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Abstract
Blood-feeding is crucial for the reproductive cycle of the mosquito Aedes aegypti, as well as for the transmission of arboviruses to hosts. It is 
postulated that blood meals may influence the mosquito microbiome but shifts in microbial diversity and function during digestion remain 
elusive. We used whole-genome shotgun metagenomics to monitor the midgut microbiome in 60 individual females of A. aegypti throughout 
digestion, after 12, 24, and 48 h following blood or sugar meals. Additionally, ten individual larvae were sequenced, showing microbiomes 
dominated by Microbacterium sp. The high metagenomic coverage allowed for microbial assignments at the species taxonomic level, also 
providing functional profiling. Females in the post-digestive period and larvae displayed low microbiome diversities. A striking 
proliferation of Enterobacterales was observed during digestion in blood-fed mosquitoes. The compositional shift was concomitant with 
enrichment in genes associated with carbohydrate and protein metabolism, as well as virulence factors for antimicrobial resistance and 
scavenging. The bacterium Elizabethkingia anophelis (Flavobacteriales), a known human pathogen, was the dominant species at the end of 
blood digestion. Phylogenomics suggests that its association with hematophagous mosquitoes occurred several times. We consider 
evidence of mutually beneficial host-microbe interactions raised from this association, potentially pivotal for the mosquito’s resistance to 
arbovirus infection. After digestion, the observed shifts in blood-fed females’ midguts shifted to a sugar-fed-like microbial profile. This 
study provides insights into how the microbiome of A. aegypti is modulated to fulfil digestive roles following blood meals, emphasizing 
proliferation of potential symbionts in response to the dynamic midgut environment.
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Significance Statement

This study describes compositional and functional dynamics during digestion of the midgut microbiome of the mosquito vector Aedes 
aegypti. A comprehensive metagenomic dataset was generated to analyze the midgut microbiome of females after blood or sugar 
meals. Blood meals stimulate Enterobacterales proliferation during its digestion, also inducing a functional shift and suggesting a 
role in assisting blood metabolism. The metagenomic approach reveals that, in later stages of blood digestion, the human-pathogenic 
bacterium Elizabethkingia anophelis is predominant in the midgut. This association may have implications in the evolution of hema-
tophagy, human pathogenesis, and viral transmission. These findings shed light on potential strategies for insect-borne disease con-
trol by harnessing resident microbial components that influence A. aegypti’s vectorial capacity and pathogen transmission.
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Introduction
The knowledge accumulated in the last decade about the associ-
ation of multicellular eukaryotes with microorganisms has pro-
vided a paradigm shift in what was previously known of 
metabolic, physiological, and homeostatic fitness in virtually 
every multicellular host organism (1–3). Microbiome research 

has primarily focused on humans, but recent advances have ex-

panded the investigation to other animals. In this context, several 

insect vectors have been targeted by metagenomic approaches, 

unveiling complex microbiome interactions that regulate proc-

esses essential to the host life cycle (4–8). While diverse environ-

mental factors may contribute to variations in the microbiome 
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of insects (6) the nutritional source appears to be especially im-
pactful in modulating microbial communities (9, 10). Likewise, 
the patterns and dynamics of microbial proliferation in holome-
tabolous insects can also be determined by their habitats and de-
velopmental stages (11).

In hematophagous mosquitoes that rely on the blood meal for egg 
development, oviposition, and lifespan (12, 13), the food type and 
source proved to be fundamental for the interaction with their intes-
tinal microbiota, influencing the vector’s susceptibility to viruses 
and their capacity to transmit pathogens to hosts (14–17). These find-
ings are essential for developing successful strategies for vector con-
trol based on microbiota manipulation, such as those reported for 
Wolbachia infections (18, 19). The yellow fever mosquito, Aedes 
aegypti, is the primary vector of viral diseases worldwide, such as yel-
low fever, Zika, chikungunya, and dengue. The latter, alone, is 
responsible for a global economic burden of US$9 billion per year 
(20, 21). Previous studies based on 16S sequencing have reported a 
core microbiome composed of aerobic and facultative-anaerobic 
bacteria in Aedes spp (22). They show that multiple factors can im-
pact A. aegypti microbiota, such as habitat, environmental contam-
ination with fertilizers or antibiotics, sex, developmental stage, or 
nutrition. Additionally, substantial differences in the bacterial com-
position were found in the midgut of A. aegypti fed on distinct food 
sources and in mosquitoes fed with blood from different animal hosts 
(23, 24). Although metagenome-assembled genomes (MAGs) have 
confirmed the presence of major mosquito-associated symbionts 
(25), the microbial shifts triggered by the blood meal in the midgut 
and their functional implications throughout the digestion have 
not been fully explored by large-scale metagenomic approaches.

In the present study, we provide an in-depth analysis of 70 indi-
vidual shotgun metagenomes from A. aegypti, including 60 adult fe-
males fed with either blood or sugar, and ten larvae. The dynamics 
of the microbiome were monitored in both dietary groups of adults 
at 12, 24, and 48 hours after feeding (n = 10 for each). Our metage-
nomic approach allowed for the microbial taxonomic assignment 
up to the species level, revealing a concerted proliferation of enter-
obacteria in the mosquito’s midgut during the blood meal digestion. 
This compositional shift was accompanied by a functional enrich-
ment in microbial metabolic functions involved in the catabolism 
of amino acids, sugar, as well as virulence factors related to 
antimicrobial resistance and scavenging. The sugar-fed group 
presents a higher diversity in its microbiome when compared to 
the blood-fed group, but no significant functional enrichment. 
The post-digestion period in both diet groups is characterized by 
the presence of the flavobacterium Elizabethkingia anophelis. This 
study documents the occurrence of this symbiotic bacterium in 
A. aegypti, its potential human-pathogenic evolutionary origins 
and discusses the implications of this association for transmission 
of arboviruses. We also demonstrate that its presence in the midgut 
is modulated by diet. The microbiome of different development 
stages was also evaluated by comparing larval and adult micro-
biomes, revealing a notable shift in microbiome profiles from the 
larval to adult stages. Larvae exhibited low microbial diversity, do-
minated by the potentially transstadial genus Microbacterium.

Results and discussion
Metagenomic datasets
The total DNA extraction of the midgut of 60 females of A. aegypti 
provided an average of 1.078 ng/µL ± 0.663, while ten individual 
larvae in the fourth-instar yielded 0.599 ng/μL ± 0.121. Adult mos-
quitoes fed with blood showed a lower DNA yield when compared 

to the mosquitoes fed with sugar, with an average of 0.783 ng/μL ±  
0.385 for blood-fed adults and 1.372 ng/μL ± 0.752 for sugar-fed 
adults. The total DNA amount recovered from each individual 
sample is shown in Figure S1 and Table S1. Despite the low bio-
mass, the average number of reads generated per-sample was ap-
proximately 45 million (negative and environmental controls 
excluded, Table S1). A total of 3,213,701,600 reads were generated, 
from which 1,376,183,852 reads (∼42.82%) were classified as non- 
host reads after in-silico removal of mosquito genomic sequences. 
The total DNA and metagenomic reads per-group before and after 
mapping and the reads generated for controls are in Table S1. A to-
tal of 1,164,457,880 paired-end reads were used in the subsequent 
metagenomic analyses (an average of: fourth-instar larvae =  
38,054,610 ± 6,105,856; blood-fed adults = 20,139,425 ± 11,488,999; 
sugar-fed adults = 5,990,967 ± 624,586).

To assess whether the number of microbial phylotypes in each 
sample was a function of the sequencing depth, we performed in-
terpolation and extrapolation of the reads using microbial richness 
at the genus and species taxonomic levels. Fourth-instar larvae and 
blood-fed adults reach a plateau of rarefaction at approximately 
400,000 reads. In comparison, sugar-fed adults reached the regres-
sion threshold at approximately 50,000 reads, showing that all 
curves were rarefied to the point where the size of the datasets no 
longer contributed significantly to the increase of microbial diver-
sity (Figure S2). Therefore, the metagenomic dataset sizes used in 
this work did not create a bias in the diversity of the microbiomes.

Larval microbiome and experimental controls
Larvae are exclusively colonized by Actinomycetota of the genus 
Microbacterium (3,403,719 reads; 65 phylotypes detected; Fig. 1). 
They display a significantly higher diversity with the Chao1 index 
(Fig. 2A) than the adult groups. Still, this result is due to a de-
creased evenness, which is reflected in the diversity analysis 
with Simpson reciprocal indices (Fig. 2A). Recently, the role of 
Microbacterium sp. was assessed in axenic A. aegypti larvae, show-
ing that it is the only taxon that was not associated with an in-
creased rate of survival to adulthood (26). This finding suggests 
that Microbacterium sp. does not contribute significantly to the de-
velopment of larvae despite their dominance. Nevertheless, its 
colonization in A. aegypti larvae may be relevant in other aspects, 
including symbioses that antagonize the establishment of fungal 
entomopathogens, such as Metarhizium robertsii (27). This perspec-
tive may explain why fungal pathogens such as Metarhizium majus 
and Aspergillus flavus coincide with low Microbacterium sp. colon-
ization in adult mosquitoes (Fig. 1B). Additionally, the water sam-
ple where larvae were reared did not show the presence of 
Microbacterium sp. (Figure S3), further indicating that its richness 
in larval samples is not acquired from the environment and is in-
deed typical of this developmental stage. The actinomycetes 
Leifsonia aquatica (111,018 reads), Leucobacter chironomi (160,140 
reads), and Corynebacterium sp. (223,942 reads) were also found in 
larvae but not in adult mosquitoes. Transstadial transmission of 
the bacteria Pseudomonas sp. and E. anophelis has been previously 
reported in Anopheles spp. and Aedes triseratus (28, 29). In this 
study, we observed a distinct microbiome profile in the larval 
samples, compared to adult mosquitoes. Blood and sugar-fed 
adults showed little to no abundances of Microbacterium, suggest-
ing that the mosquito A. aegypti may carry Microbacterium through 
its life cycle, although significant differences exist in the domin-
ant taxa from larvae to adult mosquitoes.

In addition to using rearing water as an environmental control 
for the larval microbiome, we also sequenced the blood and sugar 
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solutions used to feed the adults to assess whether these meals 
were the source of microbial colonization in diet groups. In gen-
eral, the number of reads attributed to microbial phylotypes was 
drastically lower in all control samples, corresponding to a decline 
of 98.6% in assigned reads (268,671 reads on average) compared to 
the mosquito samples (20,409,956 reads on average). In the blood 
sample, more than 95% of reads were assigned to Sus scrofa, coin-
ciding with the source of the blood used for the mosquitoes’ 
meals. Viral reads were detected in the blood source and were as-
signed to the Taterapox virus, which was also present in a small 
portion of the microbiome of adult mosquitoes fed with blood 

(Fig. 1B and Figure S4). This is indicative that females likely ac-
quired these viruses during the blood meal, albeit they most likely 
do not infect the mosquito. In the water-sugar solution used for 
feeding, the bacterial species Microbacterium sp. and Pseudomonas 
fluorescens were found with 666 and 441 reads, respectively. In 
the negative controls (blanks), Methylobacterium sp. was detected 
(34,651 reads; Figure S3). This taxon was previously described as 
a contaminant in commercial kits commonly used for metage-
nomics DNA extraction (30). Together, the metagenomic analyses 
of experimental controls show that our analyses were not influ-
enced by the microbial components previously present in the 

Fig. 1. The microbiome composition of female adults and larval stages. A) Compositional difference at the phylum level. The bins in the bar chart are 
scaled as percentages. B) Species-level variation of the top 50 phylotypes across adults and larvae. Bubbles display the relative abundance of microbial 
species on a quadratic scale based on the normalized number of assigned reads for each adult midgut or larval sample. Different species of Microbacterium 
sp. were collapsed to the taxonomic level of the genus and displayed in a separate scale (top-left) to enable the comparison between different taxa in the 
experimental groups.
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environment where larvae were reared, meal solutions, or in the 
DNA extraction kit.

Shifts in microbial composition are driven by diet
The composition of the normalized datasets shows that Bacteria is 
the prevalent microbial domain in larvae and in the midgut of fe-
males of A. aegypti (approximately 99.6% Bacteria, 0.3% Fungi, 
0.05% Viruses, 0.007% Archaea, Figure S4), regardless of the food 
source. Individually, samples in the sugar-fed group displayed the 
highest volume of reads assigned to Fungi, irrespective of the digest-
ive period (Figure S4). A per-sample 10 to 15% of fungal reads in 
sugar-fed adults was composed of the phylum Ascomycota 
(Fig. 1A). Nevertheless, the bacterial phylum Pseudomonadota com-
posed a large portion of most metagenomes analyzed, with relative 
abundances ranging from 45 to 95% of the microbiomes in individ-
ual samples (Fig. 1A).

At the species taxonomic level, the top 50 microorganisms as-
signed to each sample are detailed in Fig. 1B. A total of 802 microbial 
phylotypes were detected in the metagenomes with per-group aver-
ages as follows: fourth-instar larvae = 301.5 ± 17.8; blood-fed adults  
= 166.5 ± 93; sugar-fed adults = 18.5 ± 11. A shift in the microbiome 
composition was observed in the earliest hours of digestion (Fig. 1). 
At 12 and 24 h, the group of blood-fed adults displayed a dramatic 

increase in abundance of the phylum Pseudomonadota, with the 
proliferation of Enterobacterales. At 48 h post blood meal, the micro-
biome of the blood-fed adults group exhibited yet another shift and 
Enterobacterales was no longer detectable. However, at this time of 
the digestive period, the phylum Bacteroidota dominated 85% of 
the microbiome of female adults, on average. The observed modu-
lation results in the flavobacterium E. anophelis becoming the preva-
lent component of the microbiome (146,605 reads in blood-fed 
adults at 48 h of a total of 340,158 reads across all groups; Fig. 1B). 
This shift is similar to what is observed in the sugar-fed adults at 
48 h (44,348 reads assigned to E. anophelis), indicating that their pro-
liferation capability may be triggered by the digestion in the midgut 
environment (Fig. 1). At 48 h, blood-fed adults present a microbial 
composition like that of sugar-fed groups, except for ascomycete 
fungi such as A. flavus and M. majus, restricted to the latter (with 
12,508 and 10,260 reads attributed, respectively; Fig. 1B).

Diversity of the microbiomes under different diets
In sugar-fed adults, the total number of microbial phylotypes ob-
served (67 phylotypes) is relatively low throughout the digestive pe-
riod. Blood-fed adults, conversely, display a high variation of 
observed phylotypes (average of 136 ± 18 phylotypes) during diges-
tion, reaching the peak of 174 phylotypes 24 h after the blood 

Fig. 2. Diversity profiles of mosquitoes’ microbiome in different developmental stages and throughout 48 h of the digestion of different diets in adults. 
A) Boxplots showing the distribution of diversity indices and entropies. The global and pairwise significances are assessed with ANOVA and Wilcoxon’s 
tests, respectively. B) Tridimensional scatterplot of NMDS using Bray–Curtis dissimilarities (stress = 0.07, model fit = 99%) of sugar and blood-fed groups 
collected 12, 24, and 48 h after feeding. Ellipses represent confidence intervals of the distances calculated from each group’s centroids. ADONIS and 
ANOSIM tests support the contribution of each dependent variable (type of diet and time elapsed after feeding) in the distribution of microbial species. 
The different sizes of spheres are a function of the tridimensional perspective. C) Shared and unique microbial species between blood or sugar-fed adult 
mosquitoes. The intersections (connected dots) are coded by type of diet (B.12 h = Blood 12 h post-feeding; B.24 h = Blood 24 h post-feeding; B.48 h = Blood 
48 h post-feeding; S.12 h = Sugar 12 h post-feeding; S.24 h = Sugar 24 h post-feeding; S.48 h = Sugar 48 h post-feeding), as are their correspondent bins in 
the histogram. The intersections sizes, representing the respective number of shared species between given groups, are displayed in the histogram. Bins 
and dots of Species shared between different diets are black.
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meal, as shown in Fig. 2. The Simpson reciprocal index, however, in-
dicates that the peak of microbial diversity in the sugar-fed group is 
reached at 12 h, decaying in the next 36 h (Fig. 2A). The blood-fed 
group shows an inverse pattern, with its lowest microbial diversity 
at 12 h after feeding and increasing diversity up to 48 h (Fig. 2A). The 
discrepancies between the indices indicate that a higher evenness 
(i.e. the lack of dominance of one or a few taxa) drives the increase 
in diversity in sugar-fed adults. The contrary is also true for the 
blood-fed group, which has less evenness with a few highly abun-
dant species (Fig. 1B). Considering that blood digestion in the midgut 
of A. aegypti mosquitoes lasts 30 to 40 h (31, 32), the microbial over-
lap in samples from blood- and sugar-fed groups at 48 h indicates 
that the microbiome of both groups returns to a similar state after 
digestion. The major modulation of the microbiome is therefore 
triggered within 24 h after feeding, depending on the type of diet. 
Further compositional analyses in this work take these digestive pe-
riods into account, and henceforth refer to 48 h groups as the “post- 
digestive” period.

Notably, sample ordinations show divergent beta-diversity pat-
terns (Fig. 2B). The microbiomes of sugar-fed mosquitoes at 12 h 
and blood-fed at 12 and 24 h are highly unique, forming separate 
clusters with distinct centroids (Fig. 2B). Nevertheless, there is no 
clear distinction between the sugar-fed groups at 24 and 48 h and 
the blood-fed group at 48 h, which can be observed in the biplot as 
the superposition of their ellipsoids (Fig. 2B, left panel). The scat-
tered distribution of blood-fed individuals analyzed 48 h after 
feeding caused its centroid to overlap with all individuals in the 
sugar-fed groups at 48 h, as opposed to other groups of blood-fed 
individuals (Fig. 2B), demonstrating a convergent shift back to 
similar compositions after 48 h since their last meal, regardless 
of the diet. However, when individuals from groups of blood-fed 
and sugar-fed adults are analyzed independently of the time 
elapsed after feeding, the two groups are clearly separated 
(Fig. 2B, right panel), thereby indicating that the type of diet is 
the best explanatory variable to the compositional microbiome 
differences (P < 0.001; R2 = 0.27), followed by hours post-feeding 
(P < 0.001; R2 = 0.16). These results corroborate previous studies 
demonstrating that meal sources may directly affect the mos-
quito microbial community (14, 24, 33).

In the blood-fed group, several phylotypes were shared by the 
microbial communities of mosquitoes at 12 and 24 h after feeding 
(117 phylotypes; Fig. 2C). The shared diversity further decreases to 
66 phylotypes 48 h post-feeding. However, a peak of unique micro-
bial phylotypes was observed 24 h after the blood meal. These 
findings confirm the compositional narrowing of the microbial 
community immediately after the blood meal. In contrast, very 
few phylotypes were shared among the sugar-fed groups (a max-
imum of four; Fig. 2C), while unique phylotypes were observed 
after 12 and 24 h of the sugar meal (25 and five phylotypes, re-
spectively), further elucidating why sugar-feeding is associated 
with a more diverse microbial repertoire during the earlier stages 
of digestion.

Microbial network interaction throughout 
digestion
Microbiomes are complex ecological communities that form inter-
active networks. To infer these interactions in the microbial commu-
nity structure, we utilized graphs of microbial richness at the species 
level, by detecting taxa with significant co-occurrences (Fig. 3). 
Sugar-fed mosquitoes present fewer microbial co-occurrences 
than blood-fed adults, but six clusters (S1 to S6) were significantly 
correlated (P < 0.05; R > 0.75; Fig. 3A). In blood-fed mosquitoes, six 

clusters (B1 to B6) were also observed, and the densest network con-
sists of three clusters, where B3 and B4 are composed exclusively of 
specific Enterobacterales phylotypes found in blood-fed adults at 12 
and 24 h after feeding, respectively (Fig. 3B). Intriguingly, a third clus-
ter, B5, is composed of microbial taxa that are distantly related, un-
like what was observed in the other clusters (Fig. 3B). These results 
indicate that the structure of A. aegypti’s microbial community 
may not be driven only by the type of diet and digestion periods 
but also by taxon-specific interactions. The detection of several dif-
ferent species within Pseudomonas spp. and Elizabethkingia spp. in 
clusters S4, S5, and B1 is likely a methodological artifact due to the 
sequence homology of closely related phylotypes within each of 
these distinct genera. Clusters marked with special characters 
(*, ○, and #) are highly similar in composition between sugar and 
blood-fed groups. These microbial phylotypes are detected only in 
the blood post-digestive period but are evenly distributed among in-
dividuals fed with sugar. Although the microbial networks presented 
in this study are influenced by the strong differences in the micro-
biome of sugar- vs. blood-fed mosquitoes, Hegde et al (34) showed 
microbiome networks with a similar composition of bacteria in field- 
collected mosquitoes, containing Pseudomonas spp., as well as un-
classified Enterobacterales and Flavobacteriales. They also reported a 
prominent co-exclusion of Enterobacterales and Pseudomonales, con-
firming that this phenomenon may also occur in wild mosquitoes.

We used part of the microbial richness consistently observed in 
co-occurrence networks to predict the diet and the time elapsed 
after a meal. This relationship can be observed in Fig. 4A, which 
shows that P. fluorecens, A. flavus, and M. majus have the strongest as-
sociation (P < 0.05) with sugar-fed adults at 12 h. On the other hand, 
the microbiome of the blood-fed adults was dominated by the bac-
terial phylotype Raoultella ornithinolytica (169,307 reads) at 12 h post- 
feeding, while Kluyvera intermedia (196,549 reads) is predominant at 
24 h post-feeding. The midgut of individuals metabolizing blood 
(12 and 24 h) shares a significant association with the phylotypes 
Salmonella enterica, Enterobacter cloacae, and other Enterobacterales phy-
lotypes. After 48 h, the relative abundance of E. anophelis is assigned 
to both groups of adult mosquitoes regardless of the diet, making this 
phylotype the most descriptive of the post-digestive state (Fig. 4A). 
Further analysis of the abundance of Flavobacteriales (represented 
by mainly by E. anophelis) and Enterobacterales revealed that both or-
ders reach their peak richness opposite to all other taxonomic orders. 
The order Flavobacteriales showed less distinct peaks in the diversity 
distributions, whereas the Enterobacterales displayed only two well- 
defined richness peaks when no other microorganisms were de-
tected. This finding indicates that the proliferation of these bacteria 
in the midgut of mosquitoes is mutually exclusive with the presence 
of other microbial components, given the microenvironmental pres-
sure presented by blood digestion (Fig. 4B). We conducted functional 
enrichment analyses to delve into the nature of the association of 
these bacterial lineages with the mosquito.

Functional profiling of the microbiomes 
during digestion
The functional profile of metagenomes was characterized using 
the SEED database (35) to analyze the impact of the compositional 
shifts on the microbiome’s functional gene pool. Results indicate 
that, similarly to what was observed in the microbial composition-
al analyses, the functional profiles of midguts of blood-fed mos-
quitoes are strikingly different at 12 and 24 h compared to other 
adult experimental groups (Fig. 5). Most of the pathways related 
to the cell wall and ultrastructure (4,395 reads), nucleotide metab-
olism (44,694 reads), and stress response (1,861 reads in blood-fed 
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Fig. 3. Co-occurrence networks representing the interactions of the microbial community in adult mosquitoes fed with sugar (A) and blood (B). Graph 
vertices display microbial species, and edges represent their co-occurrences calculated with the Pearson correlation coefficient (r > 0.75; P < 0.05). 
Clusters marked with special characters (*, ○, and #) are similar in species composition.
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adults). However, 12 h after feeding, fewer genes are related to 
motility and chemotaxis than in other groups (30,194 reads). 
After 48 h, the functional profile of blood-fed adults shifts back 

to a state that resembles those observed in sugar-fed groups 
(Fig. 5), further showing that the shifts in microbial composition 
cause changes in the functional pool of the microbiome.

Fig. 4. The landscape of dominant taxa in relation to the microbial composition in the midgut of adult mosquitoes. A) Occurrence of 22 microbial species 
predictive of digestive states (diet and digestion time). The width of the ribbons indicates the relative abundance in the linear scale. Ribbons link microbial 
species to experimental groups (represented by the external circles; sugar or blood-fed) and are coded by the taxonomic order. B) Density estimates 
displaying the occurrence of reads identified in the taxonomic orders Flavobacteriales (top) or Enterobacterales (bottom) in the x-axis, with the mean of reads 
attributed to other microbial taxonomic orders in the y-axis, transformed to the log scale.

Fig. 5. Functional classification of microbial reads in the midgut of adult females fed with blood and sugar. The heatmap was generated using z-score 
transformed values acquired in the metabolic pathway enrichment using SEED pathways functional classes in the metagenomes analyzed. Functional pathways 
are organized by hierarchical clustering. The columns represent individual metagenomes and are grouped according to its experimental group (per-group n = 10).
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Dimensionality reduction demonstrates that reads assigned to 
carbohydrate metabolism (209,958 reads), amino acids and deriva-
tives (127,903 reads), and virulence (100,710 reads) are responsible 
for the uniqueness observed in the functional profile of blood-fed 
mosquitoes at 12 and 24 h (Fig. 6A). Such singularity displays a strong 
positive correlation with the proliferation of Enterobacterales (Fig. 6B), 
namely S. enterica (28,351 reads; ρ = 0.83), Kosakonia radicincitans 
(8,480 reads; ρ = 0.73), Kle. aerogenes (2,863 reads; ρ = 0.74) and Klu. 
intermedia (196,549 reads; ρ = 0.70). These bacterial phylotypes 
are the most significantly correlated with the functional enrich-
ment in the blood-fed adults at 12 and 24 h, as shown in 
Fig. 6C. Additionally, the principal coordinate that best explains 
the variability of all SEED metabolic pathways (PC1 = 58.2%) has 
a significant negative correlation with the relative abundance of 
Enterobacterales (Fig. 6D), thereby indicating that these bacteria 
are likely responsible for narrowing the metabolic spectrum in 
the mosquito midgut during the digestion of blood, and agree 
with the functional diversity analysis shown in Fig. 5. This trend 
can be better observed in Fig. 6E (upper panel), which shows a high-
er number of metabolic pathways in the midgut of mosquitoes in 
blood-fed adults at 12 and 24 h than in other groups. Yet, the func-
tional variability (Evar; Fig. 6E, bottom panel) observed in blood-fed 

adults at 12 and 24 h is lower compared with all other groups, 
showcasing that, even though many pathways are detected, 
most of the reads are concentrated in the three enriched pathways. 
These results indicate that the blood meal triggered the prolifer-
ation of specialized opportunistic Enterobacterales, who play a 
more significant role than previously thought in the digestion of 
blood in the mosquito’s midgut. This hypothesis corroborates pre-
vious work describing the main association of the mosquito micro-
biome with gene expression related to metabolic and nutritional 
pathways (36). Different enterobacteria species have also been as-
sociated with an increased digestive capability of fructose in 
A. albopictus (22), and our results describe their potential role in 
blood digestion in a hematophagous insect. It is possible to specu-
late that these enterobacteria may be involved in all natural digest-
ive processes of the mosquito in vivo, but not associated with 
unnatural processes, such as the digestion of sucrose used in our 
analyses.

To further characterize the modulation of correlated 
Enterobacterales phylotypes in the digestive period (S. enterica, Ko. rad-
icincitans, Kle. aerogenes, and Klu. intermedia), the relative abundance of 
reads assigned to each phylotype, and principal functional pathways 
are shown for blood-fed adults at 12 and 24 h in Figure S5 (ρ > 0.70; 

Fig. 6. Functional diversity of the midgut microbiome in adult mosquitoes under different feeding regimes and digestion times. A) Biplot showing a PCoA 
of Bray–Curtis dissimilarities (PC1 = 58.2% vs. PC2 = 18.2%) displaying SEED pathways responsible for the sample ordination, coded by different diets and 
shapes, which represent hours post-feeding. B) Fuzzy set ordination (FSO) using a generalized linear model (GLM) to display the correlation between the 
functional dissimilarity matrix and the relative abundance of Enterobacterales. C) Differential occurrence of Enterobacterales species classified as predictors 
for the blood diet in log-relative scale and their individual correlations with the functional dissimilarities. The groups are composed of type of diet and 
time post-feeding (B.12 h = Blood 12 h post-feeding; B.24 h = Blood 24 h post-feeding; B.48 h = Blood 48 h post-feeding; S.12 h = Sugar 12 h post-feeding; 
S.24 h = Sugar 24 h post-feeding; S.48 h = Sugar 48 h post-feeding). D) Scatter plot using GLM to display the correlation between the principal explanatory 
coordinate (PC1) and the relative abundance of Enterobacterales. E) Boxplots showing the distribution of observed SEED pathways and their variability 
indices (Evar). Medians are indicated by the trend line, and the global and pairwise significances are assessed with ANOVA and Wilcoxon’s tests, 
respectively.

8 | PNAS Nexus, 2024, Vol. 3, No. 8

D
ow

nloaded from
 https://academ

ic.oup.com
/pnasnexus/article/3/8/pgae317/7725170 by A*STAR

 c/o N
U

S C
entral Library user on 17 August 2024

http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae317#supplementary-data


including carbohydrate metabolism, amino acids and derivatives, 
and virulence). It is possible to observe an overlap of metabolic 
pathways and microbial abundance of specific Enterobacterales, re-
iterating the strong relationship between the taxonomic and func-
tional classification in the midgut of blood-digesting mosquitoes. 
Considering the virulence pathway, we detected the presence of 
functional classes related to multiple antimicrobial resistances, no-
toriously multi resistance efflux pumps (12,324 reads), and fluoro-
quinolone resistance (4,743 reads), as well as scavenging pathways 
(Figure S5C). The detection of commensal microorganisms with anti-
microbial resistances has already been reported in the midgut of 
A. aegypti with culture-dependent methods (37). In this study, we 
document evidence of a putative resistome associated with the mi-
crobiome in these mosquitoes.

Under the carbohydrate metabolism pathway, most of the SEED 
classes are related to the utilization and anabolism of sugars, includ-
ing maltose and maltodextrin (9,527 reads), and serine utilization in 
the glyoxylate cycle (15,409 reads). The enrichment of these genes 
may indicate an increase in the metabolic demand caused by the 
proliferation of enterobacteria, particularly that of Klu. intermedia 
after blood meals in A. aegypti. In fact, previous studies demonstrate 
that the consumption of dextrose may increase adult mosquitoes’ 
lifespan (38–42). This finding suggests that the blood meal may indir-
ectly influence the hosts’ fitness by driving the proliferation of beta- 
hemolytic enterobacteria, which could alter the availability of 
macro-nutrients to the host. Lastly, the amino acids and derivatives 
pathway include functional classes related to glycine and serine me-
tabolism (10,368 reads), as well as biosynthesis (16,643 reads) and 
degradation (12,018 reads) of methionine (Figure S5C). These path-
ways have key enzymes for the digestion of blood, which is the 
case of the glycine and serine utilization pathways detected in the 
microbiome of adult mosquitoes. The silencing of one of the pivotal 
enzymes in the latter pathway (serine transferase, SMHT) caused the 
formation of clots of nondigested blood in female mosquitoes’ midg-
uts and a phenotype of ovarian underdevelopment (43), corroborat-
ing with our results and strengthening the hypothesis of a nutritional 
symbiosis between enterobacteria and A. aegypti.

Elizabethkingia anophelis genome and 
phylogenomics
The prevalence of E. anophelis throughout and—in high relative 
abundances—in the post-digestion microbiomes is noteworthy. 
Initially isolated from Anopheles gambiae (44), this gram-negative 
flavobacterium has been implicated as the causative agent of 
multiple outbreaks in humans worldwide, raising concerns about 
the possibility of its vectorial transmission (45–48). Its pathogen-
esis is characterized by nosocomial bacteremia leading to human 
sepsis and has been associated with neonatal meningitis, with 
high mortality rates (49).

Further evidence supporting the dominance of E. anophelis in 
the midgut of A. aegypti comes from the recovery of its genome 
from the reads assigned to Elizabethkingia spp. The genome is div-
ided into 210 contigs totaling 4,248,675 bp with an average cover-
age of 1289-fold (N50 = 35.9 kb; Tables S2 and S3 for detailed 
quality assessments). The genome size is within the average re-
ported for other E. anophelis genomes publicly available (average 
of 4,101,937 bp), and the annotation identified 4,238 coding se-
quences and 46 ribosomal RNA subunits. The BUSCO analyses in-
dicated that the MAG presents > 91.4% completeness, with 670 
complete genes identified (661 single-copy, nine duplicated), 22 
fragmented, and 41 missing when the database for the 
Flavobacteriales lineage is used for comparison (see Figure S6

for the comparative identification of orthologs using additional 
lineages databases). A ribosomal multilocus sequence typing 
(rMLST) resulted in 38 exact matches against 53 bacterial ribo-
some protein subunits scanned, providing 92% of support for 
the MAG assignment to E. anophelis (Table S4). Further analyses 
performed with fIDBAC against a curated bacterial type-strain 
genome database also assigned the MAG as E. anophelis based on 
>98% average nucleotide identity with 95% of the genome aligned 
(Table S5). Although previous studies using metabarcoding have 
shown a high abundance of the flavobacterium Chryseobacterium sp 
(34, 50), our results do not indicate the prevalence of this phylotype 
in our datasets. However, Chryseobacterium and Elizabethkingia 
are closely related taxa, and the assignment differences may be 
explained by the higher taxonomic resolution power of the whole- 
genome sequencing (WGS) shotgun metagenomics. This confirms 
that Elizabethkingia, in particular E. anophelis, is the dominant genus 
in the midgut microbiome of A. aegypti, corroborating with previous 
findings in mosquitoes from an Australian colony (51).

The comparative phylogenomic analysis corroborated the group-
ing of the recovered MAG into E. anophelis species clade (Fig. 7A). The 
ML tree recovered E. anophelis as monophyletic, and as a sister 
species to a group formed by (E. miricola(E. bruuniana(E. ursingii +  
E. occulta))) (Fig. 7A). Within E. anophelis, the branch lengths are not-
ably short, and the group presents 99% pairwise identity, indicating 
a recent divergence of the strains. The first diverging strain of E. ano-
phelis was the lineage F0708, which was isolated from a human in 
1981 according to NCBI records (accession GCA_032842055.1). All re-
maining 683 E. anophelis strains used for phylogenomic reconstruc-
tion in this study originate from this lineage and form two main 
clades, designated here as Clades 1 and 2 (Fig. 7). The MAG recov-
ered was nested into Clade 1, closely related to a group of clinical 
isolates from humans in the United States, India, Russia, and 
China (Fig. 7B). Interestingly, the only other strain of E. anophelis re-
ported so far in A. aegypti (accession GCA_029623655.1) (51); was not 
grouped with our MAG and is nested within Clade 2 alongside other 
mosquito-derived strains (Fig. 7B). This clade is a sister group to a set 
of human-isolated samples. These results suggest that the lineages 
specifically associated with A. aegypti may have emerged at least 
twice in the evolutionary history of E. anophelis. A third event of mos-
quito colonization by E. anophelis was observed in the clade that 
groups the strains R26 and Ag1, both isolated from the midgut of 
the malaria mosquito A. gambiae (52). From the perspective of the 
functional role in the host, our results consistently show that both 
sugar and blood diets interfere with the capacity of proliferation 
of this bacterium in the midgut. Recent evidence suggests that 
E. anophelis is also found in the saliva and salivary glands of 
A. albopictus (53), corroborating with our phylogenomic results 
that transmission of human-pathogenic strains by mosquitoes is 
a possible route. Interestingly, in the same study, colonization by 
E. anophelis was correlated with lower ZIKV titers in mosquito co- 
infection assays in vivo, which could represent the key to the nature 
of its symbiosis with A. aegypti.

Concluding remarks
The depth of microbiome characterization provided by shotgun 
metagenomics has unveiled associations between microorgan-
isms and insect hosts, contributing to a better understanding of 
physiology and metabolism, as well as the roles of the microbiome 
in vector capacity and the transmission of insect-borne diseases. 
In this work, we sequenced the microbiomes of 70 individuals of 
A. aegypti, including 10 larvae and 60 adults fed with blood and 
sugar. The larval microbiome exhibited low diversity and was 
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dominated by Microbacterium spp. This profile undergoes a notable 
change during adulthood. Furthermore, after digestion in adults, 
no significant difference was observed in the microbiome of 
blood-fed and sugar-fed individuals. In fact, transient changes 
in microbial composition, diversity, and function were mainly 
driven by blood meal and lasted only for the digestion period in 
adults. A significant association of Enterobacterales phylotypes 
with blood digestion was identified, particularly with Klu. inter-
media. Hematophagy is a habit intimately associated with the 
mosquito’s reproductive cycle, and the proliferation of enterobacte-
ria in response to the blood meal stimulus is likely associated with 
important metabolic and physiological changes required to deal 
with oxidative stress and blood digestion. Functional characteriza-
tion of the microbiome further revealed that potential changes in 
pathways follow the microbial compositional shifts observed after 
a blood meal intake. The digestive process also modulates the pres-
ence of prominent bacteria, such as E. anophelis, which are consist-
ently observed colonizing the midguts of individual mosquitoes 
during the post-digestive period and may act as potential symbionts 
of A. aegypti. Both Klu. intermedia and E. anophelis are promising can-
didates for further assessment of physiological impacts on the mos-
quito host, potentially serving as control agents for both the vector 
population and the transmission of arboviruses.

Materials and methods
Mosquito rearing and feeding
Aedes aegypti Singapore strain was reared in a Climatic Test and 
Plant Growth chamber (Panosnoic MLR-352H) at a temperature 
of 28 ± 1°C, relative humidity of 80 ± 5%, and a photoperiodic re-
gime of 12:12 h (light:dark). Mosquito breeding followed a previ-
ously established protocol (54). In brief, 2–4-week-old A. aegypti 
eggs were hatched in sterile water using a vacuum for 15 min. 
Newly hatched L1 larvae were bred in a plastic bowl with a density 
of 2.5 mL/larva in sterile water. Mosquito larvae were fed with a 
mixture of fish food (TetraMin Tropical Flakers)/brewer’s yeast 
(yeast instant dry blue/Bruggeman) at a ratio of 2:1. The feeding 
regimen was as follows: 25 mg (day 1), 32 mg (day 2), 56 mg 
(day 3), 130 mg (day 4), 200 mg (day 5), and 100 mg (day 6). 
Pupae were collected and placed into a 17.5 × 17.5 × 17.5 cm cage 
(BugDorm-4S 1515) supplied with one vial of sugar and one vial 
of sterile water, both of which were replaced twice per week.

Experimental design
For sugar-feeding mosquitoes, 80 newly emerged A. aegypti mos-
quitoes (40 females and 40 males) were maintained in a 17.5 ×  
17.5 × 17.5 cm cage (BugDorm-4S 1515) supplied with one vial of 

Fig. 7. Phylogenomic analyses of E. anophelis. A) ML tree including 690 Elizabethkingia genomes and genomes and Chryseobacterium glacei as an outgroup, 
highlighting two main clades within the E. anophelis species: Clade 1 and Clade 2. Branches with a mosquito icon denote strains of E anophelis associated 
with mosquito species. The MAG recovered in this study is highlighted. Below the circular tree, a condensed tree shows relationships within the genus 
Elizabethkingia. B) Details of relationships among E. anophelis genomes specifically associated with the host A. aegypti (genomes are indicated with an 
asterisk). The genome assembled in this study groups with clinical samples from humans within Clade 1 (tree at the top). The genome isolated from an 
Australian lineage of A. aegypti (tree at the bottom (51)); groups with samples from other mosquitoes within Clade 2 and is recovered as a sister group to 
samples isolated from humans.
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sugar and one vial of sterile water. For blood-feeding mosquitoes, 
80 newly emerged A. aegypti mosquitoes (40 females and 40 males) 
were maintained in a 17.5 × 17.5 × 17.5 cm cage (BugDorm-4S 
1515) supplied with one vial of sugar and one vial of sterile water 
for three days to allow maturation before being fed with Sus scrofa 
domesticus blood using an artificial membrane feeding system 
(Hemotek Ltd, UK, or Orinnotech, Singapore). For each group, 
three subgroups consisting of ten adults were separated based 
on time elapsed after their last blood (blood-fed adults) or sugar 
(sugar-fed adults) meal: 12 h (blood-fed n = 10; sugar-fed n = 10), 
24 h (blood-fed n = 10; sugar-fed n = 10), and 48 h (blood-fed 
n = 10; sugar-fed n = 10), with a total of 60 adult individuals. 
Additionally, ten individuals in the fourth-instar larval stage 
were analyzed to compare the two developmental stages and as-
sess whether the larval microbiome is transmitted to adults, mak-
ing up a total of 70 experimental mosquito samples. One sample 
of the larvae rearing water (W), one sample of the distilled water 
source used to prepare the water-sugar solution (DW), one sample 
of the water-sugar solution itself (WS), and one sample of the Sus 
scrofa domesticus blood (B) were analyzed to assess their contribu-
tion to the microbiome of mosquitoes. Moreover, we also se-
quenced three nonmosquito (NM) samples as DNA extraction 
reagent controls, each corresponding to a different extraction 
protocol used: (i) NM-1, consisting of a negative control for the 
kit DNeasy Blood and Tissue (Qiagen) used for mosquito DNA ex-
traction; (ii) NM-2, a negative control for the kit DNeasy Blood and 
Tissue (Qiagen) used for DNA extraction of minipig blood; and (iii) 
NM-3, consisting of a negative control for the kit DNeasy 
PowerWater (Qiagen) used for extracting DNA from water sam-
ples. Therefore, a total of 77 samples (Table S1) were sequenced, 
processed, and analyzed with the same workflow.

DNA extraction and sequencing
Midguts of adult female mosquitoes were dissected in ice-cold 
PBS using a stereoscope (Olympus SZ61) and kept in 300 µL 
of phosphate-buffered saline (PBS) 1X, pH 7.4 (Gibco— 
ThermoFisher). The midguts and larvae were individually macer-
ated with an electric tissue grinder (VWR International), and the 
homogenates were used for DNA extraction following the insect tis-
sues protocol of the DNeasy Blood and Tissue (Qiagen) kit, according 
to the manufacturer’s instructions. The mini pig blood sample was 
extracted with the same kit but following the specific protocol for 
blood DNA extraction. We followed the standard protocol of the 
DNeasy PowerWater (Qiagen) kit for the water sample extractions. 
Negative control DNA extractions followed the respective protocols, 
but no sample was added. DNA yield quantification was performed 
with the Qubit 1X dsDNA HS Assay Kit (ThermoFisher) in a Qubit 2 
fluorometer (ThermoFisher), and DNA integrity was assessed on a 
Bioanalyzer 2100 system (Agilent) using the High Sensitivity DNA 
Kit (Agilent). The total DNA for each sample was fragmented using 
the ultrasonicator Covaris S220 (Covaris Inc.), and the fragments 
were separated by size in a Pippin Prep electrophoretic system 
(Sage Science) with 2% agarose gel. Fragments of 300 to 450 bp 
were collected and purified with Agencourt AMPure XP magnetic 
beads (Beckman Coulter). Libraries were then built with the 
Accel-NGS 2S Plus DNA Library Kit (Swift Biosciences), following 
the manufacturer’s protocol. All libraries were indexed with the 
2S Dual Indexing Kit (Swift Biosciences), quantified with Quant-iT 
Picogreen (Invitrogen), and validated by qPCR with the KAPA SYBR 
FAST qPCR kit (Kapa Biosystems). Equimolar quantities of each in-
dexed library were pooled for multiplex sequencing on the HiSeq 
2500 (Illumina Inc.) platform, with a 251 bp paired-end protocol. 

Sequencing was performed at the Singapore Centre for 
Environmental Life Sciences Engineering, Nanyang Technological 
University (Singapore).

Processing of sequenced datasets
The raw fastq sequencing files were trimmed for both adapter and 
low-quality sequences using cutadapt v. 1.15 (55). A maximum er-
ror rate of 0.2 was allowed to recognize and remove adapters. A 
quality cutoff of Q20 was used to trim low-quality ends from reads 
before adapter removal. High-quality reads were aligned against 
the complete A. aegypti genome (GCA_002204515.1) to filter out 
the host reads. Mapping was carried out using Bowtie2 (56) with se-
lective parameters for a high sensitivity rate, and reads were fil-
tered with SAMtools (57). The remaining fraction of reads was 
subsequently translated in six frames and aligned against the 
NCBI NR protein database release 216 with RapSearch2 v. 2.15 
(58) using default parameters. The number of reads generated 
and analyzed is listed in Table S1.

Taxonomic and functional assignment
After importing alignment results into MEGAN 6 v. 6.18.8 (59), we 
performed taxa assignment with strict parameters of the Lowest 
Common Ancestor algorithm, considering the read length 
generated for each sample with the following settings: Max 
Expected = 0.01, Top Percentage = 10.0, Min Support = 25, Min 
Complexity = 0.33, Paired Reads = On. Next, we individually nor-
malized all metagenomes to the dataset with the smallest number 
of reads of the 70 experimental or seven control samples to obtain 
the representative relative abundances of assigned microbial taxa. 
The functional profiles for the different microbiomes were assessed 
by assigning enriched genes identified to functional classes using the 
SEED hierarchy (60) database. Results were visualized in a heatmap 
adjusted to a z-score scale, with a hierarchical grouping of classes.

Diversity estimations and statistical analyses
Species diversity analyses using the Simpson Reciprocal (61) and 
Shannon-Weaver Indexes (62) were performed in MEGAN 6, while 
the package vegan v. 2.5–6 (63) was used to generate the chao1 rich-
ness index (64) using “species” level for Bacterial, Fungal, and Viral 
taxa of NCBI taxonomy. Analysis of variance (ANOVA) was 
performed for each method with 1,000 permutations, and pairwise 
group significance was assessed with Wilcox’s post hoc test. 
Rarefaction curves were computed with the package iNEXT 
v. 2.0.20 (65) using parameters of interpolation and extrapolation 
for Hill numbers (66) to display diversity as a function of the sam-
pling size. Non metrical multidimensional scaling (NMDS) was cal-
culated in vegan, using Bray-Curtis dissimilarity (67) and 
calculating ellipsoids with confidence intervals based on the cent-
roids for each experimental group. Multivariate analyses with dis-
tance matrices (ADONIS) and analysis of similarities (ANOSIM) 
were employed with 1,000 permutations for the statistical inter-
pretation of the results. The distribution of functional classes was 
calculated with the Bray–Curtis dissimilarity using a principal coor-
dinates analysis (PCoA). A fuzzy set ordination (FSO) was employed 
to investigate the functional diversity further using the functional 
dissimilarities, utilizing the package fso (68). Visualizations were 
plotted using the package ggplot2 v. 3.3.0 (69).

Distribution of significant species
Linear regressions were directly employed in the dispersion of 
quantitative variables to assess the correlation of relative 
species abundance to the observed functional variability in the 
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metagenomes. To test whether microbial species originate from the 
same time-diet distribution, we used a phyloseq (70) implementa-
tion of the Kruskal–Wallis non parametric test coupled with deci-
sion trees of a random forest classifier, in a model adapted from 
Torondel et al (71). and Ssekagiri et al (72). Briefly, the P-values 
were calculated and corrected for multiple testing using familywise 
error rate for each pair “phylotype—experimental group.” The sig-
nificance was based on the corrected threshold of P < 0.05. 
Significant species most frequently predicted were then assigned 
importance in the Random Forest classifier based on the mean de-
crease in accuracy of their classification (73). To map the probabil-
istic density of abundant bacterial orders, their kernel bivariate 
densities (74) were estimated as a function of the median 
distribution of reads assigned to other microbial orders, and their 
relationships are visualized in logarithmic scale. Additionally, co- 
occurrence networks were estimated for the microbiome of adult 
mosquitoes to detect potential microbial interactions related to dif-
ferent diets and the time of the digestive process. The networks 
were generated based on an adjacency matrix with a significance 
threshold P ≤ 0.05 for each microbial association with a bivariate 
Pearson correlation coefficient > 0.75 (75), in a model based on Ju 
et al (76). The attribution of edges was automated with the module 
iGraph (77), removing vertices with null edges, thereby facilitating 
the visualization with the software Gephi (78). As the input to these 
analyses, we generated a new abundance matrix based on the pres-
ence of species in at least 10% of the samples, with a minimum of 
200 reads, removing likely contaminations and rare taxa to avoid al-
gorithm miscomputations.

Elizabethkingia anophelis genome assembly 
and phylogenomics
All reads assigned to Elizabethkingia spp. in the metagenomic ana-
lysis were extracted with an in-house script (available at https:// 
github.com/felipe797/Aedes_microbiome) and used as input in 
SPAdes v. 3.15.2 (79) with the flag “–meta” to perform the assembly 
of metagenomic sample data in the module metaSPAdes (80). The 
software MetaBAT v.2 (2, 3) was then used to bin and reconstruct 
the genome from assembled contigs. The resulting MAG was eval-
uated using CheckM v. 1.1.6 (81) and QUAST v. 5.2.0 (82) to provide 
the basic assembly statistics, while BUSCO v. 5.7.0 (83) was used to 
assess the completeness of the genome with three OrthoDB v10 
(84) lineage-specific datasets (Bacteria, Bacteroidetes, and 
Flavobacteriales). The average coverage was calculated by re- 
mapping the extracted reads to the assembly using BBMap 
v. 38.75 (85). rMLST was performed using the speciesID tool avail-
able in the public databases for molecular typing and microbial 
genome diversity PubMLST (86); (release 2024-04-25) to confirm 
the metagenomic assignment. The average nucleotide identifica-
tion (ANI) was performed with fIDBAC (87).

For the phylogenomic analyses, a search for E. anophelis genome 
assemblies was conducted in the NCBI Genomes database, using 
the filters for “annotated genomes” and “excluding atypical ge-
nomes.” Genomes with fewer than 1,000 annotated proteins 
were excluded and whenever there was redundancy in the search 
(genomes with GCA and GCF accessions), the reference assembly 
was chosen. The search resulted in 683 E. anophelis genomes which 
were downloaded using the NCBI datasets command-line tools 
(2024 March 21). Other species of the genus Elizabethkingia with 
available reference genomes were added to the phylogenomic 
analysis, including E. argenteiflava (GCF_009904105.1), E. bruuniana 
(GCF_016599835.1), E. meningoseptica (GCF_002022145.1), E. miricola 
(GCF_001483145.1), E. occulta (GCF_002023715.1), and E. ursingii 

(GCF_002023405.1). The genome of the species Chryseobacterium 
glaciei (GCA_001648155.1) was used as an outgroup.

The annotation of the E. anophelis genome assembled in this study 
was performed using RASTtk (88), and the annotated proteome was 
used in the phylogenomic analyses along with the described dataset, 
totaling 691 proteomes (see Table S6 for the complete list of genomes 
and accession numbers). The proteomes were used as input for the 
software Orthofinder v.2.5.5 (89) with the flags “-M msa -oa”. 
Orthofinder was used with the combination of Diamond v.2.1.9.163 
(90) for all-versus-all gene comparisons, and MAFFT v. 7 (91) for mul-
tiple sequence alignment. A total of 2,545,930 genes analyzed were 
assigned 8,999 orthogroups, with 604 orthogroups with all species 
present, and 294 of these consisted of single-copy genes. The con-
catenated alignment of the orthogroups (385,375 amino acids) was 
used as input in the program IQTREE v.2.2.0 (92) for the evolutionary 
model selection with ModelFinder (93) and for maximum-likelihood 
(ML) tree inference. To reduce computational burden, the best-fit 
model selection was limited to the models JTT, WAG, and LG and 
chosen according to the Bayesian Information Criterion. The infer-
ence of the ML tree was performed using the evolutionary model 
JTT + F + R10 with 1,000 replicates of ultrafast bootstrap (94), along 
with the “-bnni” flag to minimize the impact of severe model viola-
tions when using ultrafast bootstrap. The ML tree was analyzed 
and edited with iTOL v.6.9 (95).
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