stud y, whic h focused on larv al micr obiota, Saab and col-
eagues’ study focused on the impact of larv al envir onment on
ut microbiota of adult mosquitoes . T hus , the two studies are not
ir ectl y compar able since man y micr obes ar e lost during meta-
orphosis and adult emergence (Moll et al. 2001 ). 
Larvae of both mosquito species suppressed the abundance

f Cloacibacterium , Pseudomonas , and unclassified Por phyr omon-
daceae and enhanced the abundance of unclassified Enterobac-
eriaceae, Pedobacter , Enterobacter , Phenylobacterium , Acinetobacter ,
rcobacter , Phenylobacterium , and unclassified Bacterio voracaceae .
aufman et al. ( 1999 ) reported the suppression of Pseudomon-
daceae and enhancement of Enterobacteriaceae by Oc. trise-
iatus larv ae, whic h is consistent with our findings. A similar
tudy by the same r esearc h gr oup r eported the suppr ession of
lpha pr oteobacteria and Bacteroidetes and enhancement of Be-

a pr oteobacteria by Oc. triseriatus larvae (Kaufman et al. 2008 ).
n the current study, mosquito larvae suppressed Bacteroidetes,
eta pr oteobacteria, and Firmicutes, and enhanced Gamma pr o-
eobacteria, Alpha pr oteobacteria, Epsilonpr oteobacteria, and Ver-
ucomicrobia in the simulated larval container aquatic habitats.
 hus , onl y the suppr ession of Bacter oidetes mirr ors the findings of
aufman and colleagues (Kaufman et al. 2008 ). Ho w ever, the pat-

ern observed at the phylum level did not hold at the genus le v el
her e ther e wer e some gener a fr om Bacter oidetes that wer e en-
anced (e.g. Pedobacter ) and some genera from Gammaproteobac-
eria that were suppressed (e.g. Pseudomonas ) in water samples
ith mosquito larvae. While the enhancement of Verrucomicro-
ia and the suppression of Pseudomonas is consistent with our pre-
ious study with Cx. restuans larvae, we also find discrepancies
etw een the tw o studies in which Gammaprotebacteria was en-
anced in this study and suppressed in the pr e vious study (Muturi
t al. 2020 ). Collectiv el y, these findings demonstr ate that the inter-
ction between the mosquito larvae and bacterial communities in
ontainer habitats is complex and can vary markedly within and
etween species. Larval feeding activity and/or larval excretions
re some of the likely mechanisms through which the mosquito
arvae may alter the microbial composition of their larval habitats
Kaufman et al. 2008 , Saab et al. 2020 ), as some bacterial taxa may
e more susceptible than others to digestion, redox potential, and
he alkaline gut condition of mosquito larvae (Austin and Baker
988 , Sota and Kato 1994 , Vallet-Gely et al. 2008 ). 

Differ ences in micr obial composition and div ersity between Cx.
ipiens and Cx. restuans larvae could partly be due to species dif-
erences in their physiology and/or feeding behavior. Culex pipi-
ns larvae filter-feed on microbial communities on the water sur-
ace but may modify this behavior in response to resource avail-
bility (Yee et al. 2004 ). While Culex restuans larvae have similar
outhpart morphology as Cx. pipiens larvae, their feeding behav-

or is poorly understood. If larvae of the two species filter-feed at
ifferent water de pths, the y may be exposed to different bacte-
ial communities (Gimonneau et al. 2014 ). Additionally, the larvae
f the two mosquito species may also have different physiologies
hat may control the type of microbes that colonize and estab-
ish in their bodies. Further studies are needed to establish the
ontribution of larval physiology and larval feeding behavior to
pecies differences in microbial composition and structure. Dif-
erences in bacteria composition and abundance may also have
een caused by interactions between bacterial communities in
oth water and larv ae tr eatments. Interbacterial inter actions can
e either symbiotic or competitiv e, whic h may pr omote gr owth
nd survival or deprivation of nutrients in others (Kern et al. 2021 ).
nta gonistic inter actions between bacteria comm unities suc h as
xploitation and interference competition result in competition
or, or alteration of a shared niche and nutrients (Hedge et al. 2018 ,
oyte and Rakoff-Nahoum 2019 , K ozlo va et al. 2021 ). Exploitation
ompetition for a shared food resource can limit the resource for
he competing bacterial comm unity. Interfer ence competition on
he other hand may alter the niche or harm other bacteria taxa
hr ough the r elease of toxins or molecules, leading to replacement
f some communities (Jakubovics 2015 ). 

It is unclear why Cx. pipiens and Cx. restuans larvae harbored
dentical bacterial communities when reared together in the same
ontainers. Given the small size of the containers used in this
tudy, it is possible that individuals of the two species fr equentl y
ame into contact and physically transferred the bacteria from
ne individual to another. We surface-sterilized the larvae before
NA isolation but it is possible that the sterilization was not per-

ect. 
Thorsellia was detected fr om larv ae of both mosquito species

ut was more abundant in Cx. pipiens than in Cx. restuans lar-
 ae, and among intr aspecific tr eatment than in interspecific tr eat-
ent. This bacterium was also present in water samples in low

bundance suggesting that mosquito larvae ma y ha v e acquir ed it
rom the larval environment. It is unclear why the abundance of
horsellia was less abundant in larvae samples from the treatment
here both species were reared together, but as alluded earlier, it

s possible that interspecific interactions may have exposed the
arvae of both mosquito species to other microbes that were an-
agonistic to Thorsellia . In Cx. tar salis , Thor sellia was detected across
ll stages and accounted for 31.0%, 52.3%, 93.0%, and 3.3% of the
otal sequences, in early instar larvae, late instar larvae , pupae ,
nd adults from field collected larvae, respectively (Duguma et al.
015 ). In Cx. nigripalpus larvae, Thorsellia accounted for 46.5% of the
otal sequences (Duguma et al. 2017 ). Thorsellia has also been iso-
ated in malaria vectors, including An. gambiae , An. arabiensis , An.
tephensis , and An. culifacies (Lindh et al. 2005 , Briones et al. 2008 ,
ani et al. 2009 , Wang et al. 2011 , Chavshin et al. 2014 ). It was also

solated from the water surface microlayer of An. gambiae habi-
ats (Briones et al. 2008 ). The ability of Thorsellia to tolerate high
H and to utilize blood as a carbon source have been cited as po-
ential explanations for its ability to thrive in the midguts of some

osquito species (Briones et al. 2008 ). 
Clostridium was detected in larvae of both mosquito species but

as less abundant in Cx. pipiens larvae that wer e r ear ed separ atel y
rom C x. restuans . Previous studies reported Clostridium to account
or 72.9% of the total sequences in Cx. restuans larvae (Muturi et
l. 2020 ), 22.5% of the total sequences in Cx. nigripalpus larvae, and
.7% of the total sequences in Cx. colonator larvae (Duguma et al.
017 ). T hus , it appears to be a common bacterium among larvae of
ulex mosquitoes that have been examined so far. Unsur prisingl y,
olbac hia , a maternall y inherited endosymbiont that infects nu-
er ous inv ertebr ates was abundant in Cx. pipiens larvae and r ar e
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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 comm unity. Conv ersel y, 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 str ongl y impacts the microbial communi- 
ties that colonize their bodies . T hese 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 k e y 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 commonl y r eported 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 
tr eatments affect v ector 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- 
cr obes ar e consumed by mosquito larvae and assess how larval 
feeding activity affects litter decomposition in container aquatic 
habitats. 
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