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BACKGROUND

The collection of microorganisms associated with an
organism (i.e., its microbiome) has profound effects on
its host’s biology. The mosquito microbiome, in particu-
lar, is critical for larval development (Coon et al., 2014),
plays a profound role in host fithess (Giraud et al., 2022;
Schmidt & Engel, 2021; Sharma et al., 2013), and,
importantly, can affect the mosquito’s ability to transmit
pathogens such as dengue and Zika viruses (Cansado-
Utrilla et al., 2021; Carlson et al., 2020; Ramirez et al.,
2012). As such, manipulating the mosquito microbiome
has the potential to reduce transmission of globally
important mosquito-borne pathogens.

Traditionally, manipulating the microbiome has
involved treating mosquitoes with antibiotics that alter
microbiome composition but can also affect mosquito
physiology (Chabanol et al., 2020; Ha et al., 2021). How-
ever, approaches rearing axenic (germ-free) mosquito
larvae followed by supplementation with defined bacte-
rial assemblages to produce gnotobiotic mosquitoes
have since proven to be an excellent way to interrogate
host—microbe interactions without using antibiotics, thus
removing effects of the antibiotic and the ‘original’ micro-
biome. This gnotobiotic approach has largely been used
to investigate the role of the microbiome in mosquito
development (Coon et al., 2016; Correa et al., 2018).
More recently, this approach has been exploited to per-
form interspecies microbiome transfers thereby enabling
further studies to dissect the mechanisms underpinning
microbial symbiosis in mosquitoes (Coon et al., 2022;
Romoli et al., 2021).

The ability to rear axenic/gnotobiotic mosquitoes
also provides an opportunity to understand how the
presence or absence of gut microbial communities
affects host gene expression. Previously, in a compari-
son of axenic, gnotobiotic, and conventionally reared
Aedes aegypti, over a thousand host transcripts were
differentially expressed in the guts of both axenic gno-
tobiotic mosquito larvae and conventionally reared con-
trols (Vogel et al., 2017). Another study found a much
smaller effect in adult Ae. aegypti, with only 170 genes
differentially expressed between axenic and conven-
tionally reared mosquitoes (Hyde et al., 2020). These
studies demonstrate the utility of the axenic/gnotobiotic
system for investigating mosquito—microbiome interac-
tions, and point to larval stages being key for under-
standing how the host reacts to the microbiome.

Recently, we developed an interspecies microbiome
transplantation technique in mosquitoes and showed
that we could successfully recapitulate microbial com-
position in the recipient host (Coon et al., 2022). This
novel approach allowed us to manipulate the micro-
biome and investigate the impact of complex heteroge-
neous communities on mosquito gene expression.

Here we sought to address two questions: (1) Do Ae.
aegypti experience transcriptomic changes associated

with the transplantation procedure itself? and (2) How
does the Ae. aegypti transcriptome change upon receiv-
ing a microbiome transplant when a different mosquito
species is used as a microbiome donor? To address the
first question, we transplanted microbiomes isolated
from four donor species (Ae. aegypti, Aedes taenior-
hynchus, Culex tarsalis, and Anopheles gambiae) into
recipient germ-free Ae. aegypti larvae, whilst rearing an
additional group of Ae. aegypti larvae conventionally as
a no-transplant control. We then performed RNA-Seq
analysis on guts dissected from recipients and compared
transcriptional profiles of each of the Ae. aegypti treat-
ment groups that had received a microbiome transplant to
Ae. aegypti reared conventionally in the same system
(i.e., without a microbiome transplant). To address the
second question, we compared transcriptional profiles of
recipients of a microbiome transplant from Ae. taenior-
hynchus, Cx. tarsalis, and An. gambiae to that of Ae.
aegypti recipients transplanted with their original micro-
biome. We also considered whether microbiomes derived
from field-caught or laboratory-reared Ae. aegypti and Ae.
taeniorhynchus mosquitoes affect recipient host transcrip-
tomes differently. Using mosquito microbiome transplants
to unravel the intricacies of how mosquitoes are affected
by their microbiomes is relevant for both mosquito biology
and our understanding of host—-microbiome interactions
more broadly.

EXPERIMENTAL PROCEDURES
Experimental setup

The experimental setup comprised seven treatments,
each with three replicates (Figure 1): (i) Ae. aegypti
receiving a transplant isolated from conspecific individ-
uals of the same laboratory-maintained Galveston line
and the same generation (i.e., their original microbiome);
Ae. aegypti receiving a transplant from one of five differ-
ent donor pools from varying locations and phylogeneti-
cally distinct species (henceforth termed ‘extraneous
donors’); these included (ii) field-caught Ae. aegypti,
(iii) field-caught Ae. taeniorhynchus, (iv) laboratory-
reared Ae. taeniorhynchus, (v) laboratory-reared Cx. tar-
salis, and (vi) laboratory-reared An. gambiae; and
(vii) Ae. aegypti Galveston line, again of the same line
and generation, reared under aseptic conditions without
egg sterilization to retain their original microbiome (con-
ventionally reared control).

Donor mosquito collections

Microbiome transplantations were carried out by first
isolating donor microbiomes from one of four mosquito
species (Ae. aegypti, Ae. taeniorhynchus, Cx. tarsalis,
or An. gambiae), which had either been laboratory-

il d ‘T “$T0T ‘0T6TT9F1

dny woy pap

25U01] SUOWIIO)) AAEAI) 2[quatidde o) £q POUIDAOR AIE SA[ITIE YO 125N JO Sa[NI 10] ATRIQIT AUIUQ AS[IAL UO (SUOIPUOD-PUE-StLIa)Woo: Ka1 ATeIqouI[uoy/:sdiY) SUONIPUO,) Put Sua L oY) 308 “(4Z07/90/10] U0 ATeIqrT QWUQ AS[IAL “UOSIPEIN - WISUOISIAL JO ANSIOATUN Aq 9£S9T-0267-TOY /11 11°01/10p w00 Kafia



AEDES AEGYPTI GUT TRANSCRIPTOMES

Applied
M By | 2o

(A) Donor mosquito collection and microbiome isolation

Field mosquitoes

=

B

Lab mosquitoes
7% L q

International

(B) Preparation of recipient Ae. aegyptilarvae and
microbiome transplantation

No-sterilization

[
} 1 |Ae. taeniorhynchus Sterilization
—N | i I:‘ ]‘(:‘4
\Sorting l;\:x Cx. tarsalis (III] m
§ | i = Hatching
® B . .
. . = . ¢
Ae. aegypti Ae. taeniorhynchus §~——; i An. gambiae (\,@x\ © (({
= J J e’&"“&?@“‘%e axenic L1 larvae conyentional L1 larvae
Homogenization 7 _ Ao e k
. 0‘0\ »F .
and filtration “~ Homogenization \‘\‘\0\ Q0 Sampling for
and filtration . transcriptome
CoE DoE b @06 - -
| Microbiome conventional

ﬁ‘ﬁﬁ o w a
l

|
= ‘
|
‘ |

transplanted

Tt

L3/L4 instar larvae

Field Donor Microbiome Lab Donor Microbiome

FIGURE 1 Microbiome transplantation from field-collected and laboratory-reared mosquitoes into recipient laboratory-reared mosquitoes.
(A) Adult mosquitoes from field populations of Ae. aegypti or Ae. taeniorhynchus were trapped using BG sentinel traps in Galveston, Texas, and
sorted according to species and sex. Three replicate pools of 20 adult females were then used to isolate donor microbiomes from each species.
Donor microbiomes were also isolated from three replicate pools of 20 laboratory-reared Ae. aegypti, Ae. taeniorhynchus, Cx. tarsalis, and An.
gambiae adult females. The cladogram adjacent to the cages indicates the phylogenetic relationship of the laboratory-reared mosquitoes used
as microbiome donors. Laboratory-reared Ae. aegypti were used as recipient hosts for all transplants. In brief, eggs were surface sterilized using
ethanol and bleach before vacuum hatching to obtain first instar axenic larvae. As a control for the transplantation process, we also vacuum-
hatched a batch of non-sterilized eggs from the same colony and generation. These were maintained conventionally in closed conditions to
retain their original microbiome. Axenic larvae were transferred into T75 tissue culture flasks at 20 larvae per flask with three replicates per
treatment. Here, they were inoculated with the donor microbiome through supplementation of the larval water. Flasks were maintained at 28°C
and fed with sterile fish food on alternative days. Once larvae had reached the fourth instar they were harvested, their guts dissected and RNA-
Seq was carried out using pools of five guts for each of three replicate flasks per treatment. Figure created using Biorender.

reared or field-caught (Figure 1). Laboratory colonies of
all four species had been continually maintained at the
University of Texas Medical Branch following standard
conditions, at 28°C with 12 h light/dark cycles, fed defi-
brinated sheep’s blood to allow egg production, and
provided with 10% sucrose solution ad libitum. The lab-
oratory colony of Ae. aegypti (Galveston line) was the
F3 generation, whereas all other laboratory-reared
mosquito colonies had been maintained for approxi-
mately ten years. For each species, three pools of
20 three-to-four-day-old sugar-fed adult females from
one colony were collected from the same generation at
the same time, and used for microbiome isolations. We
also collected individuals belonging to two of these spe-
cies, Ae. aegypti and Ae. taeniorhynchus from field
populations. Collections were made in 2018 in Galves-
ton, Texas, using Biogents Sentinel (BG) traps. Adult

mosquitoes were collected and immediately sorted
morphologically according to species and sex. Three
pools of 20 adult females belonging to each of the two
species were used for microbiome isolations.

Preparation of recipient mosquitoes and
microbiome transplantation

Microbiome isolation and transplantation was carried
out using our recently developed methodology (Coon
et al., 2022). Briefly, recipient mosquitoes were pre-
pared by surface sterilizing Ae. aegypti eggs using 70%
ethanol and vacuum hatching under sterile conditions
to generate axenic 1st instar larvae. The larvae were
then transferred to T75 tissue culture flasks in sterile
water at the rate of 20 larvae per flask (three replicate
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flasks per treatment). The same generation of the
laboratory-reared Ae. aegypti (Galveston line) colony
as used for microbiome donation was used as the
source of recipient hosts for all transplants. For each of
the six donor types (four laboratory-reared and two
field-caught), three replicate pools of 20 mosquitoes
were surface sterilized using 70% ethanol and bleach
washes followed by homogenization and filtration.
Resulting donor microbiome aliquots were directly
transplanted into recipient larvae, without prior freezing,
by inoculating the larval water, with one aliquot per rep-
licate flask. Recipient larvae were maintained in a
closed environment at 28°C with 12 hr light/dark cycles
and supplemented with sterile fish food on alternative
days until they reached the 4th instar. Since Ae. aegypti
larvae require bacteria for their development (Coon
et al., 2014), only those individuals that had been suc-
cessfully inoculated with the donor microbiota devel-
oped. The axenic larvae, which did not receive a
microbiome failed to reach to the 4th instar.

Sample preparation, RNA extraction, and
preparation of cDNA libraries for RNA-Seq

When recipient mosquitoes reached the fourth instar,
five larvae were collected from each flask, surface steril-
ized, and their whole guts excluding Malpighian tubules
were dissected. We focussed on larvae because they
harbour higher microbial diversity compared to other life
stages (Coon et al., 2022; Strand, 2018), and guts, given
this is a relevant tissue for host—microbe interactions.
The five guts were then pooled to obtain sufficient RNA
for cDNA library preparation and RNA-Seq. RNA was
extracted using the PureLink RNA mini kit (Thermo
Fisher Scientific), then using between 100 ng-1ug total
RNA, polyA+ RNA transcripts were isolated using the
NEBNext Poly(A) mRNA Magnetic Isolation Module
(New England Biolabs). Non-directional libraries were
created using the NEBNext Ultra || RNA Library Prep Kit
(New England biolabs) and Next Generation Sequenc-
ing was carried out using the lllumina NextSeq 550 plat-
form to generate 75bp paired end reads at the
University of Texas Medical Branch Core Next Genera-
tion Sequencing Facility.

Data analysis

Sequence data were obtained in fastq format and qual-
ity checked using FASTQC v0.11.5 (Andrews, 2010).
All samples had an average phred score of >30, with
no adapter sequences present so no trimming was per-
formed. FeatureCounts v2.0.1 (Liao et al., 2014) was
used to obtain raw count data from the sequencing files
using default parameters and the Ae. aegypti reference
genome (Genome version GCA_002204515.1, Annotation

version AaeglL.5.3) to determine feature locations. The
resulting feature count table was then imported into RStu-
dio v1.4.1106 and filtered to remove any genes that did not
have at least ten reads present in all three replicates of at
least one treatment group before continuing with subse-
guent analyses.

First, we investigated how the recipient host tran-
scriptome was affected by the transplantation procedure
itself. We compared the transcriptional profiles of recipi-
ents of a microbiome transplant to that of conventionally
reared, no-transplant controls. Differential expression
(DE) analysis was carried out using DESeqg2 v1.30.1
(Love et al., 2014) using default parameters. DESeq2
takes as input raw read counts from programs such as
FeatureCounts, using the DESeqDataSetFromMatrix
command. As part of its internal workflow, DESeq2 auto-
matically normalizes gene expression data based on the
input raw count data. Thresholds were applied to the
resulting list of differentially expressed genes (DEGs) to
retain only those with an adjusted p-value of <0.05 and
an absolute log, fold change of 21.5. An upset plot was
created using the UpsetR package v1.4.0 (Conway
et al., 2017) to visualize the number of DEGs in each
pairwise comparison between recipients of a transplant
and the conventionally reared control, as well as to iden-
tify DEGs that were common to every transplant recipi-
ent group. The ComplexHeatmap package v2.12.0
(Gu, 2022) was then used to visualize the log, fold
changes of DEGs identified in each transplant recipient
group relative to the conventionally reared control.
Finally, a Gene Ontology (GO) enrichment analysis was
performed using the VectorBase Gene Ontology Enrich-
ment Analysis tool with default parameters to identify
functions of commonly enhanced and suppressed DEGs
(VectorBaselDs), retaining those terms (within the ontol-
ogy categories biological process, molecular function,
and cellular component) that passed a threshold of Bon-
ferroni adjusted p-value <0.05.

To address the question of how Ae. aegypti responded
to receiving a microbiome transplant from an extraneous
donor, we compared gene expression in each recipient
group that had received a microbiome from an extraneous
donor belonging to a different species or collected from a
different environment (laboratory or field) to recipients that
had received a transplant of their ‘original’ microbiome iso-
lated from a conspecific donor, from the same generation.
To focus on the gene expression in transplant recipients
and remove any transplant effect, for this analysis, we
removed the conventionally reared control mosquitoes.
Again, we used DESeq? to identify differentially expressed
genes using the same thresholds, identified sets of DEGs
that were unique or common to multiple transplant recipient
groups using the UpsetR package and visualized the log,
fold changes of DEGs in each recipient treatment group
compared to the ‘original’ microbiome control using the
ComplexHeatmap package. We further investigated those
DEGs identified as enhanced or suppressed in recipients
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of extraneous donor-derived microbiomes by using
the VectorBase Gene Ontology enrichment analysis
tool to identify enriched GO terms in the enhanced or
suppressed DEGs.

RESULTS AND DISCUSSION

A core set of genes was consistently
affected when conducting a microbiome
transplantation

To assess whether mosquitoes respond differently to var-
ied mosquito-derived microbiomes, we performed trans-
plantations using donors spanning the phylogenetic
diversity of the Culicidae and a combination of laboratory-
reared and field-caught samples. All microbiomes were
transplanted into the recipient laboratory-reared Ae.
aegypti (Galveston line) from the same generation
(Figure 1). Except for the axenic control larvae that failed
to develop, larvae in all experimental treatments success-
fully developed to the fourth instar, indicating that each of
the mosquito microbiomes used in this experiment facili-
tated larval development and corroborating previous find-
ings indicating that mosquito larvae require microbes for
their development (Correa et al., 2018; Vogel et al.,
2017). Furthermore, no differences were observed in
either the growth rate or size of fourth instar larvae upon
sampling of transplant recipients, irrespective of donor
species or collection environment. This consistency of lar-
val development is in agreement with the findings of sev-
eral previous studies that looked at the impact of altered
larval microbiomes on mosquito development (Correa
et al., 2018; Vogel et al., 2017). Given the axenic larvae
that had been surface sterilized and maintained in a
microbe-free environment failed to develop, it was not
possible to disentangle the impacts of the sterilization or
transplantation procedures individually under our experi-
mental settings.

To maximize the potential of microbiome transplan-
tation experiments, it is important to determine whether
the transplant technique itself influences the host. Prior
to this study, we knew that transplant recipients suc-
cessfully develop to adulthood (Coon et al., 2022), but
we did not know if recipients experience transcriptomic
changes associated with the experimental procedure.
We addressed this here by using RNA-Seq analysis
and comparing the gut transcriptomes of Ae. aegypti
larvae which received a microbiome transplant (either
using their original microbiome or a microbiome iso-
lated from an extraneous donor) to the gut transcrip-
tomes of Ae. aegypti larvae from the same laboratory
population and generation that had not received a trans-
plant to look for commonalities between responses
(Figures 1 and 2). Across the entire dataset, we obtained
an average of 23.6 M reads per sample (range 16.1
M-30.8 M) with an average of 74% of reads (range:

70.4%—76.3%) mapping uniquely to the Ae. aegypti
genome (Table S1).

We conducted a differential expression analysis to
compare gene expression in each of the microbiome
transplant recipient groups individually to convention-
ally reared control larvae (Table S2). We found 1680
DEGs in at least one transplantation group relative to
the conventionally reared control (Figure 2, Table S2).
This number ranged from 614 DEGs in the comparison
between conventionally reared larvae and recipients of
a field-caught Ae. taeniorhynchus donor microbiome,
up to 1269 genes in the comparison with recipients of a
laboratory-reared Ae. taeniorhynchus donor microbiome.
We further identified 71 genes that were differentially
expressed in all recipients of a microbiome transplant and
thus could be a conserved response to the technigue itself.
Interestingly, and further supporting this assertion, these
genes all showed the same direction of change in all com-
parisons, with 50 genes consistently enhanced when a
transplant was performed, and 21 genes consistently sup-
pressed (Table S3). Of the DEGs that were enhanced in
the transplant recipients, one gene showed substantially
higher differential expression than any other, a threonine
dehydratase/deaminase gene (AAEL003564) involved in
ammonia transport and detoxification (Durant et al., 2021).
Among the most strongly suppressed DEGs in the trans-
plantation groups were two glucosyl/glucuronosyl transfer-
ases genes (AAEL008560 and AAEL010381) previously
found to be enriched in the third and fourth instars
(Matthews et al., 2016).

Given that the 71 genes identified in every compari-
son with conventionally reared controls were affected in
the same manner, we next asked whether other genes
that had been identified in multiple comparisons were also
affected in the same direction. We looked at all genes that
passed our differential expression thresholds (adjusted
p-value of <0.05 and an absolute log, fold change of
21.5) in at least one transplant recipient group. We saw
that, of the 1680 DEGs, all but 26 showed the same direc-
tion of change when they were identified in multiple com-
parisons (Figure 3A and Table S2). Thus, while only a
small number of genes were identified in every compari-
son (and are therefore likely those most impacted by the
transplant technique itself), there were general similarities
in transcriptomic responses to a transplant overall, similar
to our previous study where interspecies microbiome
transplantation did not impact mosquito growth (Coon
et al., 2022). However, the magnitude of differential gene
expression differed between treatment groups. Interest-
ingly, the treatment group that showed the most similar
transcriptome to the conventional controls were the recipi-
ents of donor microbiomes isolated from field-caught
Ae. taeniorhynchus (Figure 2, 3A). As a different mos-
quito species collected from a different environment, this
presumably harboured a substantially different micro-
biome composition to the Ae. aegypti control mosquitoes
that were conventionally reared in the laboratory.
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FIGURE 2 Upset plot showing the number of differentially expressed genes (DEGS) in recipients of each of the microbiome transplant
treatments relative to the conventionally reared control. The plot shows the numbers of genes as a matrix, with the rows corresponding to sets
and the columns showing intersections between sets. The horizontal bar chart shows the set size (number of DEGs) in microbiome transplant
recipients relative to conventionally reared control mosquitoes, for example, recipients of a microbiome transplant from field-caught Ae.
taeniorhynchus showed 195 DEGs relative to conventionally reared mosquitoes. Balls and sticks represent intersections where DEGs were
identified in multiple groups, with vertical bars showing the number of DEGs in each intersection, for example, there were 312 DEGs unique to
recipients of microbiome transplant from a laboratory-reared Ae. taeniorhynchus donor and there were 71 DEGs identified in every

transplantation group (highlighted in teal).

To investigate whether the transplantation process
impacted the biological functions of the recipients, we
performed GO enrichment analysis using the genes that
were consistently enhanced or suppressed in at least
one transplant group across the dataset. The GO terms
are classified as either biological process, cellular com-
ponent, or molecular function. Among the 45 GO terms
identified, 21 were biological processes, 20 were molecular
functions and 4 comrespond to cellular components
(Figure 3B and Table S4). The genes that were sup-
pressed when a transplant was carried out were largely
those with roles in metabolism and RNA processing
(Figure 3B and Table S4), all processes that typically occur
in the gut (Hixson et al., 2022; Vogel et al., 2017). Further-
more, one of the GO terms identified in the DEGs that were
suppressed when a transplant was performed (ribonucleo-
protein complex biogenesis) has previously been found to
be affected by blood meal digestion (Hixson et al., 2022).

Overall, these results support a lack of any strong,
consistent physiological response to the transplant
technique. While there were numerous DEGs identified
among all different transplant groups compared to con-
ventionally reared controls, most of these genes were
only identified in a subset of comparisons. Additionally,
while other studies have shown alterations to the tran-
scriptome when carrying out microbiome manipula-
tions, there does not appear to be a consistent pattern.
Hyde et al. (2020) reported minimal effects on gut tran-
scriptomes when comparing adult Ae. aegypti that had
either received their native microbiome or had been

reared axenically. In contrast, Vogel et al. (2017)
reported a larger difference in the gut transcriptomes of
first instar larvae that had been axenically or gnotobioti-
cally reared compared to conventionally reared larvae. It
should be noted that in both studies, these differences
were likely attributable in large part to starvation stress
associated with the developmental arrest of axenic larvae
and are, therefore, not directly comparable to other stud-
ies, including this one, which sampled later life stages.
Overall, we can speculate that while the transplant tech-
nique is likely to have some minor effect, it is largely tran-
sient and not severely detrimental to the recipient host.
Nevertheless, it is known that exposure of larvae to Bacil-
lus and Enterobacteriaceae can affect biological traits in
adulthood (Carlson et al., 2020; Dickson et al., 2017),
warranting further work to identify whether the transplant
technique affects recipients as they develop into adult-
hood. Additionally, given the microbiome donors in this
study were all non-blood-fed adults, it would be interesting
to conduct further studies to determine whether using
donor microbiomes derived from other life stages includ-
ing larvae or blood-fed adults will generate similar results.

Host gene expression differs based on
field-caught versus laboratory-reared
microbiome donors

Microbiome transplantation experiments provide a unique
opportunity to investigate how the host interacts with a

A ‘T PTOT “0T6TTYT

dny woxy papeoy

25U001] SUOWIIO)) AAEAI) d[quatidde o) £q PoUIAOR AIE SA[ITIE YO 125N JO Sa[NI 10§ ATRIQIT AUIUQ AS[IAL UO (SUOIPUOD-PUE-StLIa) W0 Ka[1- ATeIquouI[uoy/:SdiY) SUOMIPUO,) Put Sua 1 o) 305 “(4707/90/10] U0 ATeIqrT AUIUQ AS[IAL “UOSIPEIN - WISUOISIAL JO ANSIOATUN Aq 9£S9T-0267-TOY /1111701 /10p/w00 Kot



AEDES AEGYPTI GUT TRANSCRIPTOMES

ENVIRONMENTAL Applied

7 of 11
MICROBIOLOGY M""’"“’WJ—

(A) rﬁj (B)
—gtete L

log,fold change

10

— 0
L I -10
PVl

incorporation or fet

ribosome biogenesis

metabolic process

rRNA processing

proteolysis

rRNA metabolic process
ribonucleoprotein complex biogenesis
obsolete oxidation-reduction process
small molecule metabolic process

M chitin metabolic process
glucosamine-containing compound metabolic process
amino sugar metabolic process

ncRNA processing

aminoglycan metabolic process

carbohydrate derivative metabolic process

small molecule biosynthetic process

glucose metabolic process

RNA processing

cellular biogenic amine metabolic process

20 cellular amine metabolic process
I amine metabolic process
transmembrane transport

nucleolus

obsolete nuclear part
extracellular region
preribosome

serine-type endopeptidase activity

peptidase activity

serine hydrolase activity

serine-type peptidase activity

endopeptidase activity

catalytic activity

hydrolase activity

oxidoreductase activity

chitin binding

iron ion binding

metallocarboxypeptidase activity

—_— ] oxidoreductase activit ,ra(%\g Lons ?n"zﬁgcdxﬁar S
carboxypeptidase activity
monooxygenase activity
heme binding

@ tetrapyrrole binding
qu metallopeptidase activity
K transferase activity, transferring one-carbon groups
¥ sulfate transmembrane transporter activity
secondary active sulfate transmembrane transporter.

activity

nors, with

International

w |

|
=)
1

fold enrichment

FIGURE 3 (A)Heatmap showing the log, fold change of each of the 1680 genes identified as differentially expressed in at least one
comparison between a transplant treatment group and conventionally reared mosquitoes. Red cells indicate when gene expression was
enhanced in the transplant group and blue cells indicate when gene expression was suppressed. Grey denotes where a gene did not pass the
differential expression threshold (absolute log, fold change 21.5, adjusted p-value <0.05). The microbiome donor is shown on the x-axis, with
each row on the y-axis corresponding to a differentially expressed gene (DEG). The dendrograms represent the clustering of similar responses
as determined through the hclust function within the ComplexHeatmap package. (B) Bar charts show results of Gene Ontology enrichment
analysis of enhanced and suppressed DEGs in at least one recipient condition of a microbiome transplant, relative to the conventionally reared
control (passing a threshold of Bonferroni adjusted p-value <0.05). The GO terms identified are separated into biological process (BP), cellular
component (CC), and molecular function (MF). Fold enrichment is calculated as the percentage of DEGs with this term in the total lists of
enhanced/suppressed DEGs, divided by the percentage of genes with this term in the background. GO terms identified in the enhanced genes
are shown by red bars with positive values. The suppressed GO terms are shown with blue bars are negative values.

selection of diverse microbiomes in a controlled environ-
ment. While mosquito microbiomes are commonly domi-
nated by a small number of bacterial genera (Coon
et al., 2014), microbiome composition varies among host
species (Kozlova et al., 2020), even when reared under
identical insectary conditions (Accoti et al., 2023; Hegde
et al., 2018), geography (Coon et al., 2016; Zouache
et al., 2011), and across individuals (Coon et al., 2022;
Osei-Poku et al., 2012), raising the question how mosqui-
toes respond to these varied microbiomes.

Here, we sought to determine whether transplantation
with different microbiomes alters gene expression in host
guts. We conducted differential expression (DE) analysis
comparing gene expression in recipients of a microbiome
transplant using an extraneous donor, belonging to a dif-
ferent species, or collected from a different environment
to control recipients of a transplant using their original

microbiome. This revealed a striking difference between
recipients inoculated with laboratory-reared versus field-
caught donor microbiomes. When recipients received a
transplant from a donor reared in the same laboratory,
there was little change to the gut transcriptome regardless
of which donor species was used (Figure 4). Transplants
using microbiomes derived from laboratory-reared Ae.
taeniorhynchus, Cx. tarsalis, and An. gambiae donors
resulted in 55, 49, and 19 DEGs, respectively (Figure 4
and Table S5). In contrast, transplantation using micro-
biomes derived from field-caught donors resulted in far
more DEGs, with microbiomes from field-caught Ae.
aegypti resulting in 447 DEGs and those from field-caught
Ae. taeniorhynchus resulting in 448 DEGs.

While we did not characterize the composition of
the different donor microbiomes in our study, the con-
sistency in response, or lack thereof, of recipient hosts

A ‘T PTOT “0T6TTYT

:sdiy woxy papeoy

25U01T SUOWIIO)) AATEI) d[quatidde Uy £q PoUIPAOR AIE SA[ITIE YO $25N JO Sa[NI 10] ATRIQIT AUIUQ AS[IAL UO (SUOIPUOD-PUE-StLIa) w0 ka1 ATeIqauI[uoy/:SdiY) SUONIPUO,) PuE Sua 1, 9 208 “[4707/90/10] U0 AIRIqr] AWIUQ AS[IAL “OSIPRIN - WISUOOSIAL JO ANSIOATUN Aq 9£S9T°0T67-TOV /11 11°01/10p/w0d Kofim-



8 of 11 ENVIRONMENTAL Applied
—I—MICROBIOLOGY Microblclogy

HEGDE ET AL.

International

300 A

Intersection Size

| An. gambiae (lab)
| Cx. tarsalis (lab)
Il Ae. taeniorhynchus (lab)
| Ae. aegypti (field)
I Ae. taeniorhynchus (field)
400 300 200 100 O
Set Size

285
270
200 A
136
100 +
38
14 13 11
7 7 6 6
a H = —_— e - 3 1 1 1 1 1 1 1
[

a1

FIGURE 4 Upset plot showing the number of differentially expressed genes (DEGs) in each of the microbiome transplant recipients relative to
the control recipients that had received their original microbiome. Set size refers to the number of DEGs in the recipient when transplanted with
microbiomes from each of five donor types (An. gambiae, Cx. tarsalis, and Ae. taeniorhynchus reared in the laboratory, and Ae. aegypti and Ae.
taeniorhynchus collected from the field). The number of DEGs identified in each treatment group relative to control recipients is demonstrated by
the horizontal bars (ie recipients of a field-derived Ae. taeniorhynchus microbiome showed 448 DEGs). Intersections, where the same DEGs were
identified in multiple transplantation recipient groups, are denoted by the ball and stick diagram, with vertical bars showing the number of DEGs in
each intersection, for example, 285 DEGs were seen only in recipients of a field-derived Ae. aegypti microbiome and 136 DEGs were seen in
recipients of both a field-derived Ae. aegypti microbiome and a field-derived Ae. taeniorhynchus microbiome.

to laboratory-reared donor microbiomes suggests some
level of similarity in composition between the different
laboratory-derived donor microbiomes we isolated. The
overall stronger differences in responses we observed
across recipients of field-caught donor microbiomes also
suggest that field-caught mosquitoes harbour more vari-
able microbial communities that differ in composition
from those present in laboratory-reared mosquitoes.
This is also consistent with previous studies comparing
the microbiomes of Ae. aegypti and other animals main-
tained in captivity to their free-living counterparts
(Eichmiller et al., 2016; Lemieux-Labonté et al., 2016).
Collectively, this suggests that microbiome composition
is generally affected more by environment than host
species, although it is not always the case (Accoti
et al., 2023; Hegde et al., 2018), suggesting that factors
governing microbiome assembly are complex.

In each of the groups receiving a transplant from a
field-caught donor, approximately one-quarter of DEGs
compared to the original microbiome control were com-
mon to both comparisons (136/447 when field-caught
Ae. aegypti was used as a donor and 136/448when
field-caught Ae. taeniorhynchus were used as a donor)
(Figures 4, 5 and Table S6). Among the many differences

between the two recipient groups, an adenylate cyclase
gene (AAEL001047), which has previously been shown
to be important for mosquito growth in the absence of a
microbiome (Romoli et al., 2021), was suppressed in
recipients of a microbiome from field-caught Ae. aegypti
but was not affected in recipients of a microbiome from
field-caught Ae. taeniorhynchus. We assume that the two
field-derived microbiomes were different from one
another, given we have previously seen that different spe-
cies harbour distinct microbiomes (Hegde et al., 2018).
However, the overlap in DEGs suggests some level of
commonality in response, or that divergent field bacteria
elicit similar transcriptional effects. Furthermore, of the
DEGs common to both field-derived transplants, all but one
DEG showed the same direction of change (Table S5).
Nine genes were enhanced when transplantation was
performed using a field-caught donor: a putative cyto-
chrome b5 gene (AAEL004450), a ubiquitin-conjugating
enzyme (AAEL001208), transcription initiation factor RRN3
(AAEL012265), a sterol o-acyltransferase (AAEL009596),
and five for which the product is unknown. The same
sterol o-acyltransferase has previously been found to
be enhanced in gnotobiotic and axenically reared lar-
vae compared to conventionally reared individuals
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FIGURE 5 Heatmap showing differential gene expression
between recipients of microbiome transplants using extraneous
donors relative to recipients of transplants using their original
microbiome. Red cells represent when gene expression was
enhanced in the transplant treatment (absolute log, fold change 21.5,
adjusted p-value <0.05). Blue cells represent a suppression of gene
expression, using the same thresholds. Grey denotes where a gene
did not pass the differential expression threshold (absolute log, fold
change 21.5, adjusted p-value <0.05). The microbiome donor is
shown on the x-axis, with each row on the y-axis corresponding to a
DEG. The dendrograms represent the clustering of similar responses
as determined through the hclust function within the
ComplexHeatmap package.

(Vogel et al., 2017). Of the 126 genes that were sup-
pressed in both field-caught donor groups, 62 are of
unknown function. However, the genes showing the
strongest levels of suppression across the two field-
transplant samples included three metalloproteases
(AAELO11540 and AAEL011559, and the zinc metallo-
protease AAEL008162). Zinc metalloproteases have
previously been implicated as contributors to gut micro-
biome homeostasis in mice (Rodrigues et al., 2012). We
did not identify any immune signal associated with

International

receiving a microbiome transplant from an extraneous
donor. Therefore, while immune function is affected by
particular gut functions, for example, blood meal diges-
tion (Hyde et al., 2020), it does not appear to be affected
by the presence of different transplanted mosquito-
derived microbiomes in accordance with previous obser-
vations (Romoli et al., 2021; Vogel et al., 2017).

It is notable that when field-caught Ae. taenior-
hynchus was used as the extraneous microbiome
donor, and similar numbers of genes were enhanced
as suppressed compared to the original microbiome
control (Figure 5, Table S6). However, when using
field-caught Ae. aegypti as the extraneous microbiome
donor, recipients showed far greater numbers of sup-
pressed than enhanced genes compared to the original
microbiome control (Figure 5, Table S6). That we did
not observe a more profound effect when using field-
caught Ae. taeniorhynchus donor microbiomes over
field-caught Ae. aegypti donor microbiomes may be
related to the inherent variability of using pools of field-
caught mosquitoes.

Given that the majority of DEGs were different
between recipients of the two field-caught microbiome
donor groups, we also looked at each of the two groups
separately to identify whether any of the same functions/
processes may be implicated across both groups. We
used Gene Ontology Enrichment analysis to identify GO
terms that were enriched in the enhanced or suppressed
DEG:s in recipients of each of the microbiomes from field-
caught donors. Considering the suppressed genes, four
biological processes were identified in recipients of both
field-caught Ae. aegypti and field-caught Ae. taenior-
hynchus microbiomes (Figures S1, S2 and Tables S7,
S8). These included the carbohydrate metabolic process,
a dominant process of the anterior midgut and proventric-
ulus (Hixson et al., 2022), transmembrane transport,
obsolete oxidation—reduction process, and small mole-
cule catabolic process. In keeping with the gene-level
results, which showed only a small number of enhanced
genes in the recipients of field-caught Ae. aegypti donor
microbiomes, no GO terms were significantly enriched
(Figure S1 and Table S7). The recipients of field-
caught Ae. taeniorhynchus donor microbiomes, how-
ever, showed an enrichment of GO terms related to
translation, including ribosome biogenesis, rRNA pro-
cessing, and rRNA metabolic process in their enhanced
genes (Figure S2 and Table S8).

We next considered the enrichment of GO terms in
recipients of a microbiome from a laboratory-reared
donor. The same nine GO terms within the molecular
function category were associated with the suppressed
genes in recipients of both laboratory-reared An. gam-
biae and laboratory-reared Cx. tarsalis microbiomes
(Figures S3, S4 and Table S9, S10). Interestingly, these
molecular functions which were largely related to protein
degradation and included metallocarboxypeptidase activ-
ity and exopeptidase activity were also affected in
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recipients of microbiomes from field-caught mosquitoes.
All nine were affected in recipients of field-caught Ae.
aegypti microbiomes (Figure S1 and Table S7) and eight
out of nine were affected in recipients of Ae. taenior-
hynchus microbiomes (Figure S2 and Table S8), poten-
tially suggesting some commonality of functional
response to an extraneous donor microbiome. Recipients
of laboratory-reared Cx. farsalis microbiomes showed
enhancement of some of the same biological processes
related to translation which had also been seen in recipi-
ents of field-caught Ae. taeniorhynchus microbiomes, the
only other treatment group that showed any enrichment
of GO terms in their enhanced genes. Contrastingly, only
one GO term was affected in the recipients of laboratory-
reared Ae. taeniorhynchus microbiomes, the biological
process O-—acyltransferase activity (Figure S5 and
Table S11), demonstrating the variability of functional
responses to different microbiomes.

CONCLUSIONS

The gut transcriptome of Ae. aegypti responded differ-
ently to a microbiome transplant from a field-caught
compared to a laboratory-reared donor, regardless of
donor species. Microbiomes isolated from different
field-caught species showed divergent expression pat-
terns when transplanted into the recipient, but a more
subtle effect was seen when microbiomes were derived
from laboratory-reared species. While the transcrip-
tional changes across the transplants were varied, gen-
erally, DEGs involved in gut functions such as
metabolism were commonly altered in the recipients.
Importantly, the responses seen here to the transplan-
tation process itself were minimal, and combined with
other findings suggest the approach is not severely detri-
mental to the recipient mosquito. Taken together, these
findings demonstrate the utility of the mosquito micro-
biome transplantation technique in dissecting the molec-
ular basis of mosquito-microbiome interactions and
underscores how mosquito larval life history has gener-
ally relaxed the dependence of larvae on any particular
microbiome, at least under ideal diet/nutrient conditions.
Future studies should focus on studying such interac-
tions under variable diet/nutrient conditions that mimic
field conditions and determining effects on adults.
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