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Abstract
Vector-borne diseases are among the greatest causes of human suffering globally. Several studies have linked climate change 
and increasing temperature with rises in vector abundance, and in the incidence and geographical distribution of diseases. 
The microbiome of vectors can have profound effects on how efficiently a vector sustains pathogen development and trans-
mission. Growing evidence indicates that the composition of vectors’ gut microbiome might change with shifts in tempera-
ture. Nonetheless, due to a lack of studies on vector microbiome turnover under a changing climate, the consequences for 
vector-borne disease incidence are still unknown. Here, we argue that climate change effects on vector competence are still 
poorly understood and the expected increase in vector-borne disease transmission might not follow a relationship as simple 
and straightforward as past research has suggested. Furthermore, we pose questions that are yet to be answered to enhance 
our current understanding of the effect of climate change on vector microbiomes, competence, and, ultimately, vector-borne 
diseases transmission.
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Introduction

Vector-borne pathogens cause some of the most prevalent 
and deadly human (World Health Organization, WHO 2014, 
2020) and wildlife diseases (Perkins 2001; Marzal 2012; 
Tomé et al. 2019). For instance, malaria alone is respon-
sible for up to 400 thousand human deaths yearly (WHO 
2020). Due to the high human and conservation burden 
imposed by vector-borne pathogens, those pathogens have 
been the focus of studies in several distinct areas of science 
(e.g., immunology, pathology, and ecology) for decades. In 
the twenty-first century, research has aimed to predict how 
global change (i.e., contemporary environmental/climatic 

modification due to anthropogenic effects), focusing mostly 
on increasing temperature, will affect transmission dynamics 
of pathogens borne by vectors (Atkinson and LaPointe 2009; 
Garamszegi 2011; Loiseau et al. 2013; Rocklöv and Dubrow 
2020). Indeed, the human and wildlife burden associated 
with these pathogens is forecasted to increase in intensity 
and distribution due to the effects of global warming on 
the abundance and distribution of arthropod vectors (e.g., 
mosquitoes and ticks) (Kelly-Hope et al. 2009; Garamszegi 
2011; Pérez-Rodríguez et al. 2014; Li et al. 2021; Gray and 
Ogden 2021). However, researchers have often ignored 
important biological traits associated with infection, such 
as the optimum temperature for parasite development and, 
more recently, the emerging recognition that ambient tem-
perature affects the composition of vector microbiome (the 
microbial community living within vectors) (Mouton et al. 
2006; Moghadam et al. 2018; Onyango et al. 2020). Here, 
we assess how such neglected traits might shape vector-
borne disease transmission in a world of changing climate, 
focusing mostly on mosquito-borne pathogens.

The microbiome (including bacteria, archaea, viruses, 
and protozoa) can deeply modify an organism’ health and, 
hence, the outcomes or odds of infection in both hosts and 
vectors (Grice and Segre 2012; Johnson 2015; Ippolito 
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et al. 2018; McLoughlin et al. 2021; Pimentel et al. 2021; 
Videvall et al. 2021). Many studies have evaluated the 
role of the gut microbiome in modulating general health 
and fitness, behavior, and immune response to patho-
gens (Ezenwa et al. 2012; Salem et al. 2018; Zeevi et al. 
2019; Durack and Lynch 2019; Manor et al. 2020). The 
presence of certain microbes (e.g., Wolbachia) seems to 
have profound effects on a vector’s ability to sustain the 
development of pathogens and their transmission (i.e., 
vector competence) (Weiss and Aksoy 2011; Johnson 
2015; Pimentel et al. 2021; Cansado-Utrilla et al. 2021). 
This provides evidence that at least some components of 
a vector’s microbiome can influence its ability to trans-
mit diseases. Since vector-borne diseases represent one 
of the main human burdens worldwide, several research-
ers have attempted to develop vector strains resistant to 
pathogen development as a tool to prevent human infec-
tion (Iturbe‐Ormaetxe et al. 2011; Caragata et al. 2021). 
Nonetheless, since vectors are ectothermic organisms 
and, as a result, their microbiome is subject to climatic/
environmental changes, here we speculate on whether the 
environmental disruptions associated with global change 
could (i) affect the microbiome of vectors (Fig. 1A), and, 
mostly importantly, (ii) whether this altered microbiome 
can modulate the future dynamics of vector-borne patho-
gen transmission (Fig. 1B).

Can global change affect the microbiome 
of vectors?

The increasing emissions of carbon dioxide in the atmos-
phere shall raise global temperature by 2 to 4° by 2100 
(IPCC 2021). This rise in temperature will not be uniform 
throughout the globe and is expected to be particularly high 
in the continental areas of the North hemisphere (IPCC 
2021). Previous studies have indicated that temperature can 
affect the microbiome composition of various organisms 
(Lokmer and Mathias Wegner 2015; Moghadam et al. 2018; 
Huus and Ley 2021), while other anthropogenic changes can 
also alter microbiome communities. For instance, urbaniza-
tion has recently been associated with an increase in infec-
tious air microbes (Li et al. 2019) whereas pesticides are 
known to modify soil microbial composition (Bond-Lam-
berty et al. 2016). Pesticide use could modify insect gut 
microbiomes by increasing selection pressure for insects that 
harbor microbes that provide resistance to chemicals (e.g., 
phenolic glycoside oleuropein and pinene) (Gressel 2018). 
Therefore, mosquito microbiomes might be subject to mul-
tiple environmental factors associated with global change.

Anthropogenic landscape changes that lead to shifts in 
environmental microbiome could directly affect mosquito 
microbiome composition as mosquito microbiome often 
comes from their aquatic larval habitats (Guégan et  al. 

Fig. 1   Forecasted scenarios for microbiome turnover and vec-
tor competence associated with global change. A Representation of 
presumed microbiome turnover resulting from modification from 
current to future environmental conditions. B Illustration of princi-
pal coordinates analysis comparing the composition of vector gut 
microbiome between present-day vectors and vectors subject to future 

environmental conditions. C Two possible scenarios of changes in 
vector competence (e.g., increase or decrease) associated with vari-
ation in microbiome composition linked to environmental conditions 
explained by the first axis of the principal coordinate analyses (i.e., 
the axis that explains most of the variation observed in the data)
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2018b). Water pollution can alter the environmental micro-
biome (Chen et al. 2019), which could, as a result, modulate 
insect microbiomes. At the same time, quantitative differ-
ences in environmental resources and exposure to insecti-
cides result in distinct bacterial microbiome composition in 
mosquitoes (Guégan et al. 2018b; Oke et al. 2022). Another 
major environmental change that is predicted to impact wild-
life and vector-borne infectious diseases in the next decades 
is habitat loss (Sehgal 2010; Betts et al. 2019; Bernardo-
Cravo et al. 2020). This stressor also induces significant 
reductions in microbiome biodiversity and modifies general 
microbial composition (Kiesewetter and Afkhami 2021). 
Global warming will increase drought in several regions of 
the world and, as a result, will constrain the suitable habi-
tat for all vector life stages (i.e., larvae, pupae, and adults) 
(Caminade et al. 2019). Changes in landscape associated 
with anthropogenic global change may also disrupt mosquito 
microbiomes, and consequently the putative outcomes of 
microbial compositional changes on mosquito development, 
life history, and vectorial competence.

The most notorious environmental change associated with 
global change is increasing temperature. Vectors, their sym-
biotic microbes, and pathogen development all have their 
particular temperature optimum (Beier 1998; Mestre et al. 
2020; Bellone and Failloux 2020). As a result, since vectors 
are ectothermic organisms and their microbes experience 
external temperature conditions, the forecasted environ-
mental warming may impact vector microbiome composi-
tion due to differences in the tolerance or ability of distinct 
microbes to develop in higher temperatures. Indeed, remark-
able differences in microbiome composition were found 
among oysters subject to distinct temperature conditions, 
demonstrating that changing temperature can drive sym-
biont composition in ectothermic organisms (Lokmer and 
Mathias Wegner 2015; Scanes et al. 2021). Moghadam et al. 
(2018) observed that flies subject to low temperature during 
their development were most cold-tolerant and harbored the 
highest abundance of Wolbachia, whereas flies that devel-
oped at high temperatures harbored the greatest abundance 
of Acetobacter and were the most resistant to heat. These 
results indicate that different microbiome composition in 
flies might confer tolerance to the distinct temperature range 
to which the insects were exposed (Moghadam et al. 2018), 
suggesting shifts in insect microbiomes could help them 
tolerate distinct environmental conditions. However, com-
paring the microbiomes of flies naturally found at different 
temperatures is only correlative evidence, and more direct 
experimental tests would help establish the link between the 
heat tolerance of vectors and shifts in their microbial com-
munities. Increasing temperature also changes the environ-
mental microbial composition (Bond-Lamberty et al. 2016; 
Onyango et al. 2020), modifying the microbial community 
to which vectors are exposed during their development and, 

ultimately, potentially driving the composition of vector 
microbiomes. Overall, global change has a clear potential 
to modify the vector’s microbiome. In the next section, we 
discuss the potential outcomes of changes in vector micro-
biomes for vector-borne pathogen transmission.

Microbiome effects on vector competence

Gut microbiome of mosquitoes can modulate their vec-
tor competence for several distinct pathogens (Weiss and 
Aksoy 2011; van den Hurk et al. 2012; Dennison et al. 
2014; Johnson 2015; Feng et al. 2022). Distinct taxa of 
microbes can suppress or facilitate pathogen development. 
For instance, while most strains of Wolbachia prevent 
pathogenic human viruses from successfully replicating 
within their mosquito vectors, some strains enhance viral 
transmission (Johnson 2015). At the same time, the extent 
of pathogen suppression is neither constant nor predictable, 
depending on the particular strain of the symbiotic Wol-
bachia, the mode and titer of infection, and the particular 
strains of chikungunya and yellow fever viruses (van den 
Hurk et al. 2012). For this reason, many researchers have 
investigated the outcomes of multiple pathogen–Wolbachia 
strain combinations (van den Hurk et al. 2012; Johnson 
2015; Pimentel et al. 2021; Caragata et al. 2021). Symbi-
otic microbes within the vector can suppress pathogens by 
competition or by remodeling the vector environment. For 
example, Wolbachia strains can compete with pathogens 
for host resources and/or increase reactive oxygen concen-
trations within their vectors (Johnson 2015; Manokaran 
et al. 2020). On the other hand, certain microbes (e.g., 
Enterobacteriaceae) can enhance pathogen transmission 
by weakening the vector’s immune defenses or disrupting 
transmission barriers (e.g., salivary glands) (Vaughan and 
Turell 1996; Gao et al. 2020).

Currently, most research focuses on microbes that 
have the potential to reduce transmission of pathogens to 
human populations. In this context, the best-studied group 
are Wolbachia bacteria not only due to their known effect 
of reducing viral replication in Aedes aegypti but also 
due to the bacteria’s ability to be vertically transmitted 
(Johnson 2015; Caragata et al. 2021). This ability induces 
not only a decrease in pathogen transmission within an 
infected mosquito, but it can also reduce vector abundance 
in nature due to reduced production of viable offspring 
through cytoplasmic incompatibility (i.e., incompatibility 
between infected and non-infected gametes) (Lambrechts 
et al. 2015). This happens because infected mosquitoes 
can only successfully generate offspring if they mate with 
other infected individuals carrying a similar or compat-
ible Wolbachia strain (Caragata et al. 2021). Nonetheless, 
other microbes can also constrain pathogen transmission. 
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For instance, Anopheles mosquitoes infected with a 
specific microsporidian (microsporidia MB) present 
significantly lower Plasmodium falciparum loads and 
reproductive success than mosquitoes not harboring the 
microsporidian (Herren et al. 2020). Additionally, the 
gut bacteria Pseudomonas alcaligenes seem to prevent 
Plasmodium infections in Anopheles by catabolizing tryp-
tophan (Feng et al. 2022). However, distinct pathogens 
are unevenly affected by the same microbial taxa: for 
example, the bacterium Serratia marcescens can inhibit 
Plasmodium berghei development in Anopheles, but this 
same bacterium intensifies dengue virus transmission in 
A. aegypti Rockefeller strain (Wu et al. 2019; Gao et al. 
2020). This fact illustrates how the effect of microbes on 
vector-borne pathogen control depends primarily on indi-
vidual pathogen characteristics; consequently, different 
pathogen strains should react differently to microbiome 
shifts associated with climate change.

There are a few known examples of pathogen facili-
tation mediated by other microbes. For example, Tryp-
anosoma-infected triatomine bugs carry higher loads of 
Enterobacterales and Petrimona sp. than non-infected 
individuals (Mann et al. 2020), indicating either that 
the presence of these bacteria facilitates infection or 
that Trypanosoma infection promotes increases in both 
bacterial populations. On the other hand, Eberhard 
et al. (2022) demonstrated that Trypanosoma parasites 
diminished the abundance of triatomine gut microbes 
(i.e., bacteria, fungi, and viruses) post-infection. These 
studies suggest that the composition of the triatomine 
gut microbiome can shape the transmission of Chagas 
disease. Furthermore, a prior Plasmodium infection 
seems to improve the development of a new malaria 
parasite in mosquitoes without constraining the first 
infection or mosquito survival (Pollitt et  al. 2015). 
Therefore, Plasmodium development could have the 
potential to facilitate secondary malaria infections 
among mosquitoes. Similarly, Wang et  al. (2021) 
showed that the commensal bacteria Asaia facilitate 
Plasmodium development by increasing the vector’s 
midgut pH. As discussed previously, global change has 
the potential to change vector microbiomes, indirectly 
modulating pathogen development and subsequent 
transmission. Moreover, the microbiome could also 
drive pathogen transmission through effects on the vec-
tors’ reproductive success. For instance, Amblyomma 
ticks exposed to treatment against their microbiome 
presented reduced larval survival and fewer hatched 
eggs (Narasimhan and Fikrig 2015). However, our cur-
rent understanding of symbiotic microbial tolerance to 
warming, their interaction with pathogens, and the pos-
sible outcome for vectorial competence is still very 
limited. For this reason, the effects of global change on 

vector microbiomes and microbiome-mediated patho-
gen suppression/facilitation must become an urgent 
topic of research.

Will global change affect vector 
competence?

Environmental modifications associated with global 
change could shape the composition and diversity of vec-
tor microbiomes, and also the latter’s effects in block-
ing the development of pathogens (Weiss and Aksoy 
2011; Murdock et al. 2015). High temperatures (28 °C 
and above) improve the ability of Wolbachia to reduce 
Plasmodium oocyst burden, whereas at medium tempera-
tures (24 °C), the bacteria enhanced the reproduction of 
Plasmodium oocyst within mosquitoes (Murdock et al. 
2015). This fact suggests that human malaria prevention 
strategies using Wolbachia-infected mosquitoes might 
have negative or positive effects on human burden around 
the globe depending on local temperature conditions, by 
either increasing or preventing Plasmodium transmission. 
Nonetheless, global warming might expand the range of 
localities where this disease control strategy could be 
applied. Global warming can also affect the abundance 
and diversity of mosquito gut microbes (Mouton et al. 
2006; Guégan et al. 2018a). Mosquitoes carrying higher 
abundance and diversity of microbes in their guts might 
be more resistant to pathogen infections and less com-
petent vectors due to the immune modulation elicited by 
their symbiotic bacterial fauna (Francino 2016; Strand 
2017; Raymann and Moran 2018). Therefore, global 
warming might lead to reduced vector competence in 
regions subject to high average temperatures (> 26–28 °C) 
(Murdock et al. 2012).

Interestingly, temperature directly modulates the 
mosquito immune system (Murdock et al. 2012). This 
immune modulation alters the mosquito’s immune 
response in different ways; lower temperatures (18 °C) 
were associated with the highest rates of melanization, 
phagocytosis, and expression of antimicrobial peptide 
defenses, suggesting that mosquitoes might become 
more susceptible to pathogens in the future (Murdock 
et al. 2012). Most importantly, vector competence might 
not correlate indefinitely with environmental tempera-
ture due to temperature constraints for the pathogen 
itself. Paaijmans et al. (2012) have shown that the inci-
dence of malaria parasites in the salivary glands of mos-
quitoes is highest at 22 °C (50% of mosquitoes) while 
at 26  °C, only 10% of mosquitoes carry parasites in 
their salivary glands. This fact reinforces the idea that 
vector-borne pathogen transmission should not rise lin-
early following increases in global temperature. Global 
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change ought to select for a heat tolerant microbiome 
in vectors and other ectothermic organisms (Onyango 
et al. 2020), which may (or not) result in a higher patho-
gen abundance. To confirm this prediction, new studies 
must focus on how important vector-borne pathogens 
(e.g., Plasmodium, Leishmania, and dengue and yel-
low fever viruses) react to increasing heat in order to 
predict which pathogens could emerge as future threats 
to human populations.

In summary, we argue that there are still several gaps 
in our current knowledge that limit any attempt to fore-
cast the effects of global change on vector competence 
and, as a result, vector-borne disease transmission. Here, 
we argue the outcomes of global change for pathogen 
transmission must be treated individually since each spe-
cific pathogen strain will be distinctively impacted by 
global warming and the associated changes to its vector’s 
microbiomes. This is the outcome of the uneven inter-
actions between temperature, pathogens, and particular 
microbes. For example, Serratia marcescens facilitates 
Plasmodium development while inhibiting dengue virus 
transmission. Likewise, Wolbachia can either enhance 
or suppress the establishment of malaria parasites within 
Anopheles mosquitoes depending on the external tem-
perature. For this reason, experimental research should 
be conducted to clarify the effects of temperature and 
anthropogenic landscape changes on vector microbiome 
composition and its implication for multiple human and 
wildlife pathogens. Future research should also aim to 
uncover the mechanisms that confer to some microbes 
the ability of blocking or enhancing vector competence. 
This information should further be embodied by new 
eco-epidemiological models to enhance the predictive 
quality models of disease spread and outbreaks (Wells 
and Flynn 2022). Lastly, we conclude that our current 
understanding of the dynamics of global change and vec-
tor microbiome and competence is too deficient to enable 
predictions of how environmental and climate changes 
will impact the incidence and dynamics of vector-borne 
diseases.
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