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The human skin bacteria play an important role in the production of volatiles 
that attract mosquitoes. Using some of the most abundant human skin bacterial 
species, we  created in vitro community models to assess whether increased 
microbial biodiversity could reduce human attractiveness to females of the 
dengue fever mosquito Aedes aegypti and whether co-culturing bacterial 
commensals affects overall attraction. More complex bacterial models were 
less attractive to female mosquitoes than the simplest models. For instance, the 
triple bacterial community model was approximately three times less attractive 
than Staphylococcus epidermidis alone. Our data show, for instance, that an in 
vitro community model mimicking the skin composition of a highly attractive 
individual to the anthropophilic Anopheles gambiae was also more attractive 
to anthropophilic Ae. aegypti than a community model mimicking the skin 
composition of a poorly attractive individual to An. gambiae. In line with these 
results, volatile analyses of the blends emitted by the different in vitro community 
models showed that the more complex models had lower emission overall. 
Effects on mosquito responses differed sharply when the different bacteria 
species were sharing the same resources used for growth, showing that either 
competition or commensalism may influence their relative growth, and that this 
consequently can influence mosquito responses. We conclude that studies on 
mosquito responses to skin volatiles need to take the microbial community into 
account.
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Introduction

Skin emissions are part of human natural odor playing an important role in mosquito 
attraction and may explain why some people are bitten more often than others (Logan et al., 
2010; Verhulst et al., 2013). These emissions are largely composed of odors produced by skin 
bacteria (Verhulst et al., 2010, 2011; Jha, 2017). The human skin microbiota plays an essential 
role in the protection against pathogens, but their odor emission is likely to be also exploited by 
mosquitoes to locate humans (Byrd et al., 2018; Callewaert et al., 2021).
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Mosquitoes do not only cause annoyance and discomfort, but 
through their bites they can transmit a wide range of pathogens to 
humans, which can lead to diseases such as malaria and dengue 
fever (Takken and Verhulst, 2017). Aedes aegypti, Ae. albopictus, 
and Anopheles gambiae are among the most important vectors of 
such diseases (Takken and Knols, 1999; McBride et al., 2014). In 
2020, the World Health Organization (WHO) estimated 241 million 
cases of malaria and 627 thousand deaths. Cases of dengue fever 
have been increasing over the years, and 5.2 million cases were 
reported by the WHO in 2019. Vector control is one of the most 
important measures to combat the spread of such diseases and this 
can involve strategies to reduce mosquito populations and/or 
personal protection approaches to prevent mosquito bites (Takken 
and Verhulst, 2017).

Data on microbial species and odors emitted by the human skin 
bacteria explain differential attraction among people, and this 
knowledge can be exploited to protect humans from mosquito bites. 
Manipulation of the bacterial commensals on human skin can offer a 
valuable option for the creation of a microbial-based (Lucas-Barbosa 
et al., 2022) topical probiotic that can reduce mosquito attraction. An 
advantage of using skin bacteria over DEET or any other commercially 
available repellent is the potential for dramatically extending the 
duration of protection (DeGennaro, 2015; Mapossa et al., 2021; Lucas-
Barbosa et al., 2022). Such a microbial-based topical probiotic would 
continuously release odors produced by living organisms that either 
repel or make individuals less attractive, while the commercially 
available synthetic repellents evaporate within a few hours and must 
be frequently reapplied (DeGennaro, 2015; Mapossa et al., 2021).

The role of bacteria on mosquito attraction was first established 
when it was demonstrated that An. gambiae mosquitoes were attracted 
to sweat incubated with skin bacteria (Meijerink et  al., 2000). 
Follow-up studies have revealed that volatiles produced by skin 
bacteria are attractive to An. gambiae (Verhulst et al., 2010, 2011, 
2013), and that the attraction levels depend on the bacteria species 
(Verhulst et  al., 2010; Showering et  al., 2022). Interestingly, An. 
gambiae mosquitoes were more attracted to people with a lower 
microbial diversity and with higher levels of Staphylococcus spp., while 
they were less attracted to people with higher levels of Pseudomonas 
spp. (Verhulst et al., 2011). The skin bacteria species and the ratio in 
which the bacterial species are present on the human skin determine 
how attractive an individual is, though attractiveness may also 
be dependent on the mosquito species (Busula et al., 2017; Lucas-
Barbosa et al., 2022). Thus, the bacterial taxa that are characteristic of 
the skin of poorly attractive individuals may indicate odors that are 
important in reducing human attractiveness to mosquitoes (Verhulst 
et al., 2011, 2013). Studies which had characterized volatile organic 
compounds (VOCs) which play a role in mosquito attraction illustrate 
that many of these volatile compounds are of skin microbial origin 
(Wooding et al., 2020; Dormont et al., 2021; Lucas-Barbosa et al., 
2022). Data recently reviewed highlights the volatile compounds most 
exploited by some of mosquito species which are important vector of 
diseases (Lucas-Barbosa et al., 2022). Volatile emission may depend 
on the bacterial community characteristic of the skin and on the 
available resources for bacterial growth. Thus, questions remain as to 
whether these bacteria compete for available nutrients in the human 
skin environment, and whether this competition among skin 
commensals influences volatile emission and mosquito attraction 
(Zhang et al., 2015; Lucas-Barbosa et al., 2022).

Our goal was to use in vitro community models to study the 
impact of human skin bacteria on mosquito attraction, in scenarios in 
which the different bacteria species must share or cannot share the 
resources available for growth, and what the consequences are for 
behavior and odor emission. Using four of the most abundant human 
skin bacterial species, we created in vitro community models to assess 
whether and how microbial biodiversity and competition for resources 
influence the behavior of Ae. aegypti. In vitro community models 
reflecting the skin composition of highly and poorly attractive 
individuals based on attraction to An. gambiae (Verhulst et al., 2011, 
2013) were created and used to test whether and how such blends 
influence the behavior of Ae. aegypti. We also collected volatiles from 
the headspace of the in vitro community models to correlate odor 
emission with behavioral responses to the different bacterial species 
and communities.

Materials and methods

Study system

Mosquitoes
A laboratory colony of Ae. aegypti (obtained originally from New 

Caledonia, Institut Pasteur de Nouvelle Calédonie) was used in the 
experiments. The laboratory colony was maintained in cages (30 × 30 
× 30 cm) in a climate room (27°C ± 2°C, 75–85% r.h., 16L:8D) and 
reared as previously described (Verhulst et al., 2020; Ziegler et al., 
2022). In short, adult mosquitoes had continuous access to 10% 
sucrose solution and were provided with EDTA anticoagulated cow 
blood three times a week using a Hemotek feeding system. Larvae 
were provided with ground Tetramin fish food (Tetra, Blacksburg, VA, 
United States). Female Ae. Aegypti used for the bioassays were 6–11 
days old, had not received a blood meal, and had access to 10% sucrose 
solution except in the 24 h prior to the bioassay when they only had 
access to water. Behavioral experiments were carried out in a climate-
controlled room (24°C ± 3°C, 60–75% r.h.) and under artificial light 
(6,500 K).

Bacteria cultivation
Sweat medium and tryptic soy broth (TSB) medium were used to 

cultivate skin bacteria. Sweat media was prepared by adding 20.9 g L−1 
MOPS (Thermo Fisher, BP308500), 1 g L−1 yeast extract (BP1422-2), 
2 g L−1 NaCl (BP3581), 0.65  mg L−1 cod methyl ester fatty acids 
(Sigma-Aldrich, C5650-5G), 0.1 g L−1 Tween 80 (Thermo Fisher, 
BP338-500), and 7.5 g L−1 of TSB (Sigma-Aldrich, 22,092-500G) to 
purified water while stirring, and then media was autoclaved for 
15 min at 121° C. TSB was prepared by suspending 30 g in 1 L of 
purified water, followed by sterilization for 15 min at 121°C. In both 
cases, we used 1.5% of Bactor Agar (Sigma-Aldrich, 05039-500G) 
when preparing solid media.

Stocks of Staphylococcus epidermidis (Deutsche Sammlung von 
Mikroorganismen und Zellkulturen GmbH, DSMZ, Braunschweig, 
Germany; 1798; ATCC 12228), Pseudomonas aeruginosa (DSMZ 
1128), Corynebacterium minutissimum (DSMZ 20651), and 
Brevibacterium epidermidis (DSMZ 20660) were prepared according 
to the DSMZ protocol. TSB medium was used to prepare bacteria 
stocks. To determine when the stationary phase for each isolate was 
reached, we estimated bacterial growth over time. Hundred microliter 
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of bacteria stock was pipetted in 2 mL of liquid sweat media or TSB in 
the case of B. epidermidis, as this species does not grow well in liquid 
sweat media. Then, 200 μL inocula for each bacteria species was 
transferred to the wells of a sterile 96-wells plate, and absorbance 
measured using the Infinite 200 PRO (Tecan Trading AG, Switzerland). 
Measurement settings consisted of 10-min intervals with 8.5 min of 
incubation time under continuous shaking, 10 s of vigorous shaking 
and absorbance measured at 600 nm. This was performed at 37°C for 
a total experimental runtime of 48 h. The average of three technical 
replicates was used to construct the growth curves.

Monocultures of each of the bacteria species were cultured in 
liquid sweat media at 37°C, shaking at 220 rpm for 24 h, or in TSB in 
the case of B. epidermidis. For the bioassays, single species previously 
cultivated as monocultures were added to a sweat media agar plate to 
form the different human skin in vitro bacterial communities 
(Figure 1). We had six in vitro community models in total composed 
of up to four bacteria species that were tested in what we  call 
competitive and non-competitive environments. For the competitive 
models, the different bacteria species were co-cultured in a regular 
single chamber, 9 cm Petri-dish. For the non-competitive environment, 
we used Petri dishes (9 cm) with 1, 2, 3, and 4 chambers (Roth AG, 
Switzerland) and had each bacteria species grown in a separate 
chamber so that they could not consume/compete for the same 
resources, i.e., the medium. Staphylococcus epidermidis was the 
reference control grown as a single model. Double was composed of 
S. epidermidis and P. aeruginosa in 1:1 ratio; Triple was composed of 
S. epidermidis, P. aeruginosa, and C. minutissimum in 1:1:1 ratio; 
quadruple was composed of S. epidermidis, P. aeruginosa, 
C. minutissimum, and B. epidermidis in 1:1:1:1 ratio; the Highly 

Attractive (HA) community was composed of S. epidermidis, 
P. aeruginosa, C. minutissimum, and B. epidermidis in 3:3:2:8 ratio and 
the Poorly Attractive (PA) community was composed of the same four 
species but in 1:6:1:8 ratio, both HA and PA were based on the ratios 
of skin bacteria determined for individuals that were highly or poorly 
attractive to An. gambiae (Verhulst et al., 2011). A total of 300 μL of 
the bacterial inoculum was applied on sweat media agar plates and 
incubated at 37°C for 24 h prior to the bioassay.

Behavioral assays

In the behavioral assays we recorded responses of Ae. aegypti to 
the different in vitro skin bacteria community models vs. controls that 
was either the sweat medium used to grow the bacteria or an 
S. epidermidis culture. In vitro skin bacteria community models were 
tested in competitive and in non-competitive environments (Figure 1). 
We recorded the number of landings and time spent in the arena using 
the Observer TM software (Noldus, Netherlands). The set-up 
consisted of a Petri dish containing the bacterial communities and 
placed inside a cage (30 × 30 × 30 cm) on the top of a heating plate 
(36°C) (Cosori mug warmer, Arovast Corporation, United States). 
Twenty female mosquitoes were released at a time, and the number of 
landings (attraction component of the behavior observed) and time 
spent per individual (arrestment component of the behavior observed) 
in the arena (Petri dish) were recorded for 8 min. We report average 
per replicate in each case. If the same individual flew and landed again 
in the arena, we scored that as a new landing. CO2 was released at a 
rate of 260 mL min−1 through a tube that rested on top of the 

FIGURE 1

Schematic representation of the single bacteria species and of the in vitro community models used. In vitro community models were composed of up 
to 4 bacteria species, in competitive and non-competitive environments. Staphylococcus epidermidis was the reference control grown as a single 
model. Double was composed of S. epidermidis, Pseudomonas aeruginosa in a 1:1 ratio; Triple was composed of S. epidermidis, P. aeruginosa, 
Corynebacterium minutissimum in a 1:1:1 ratio; Quadruple was composed of S. epidermidis, P. aeruginosa, C. minutissimum, Brevibacterium 
epidermidis in a 1:1:1:1 ratio; Highly Attractive (HA) community was composed of S. epidermidis, P. aeruginosa, C. minutissimum, B. epidermidis in a 
3:3:2:8 ratio and the Poorly Attractive (PA) community was composed of S. epidermidis, P. aeruginosa, C. minutissimum, B. epidermidis in a 1:6:1:8 
ratio.
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BugDorm cage to imitate the human breathing rate. A Plexiglas shield 
was used to separate the observer’s odors from the set-up. Every 
experimental condition was replicated eight times.

Profiling of skin bacterial volatiles

To quantify and identify VOCs emanating from skin bacteria, 
we collected volatiles from the headspace of bacterial isolates and 
communities. Bacterial volatiles were collected for 1.5 h onto Tenax 
GR (GL Sciences, Eindhoven, Netherlands) adsorbent filters by 
pumping charcoal-purified air into the top of the glass dome at a rate 
of 400 mL min−1 and simultaneously applying a vacuum of 200 mL 
min−1 to the back of the glass thermal desorption tubes filled with 
200 mg of Tenax GR that was positioned in one of the glass dome side 
outlets. The Petri dishes containing a bacteria culture or media were 
put on Teflon plates under the glass dome. The volatile collection was 
replicated eight times for every treatment, in four experimental 
batches. Domes were cleaned with hexane and acetone 24 h before 
each collection.

Skin bacterial volatile profiles were characterized by 
gas-chromatography-mass-spectrometry with a thermodesorption 
unit (TD-GC/MS, Leco Coorporation, St. Joseph, United  States). 
VOCs were desorbed from the tubes for 10 min at 250°C and trapped 
in a liquid nitrogen cooled sorbent trap at −110°C. Compounds were 
desorbed from this trap during the secondary desorption at a heating 
rate of 40°C s−1 and kept at 280°C for 10 min, and were transferred to 
a non-polar gas-chromatography (GC) column (RXI-5ms 30 m × 0.25 
mm × 1.00 μm, GL Sciences, Eindhoven, Netherlands) in split ratio 
resulting in ¼ of the total amount. The chromatographic process was 
carried out at a flow rate of the carrier gas of 1 mL min−1. The GC oven 
temperature was programmed from 40°C (5 min hold time) to 280°C 
(8 min hold time) at 5°C min−1. The MS transfer line was set to 
280°C. The energy of the electron beam was set to 70 eV, and the 
temperature of the ion source was set to 250°C. The mass spectrometer 
scanned m/z 35–400 at a rate of 4.7 scans s−1. Helium gas was used for 
desorption and chromatographic analyses. A standard mixture of 
linear alkanes was also analyzed by GC–MS for the determination of 
the arithmetic retention index (AI) values of the VOCs. The 
concentration of each alkane in the working solution was 
approximately 10 μg mL−1. An aliquot of 1 μL of this working solution 
was added to a TD tube using a 10 μL-glass syringe. Analysis of the 
alkane mixture was performed in similar conditions than those 
described above for the samples. AI values above 800 were determined 
for all VOCs of the samples based on their retention times and those 
of the linear alkanes. GC–MS data were processed using the 
MetAlign–MSClust software pipeline (Lommen, 2009; Tikunov et al., 
2012). In brief, MetAlign corrects the baseline and eliminates the 
noise of each GC–MS output file. Subsequently, it aligns the individual 
mass peaks in all chromatograms (Lommen, 2009). MSClust then 
clusters the aligned mass peaks so that mass spectra of putative 
compounds are reconstructed (Tikunov et al., 2012). Only mass peaks 
with a retention time within 5–25 min and in the 55–400 m/z range 
were further processed. VOCs were tentatively annotated by 
comparing their mass spectra and their experimentally determined AI 
values with those of the reference Wageningen Mass Spectral Database 
of Natural Products and NIST library (National Institute of Standards 
and Technology). An individual mass peak (single ion identification) 

was selected for each putatively identified VOC, with its intensity 
across samples relating to the abundance of the compound. Only 
VOCs from the samples whose peak intensity above the background 
were accounted as bacterial headspace VOCs and further processed. 
Compounds origins were checked in the CAS database SciFinder.

Statistical analyses

For count data such as the number of landings, we  used 
generalized linear (mixed) models (GLM or GLMM) with a Poisson 
distribution and a log link function or negative binomial distribution 
with a log link function to correct for overdispersion. For continuous 
data such as time spent in the arena, we  used generalized linear 
(mixed) models with a Gamma distribution with a log link function 
if the data did not follow a normal distribution. In both cases, the 
treatment was included in the model as a fixed factor. For post hoc 
analysis, we used Bonferroni or Tukey’s post-hoc tests. Random factors 
were selected using a backwards approach; all random factors such as 
environmental variables like temperature or relative humidity were 
initially added to the model and removed if not significant (P > 0.05). 
We analyzed volatile blend composition with cluster analysis using the 
median per treatment. Data were then log transformed, and range 
scaled. Clustering was done using Euclidian distances as distance 
measure and Ward’s clustering criterion as clustering method. 
Heatmaps were produced with MetaboAnalyst 4.0 with default 
settings, except we did not use standardization.

Results

Growth curves

Cultures of S. epidermidis, P. aeruginosa, C. minutissimum, 
and B. epidermidis reached the stationary phase within 24 h 
(Supplementary Figure S1).

Single species assays

Females of Ae. aegypti landed three times more frequently on the 
S. epidermidis plate than on sweat medium alone (Figure 2, GLM, χ2 
84.541, df 1, P < 0.001). Female mosquitoes also spent nearly four 
times more time on the bacteria than on the medium (Figure 2, 
GLM, χ2 8.443, df 1, P = 0.004). There was no effect of the different 
bacteria species on the number of landings (Figure 3, GLM, χ2 8.443, 
df 3, P = 0.210). In contrast, the time female mosquitoes spent resting 
on the arena varied with the treatment (Figure 3, GLMM, χ2 15.285, 
df 3, P = 0.002). Pairwise comparisons with Tukey’s post-hoc test 
revealed that females of Ae. aegypti spent less time resting on plates 
where S. epidermidis grew than on plates with B. epidermidis 
(GLMM, P = 0.031) and C. minutissimum (GLMM, P = 0.007). 
Mosquitoes rested equally long on P. aeruginosa plates as they did 
on B. epidermidis, S. epidermidis, and on C. minutissimum plates 
(GLMM, P > 0.05).

Based on clustering analyses, the volatile blends produced by 
P. aeruginosa and C. minutissimum were the most similar to each other 
(Figure 3). The volatile profile emitted by S. epidermidis was more 
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distinct from the other bacteria species, particularly from the odor 
profile of B. epidermidis. Data suggest, for instance, that the volatile 
compounds 2,4-heptadien-1-ol and octanal were produced in larger 
amounts by S. epidermidis than by the other species. Sulcatone and 
benzaldehyde are, on average, produced in lower amounts by 
S. epidermidis when compared with the other species.

In vitro community models—competitive 
environment assays

Using four of the most abundant human skin bacterial species, 
we created in vitro community models to assess whether increased 
microbial biodiversity could reduce human attractiveness to Ae. 
aegypti females. More complex bacterial models were generally less 
attractive to female mosquitoes than the simpler models (Figure 4, 
GLMM, χ2 277.075, df 5, P < 0.001), but the composition of the 
bacterial community could increase or decrease mosquito attraction. 
For instance, female mosquitoes landed three times more often on 
S. epidermidis alone than on the triple community model (Figure 4, 
GLMM, P < 0.001). Data demonstrated that the in vitro community 
model reflecting the skin composition of a highly attractive individual 
to An. gambiae was indeed more attractive to Ae. aegypti mosquitoes 
than the community model reflecting the skin composition of a poorly 
attractive individual to An. gambiae (Figure 4, GLMM, P < 0.001). 
We did not detect differences between treatments with respect to the 
time spent resting in the arena (Figure  4, GLMM, χ2 9.636, df 5, 
P = 0.086).

Based on clustering analyses, the volatile blends produced by the 
triple and quadruple in vitro community models were the most similar 
to each other. The volatile profile emitted by S. epidermidis was more 
distinct from the other models. Blends emitted by the different in vitro 
community models showed that the more complex models had overall 
a lower emission. When comparing the volatile blends emitted by 
highly and poorly attractive individuals, the monoterpenes α-pinene 
and (E)-β-ocimene were among the compounds contributing to 
the differences.

In vitro community models—
non-competitive environment assays

The number of landings (Figure  5, GLMM, χ2 15.685, df 5, 
P = 0.008) and time spent resting in the arena of Ae. aegypti females 
(Figure 5, GLMM, χ2 43.269, df 5, P < 0.001) varied depending on the 
in vitro community model tested. Pairwise comparisons with Tukey’s 
post-hoc test show that the mosquitoes landed less often on the 
control (single S. epidermidis) than on the double (GLMM, P = 0.006), 
triple (GLMM, P = 0.032) and quadruple (GLMM, P = 0.037) in vitro 
community models. No difference was detected between the number 
of landings on plates where the in vitro community models simulated 
highly and poorly attractive individuals (GLMM, P = 1.000) when no 
competition between the bacteria was possible.

Pairwise comparisons between the different in vitro models 
showed that the mosquitoes spent more time resting on plates of the 
poorly attractive community model than on the single (GLMM, 
P < 0.001), double (GLMM, P = 0.004), and triple (GLMM, P = 0.002) 
community models. Aedes aegypti females spent less time resting on 
plates of the single in vitro community models than on the double 
(GLMM, P = 0.047) and highly attractive (GLMM, P = 0.018) 
community models. For this parameter, no difference was indicated 
between the highly and poorly attractive in vitro community model 
neither (GLMM, P = 0.842).

Discussion

We used four of the most abundant human skin bacterial species 
to create in vitro community models and to study how microbial 
biodiversity and competition among skin bacteria species may affect 
human attractiveness to mosquitoes. Our data reveal that more 
complex skin bacterial models were up to three times less attractive to 
Ae. aegypti than the simplest model. Data also suggests that an 
individual who is highly attractive to An. gambiae (Verhulst et al., 
2011, 2013) is likely to be also attractive to Ae. Aegypti given that these 
in vitro bacterial models were constructed based on the attraction rate 

FIGURE 2

Behavioral responses of Aedes aegypti to Staphylococcus epidermidis versus the sweat media used to grow the bacteria. (A) Number of landings in the 
arena by Ae. aegypti. (B) Time spent in the arena per individual (s). Behavioral data was analyzed by generalized linear model with a negative binomial 
distribution, using likelihood function and chi-square test (A) or by generalized linear model with gamma distribution using likelihood function and 
chi-square test (B). We had eight biological replicates per treatment.
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of An. gambiae. Effects on mosquito responses greatly differed when 
the different bacteria species were not co-cultured in a way that they 
could consume the same resources. This shows that competition for 
the same resources may matter. Analyses of the volatile blends emitted 
by the different in vitro community models showed that the more 
complex models had overall lower emission.

Mosquito responses to the in vitro community models in the 
so-called competitive environment showed that models with increased 

complexity were less attractive to Ae. aegypti than the single model 
with only S. epidermidis. This corresponds with previous findings 
which demonstrated that people with a higher diversity of bacteria 
were less attractive to An. gambiae than people with a lower diversity 
of skin bacteria (Verhulst et  al., 2011). Complexity alone cannot 
explain all our results as even a complex community can be poorly 
attractive as shown by the comparison of our highly attractive and 
poorly attractive models. We speculate that the distinct volatile profiles 

FIGURE 3

Behavioral responses of Aedes aegypti females to the different bacteria species and emitted volatile compounds per bacteria species (Staphylococcus 
epidermidis, Pseudomonas aeruginosa, Corynebacterium minutissimum, and Brevibacterium epidermidis). (A) Number of landings in the arena by Ae. 
aegypti. (B) Time spent resting in the arena per individual (s). (C) Dendrogram and heatmap of the different volatiles emitted by the different bacteria 
species. Volatile organic compounds appear in the order of elution. Blue shades should be read as traces or absent. Behavioral data was analyzed by 
generalized linear model with a negative binomial distribution, using likelihood function and chi-square test (A) or by generalized linear mixed model 
with gamma distribution using likelihood function and chi-square test (B). Tukey’s post-hoc test was used for pairwise comparisons at the 0.05 
significance level. Lowercase letters indicate significant differences between treatments at the 0.05 level. Outliers are represented by circles (out) and 
stars (far out). Dendrogram clustering was performed using Ward’s clustering algorithm with Euclidean distances (C). We had 8 biological replicates per 
treatment.
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and the difference in attraction between the competitive and 
non-competitive community models can be explained by competition 
or commensalism among a diverse range of bacteria species, and also 
within species (Zhang et al., 2015), which can result in the in-vitro 
community emitting a different volatile blend. Interestingly, mosquito 
responses were different when skin bacterial communities were 
presented in a non-competitive scenario. Females of Ae. aegypti 
landed more often on the double, triple and quadruple community 

models than on the control with S. epidermidis as single bacteria 
species which is the opposite of what was observed in the competitive 
scenario. Our results show that when bacteria were co-cultured in 
such a way that they were consuming the same resources, mosquito 
responses were different than from scenario where such potential for 
competition for resources was excluded. Mosquitoes were also 
arrested by odors emitted by the in-vitro communities and the time 
they spent on the arena was influenced by the bacterial community. 

FIGURE 4

Behavioral responses of Aedes aegypti females to the different in vitro community models and emitted volatile compounds by the different community 
models, in competitive environments. (A) Number of landings in the arena by Ae. aegypti. (B) Time spent in the arena per individual (s). (C) Dendrogram 
and heatmap of the different volatiles emitted by the community models with increased complexity. (D) Dendrogram and heatmap of the different 
volatiles emitted by the community models reflecting the skin bacterial composition of highly and poorly attractive individuals. Volatile organic 
compounds appear in the order of elution. Blue shades should be read as traces or absent. Staphylococcus epidermidis was the reference control grown 
as a single model. Double model was composed of S. epidermidis, Pseudomonas aeruginosa in a 1:1 ratio; Triple was composed of S. epidermidis, 
P. aeruginosa, Corynebacterium minutissimum in a 1:1:1 ratio; Quadruple was composed of S. epidermidis, P. aeruginosa, C. minutissimum, 
Brevibacterium epidermidis in a 1:1:1:1 ratio; Highly Attractive (HA) community was composed of S. epidermidis, P. aeruginosa, C. minutissimum, 
B. epidermidis in a 3:3:2:8 ratio and the Poorly Attractive community was composed of S. epidermidis, P. aeruginosa, C. minutissimum, B. epidermidis in 
a 1:6:1:8 ratio. Behavioral data was analyzed by general linear model with a negative binomial distribution, using likelihood function and chi-square test 
(A) or by generalized linear model with gamma distribution using likelihood function and chi-square test (B). Tukey’s post-hoc test was used for pairwise 
comparisons at the 0.05 significance level. Lowercase letters indicate significant differences between treatments at the 0.05 level. Outliers are 
represented by circles (out) and stars (far out). Dendrogram clustering was performed using Ward’s clustering algorithm with Euclidean distances (C,D). 
We had 8 biological replicates per treatment.
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In our opinion, such competitive models provide a more realistic view 
of what happens on the human skin, meaning that skin bacteria 
coexist with many different species in a heterogeneous environment 
(Grice and Segre, 2011; Callewaert et al., 2021). Our goal with the 
so-called non-competitive models was to infer if the different bacteria 
species were co-cultured and could consume or not the same 
resources, i.e., the media ingredients, and whether this could alter 
mosquito responses to the odor blend the community emits. 
We recognize that we did not completely prevent competition between 
the bacterial species, but we only prevented potential competition for 
the main resources (i.e., nutrients in medium) used for growth. The 
airspace between the bacteria species was shared in the 
non-competitive environment, and volatiles alone can affect the 
growth of neighboring microbial species (Tyc et al., 2015; Cordovez 
et  al., 2017; Moisan et  al., 2019). Whether via competition or 
commensalism, our data clearly demonstrates that mosquito responses 
are different in each of the two scenarios and depending on the 
microbial community composition.

Our results show that an individual who is highly attractive to 
An. gambiae is likely to be  also attractive to Ae. aegypti. This 
difference was, however, lost in the non-competitive scenario, and 
we  did not detect differences in mosquito attraction to the 
communities that mimicked the skin composition of highly and of 
poorly attractive individuals when potential competition was 
reduced. Taken together, our results suggest that microbial 
interactions on the human skin result in cues that mosquitoes use to 
find us and that these cues may be conserved in two evolutionary 
distant anthropophilic mosquitoes.

Our results showed that females of Ae. aegypti landed three times 
more frequently on the bacteria S. epidermidis than on sweat media 
alone emphasizing that this species is very attractive to Ae. aegypti. 
Our data also suggests that the highly attractive S. epidermidis is 
outcompeted, and the volatiles emitted by this species would play a 
key role in determining attraction of Ae. aegypti and An. gambiae, as 
showed in previous studies (Verhulst et al., 2011, 2013; Michalet et al., 
2019; Martinez et al., 2021; Showering et al., 2022). Co-occurrence by 
the different bacteria species influences the attraction of Ae. aegypti 
perhaps by influencing the volatile blend emitted. Indeed, in the 
present study, volatiles that were produced in larger amounts by 
S. epidermidis were detected on average in lower amounts by the other 
more complex models. Our results also showed that females of Ae. 
aegypti landed three times more frequently on the bacteria 
S. epidermidis than on sweat media we used to grow the bacteria 
emphasizing that this species on itself is very attractive to Ae. aegypti.

Ae. aegypti females landed frequently on the four single skin 
bacteria species tested, and no differences were detected in terms of 
attraction by any of the single species. Difference in attraction to 
different species of human skin bacteria have been associated with the 
mosquito species and their feeding behavior, and authors have 
considered that the more anthropophilic species would be expected 
to respond to cues specifically emitted by the human skin (Busula 
et al., 2015; Michalet et al., 2019). Our results primarily suggest that 
the human skin bacteria community needs to be considered, and that 
efficacy of candidate mosquito attractants and repellents should 
be tested against attractive cues that mimic the mosquito host and 
include human skin microbes (Menger et al., 2014).

FIGURE 5

Behavioral responses of Aedes aegypti females to the different in vitro community models and volatile compounds emitted by the different community 
models, in non-competitive environments. (A) Number of landings in the arena by Ae. aegypti. (B) Time spent in the arena per individual (s). 
Staphylococcus epidermidis was the reference control grown as a single model. Double was composed of S. epidermidis and Pseudomonas 
aeruginosa in a 1:1 ratio; Triple was composed of S. epidermidis, P. aeruginosa, and Corynebacterium minutissimum in a 1:1:1 ratio; Quadruple was 
composed of S. epidermidis, P. aeruginosa, C. minutissimum, and Brevibacterium epidermidis in a 1:1:1:1 ratio; Highly Attractive (HA) community was 
composed of S. epidermidis, P. aeruginosa, C. minutissimum, and B. epidermidis in a 3:3:2:8 ratio and the Poorly Attractive community was composed 
of S. epidermidis, P. aeruginosa, C. minutissimum, and B. epidermidis in a 1:6:1:8 ratio. Behavioral data was analyzed by generalized linear mixed model 
with a negative binomial distribution, using likelihood function and chi-square test (A) or by generalized linear mixed model with gamma distribution 
using likelihood function and chi-square test (B). Tukey’s post-hoc test was used for pairwise comparisons at the 0.05 significance level. Lowercase 
letters indicate significant differences between treatments at the 0.05 level. Outliers are represented by circles (out) and stars (far out). We had 8 
biological replicates per treatment.
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Skin bacteria affect mosquito attraction, here measured with the 
number of individuals landing on the arena, but also impact the 
mosquito’s decision whether to remain on the attractive source that 
mimics a human host, here measured as time spent in the arena. Landing 
assays with single skin bacteria species also showed that Ae. aegypti were 
arrested, i.e., spent more time on the surface of S. epidermidis plates than 
on plates with C. minutissimum or P. aeruginosa. Volatile blends emitted 
by these bacteria showed that C. minutissimum and P. aeruginosa were 
most similar, in line with the behavioral responses by the mosquitoes. 
Sulcatone and benzaldehyde are produced in higher amounts by 
C. minutissimum and P. aeruginosa than by S. epidermidis, making them 
candidates to be tested as repellents because those bacterial species are 
most abundance on the skin of poorly attractive individuals (Verhulst 
et al., 2011). Indeed, sulcatone, or 6-methyl-5-hepten-2-one, can repel An. 
gambiae (Logan et al., 2008; Menger et al., 2014), Culex quinquefasciatus 
(Logan et al., 2010), and Ae. aegypti (Logan et al., 2008, 2010) whereas it 
seems to be  attractive to Cx. pipiens pallens (Tian et  al., 2018) and 
increased the number of Ae. aegypti mosquitoes caught in a trap 
(Tchouassi et al., 2019). Interestingly, the sulcatone-responsive odorant 
receptor, Or4, has been linked to the evolution of anthropophily in Ae. 
aegypti mosquitoes, although the addition of sulcatone alone to 
non-preferred guinea-pig odor did not increase its attractiveness to Ae. 
aegypti mosquitoes (McBride et al., 2014). Understanding how sulcatone 
levels alter mosquito attraction to humans warrants further exploration.

Using four of the most abundant human skin bacterial species, 
we successfully created in vitro community models, and our results 
suggest that both microbial biodiversity and potential competition 
or commensalism between species play a role in determining 
human attractiveness to mosquitoes. We suggest that higher skin 
microbial diversity can reduce mosquito attraction to humans; our 
data reveals that the more complex in vitro community models were 
up to three times less attractive to Ae. aegypti than the single species 
model. We argue that by enhancing the relative abundance of such 
a skin bacterial species on the human skin we could render such 
individuals less attractive to mosquitoes. Thus, altering the relative 
composition of human skin microbial commensals likely would 
reduce mosquito attractiveness to humans. In our view, the main 
advantage of a probiotic (a topic product based on microbes) is that 
the odors produced by such bacteria will be continuously produced, 
offering relatively longer protection to the individual, whereas all 
the currently available repellents evaporate within hours, requiring 
frequent reapplication. Such skin bacteria could be  potentially 
incorporated in to traps but methodology would need to 
be developed to secure that media remains moist, while volatiles 
can still be  released. VOCs produced by bacteria and that are 
important in determining mosquito attraction could 
be incorporated into synthetic blends that are used in traps. The 
outlook of our study is to temporarily alter the skin microbial 
community to lower the emission of attractive odors emanating 
from the host. In addition, it is important to consider that some 
bacteria may produce natural repellents and increasing their relative 
abundance on human skin would further reduce mosquito 
attraction to humans. Furthermore, the use of skin bacterial models 
may reduce the use of human and animal subjects. For example, the 
efficacy of candidate mosquito repellents could be tested against the 
background of an attractive source like our community models that 
mimic the mosquito host. In addition, the models may be used to 
further understand the attraction of insect vectors to their host and 

to develop skin probiotics that can lower a person’s attractiveness to 
insect vectors.
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