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A B S T R A C T

Characterization of the temperature effects on the abundance and richness of the microbiota of Lutzomyia 
longipalpis, insect vector of Leishmania infantum in America, is an aspect of pivotal importance to understand the 
interactions between temperature, bacteria, and Leishmania infection. We developed and used a customized 
device with a temperature gradient (21–34 ◦C) to assess the temperature preferences of wild females of Lu. 
longipalpis collected in a rural area (Ricaurte, Cundinamarca, Colombia). Each replicate consisted of 50 females 
exposed to the gradient for an hour. At the end of the exposure time, insects were collected and separated by the 
temperature ranges selected varying from 21 ◦C to 34 ◦C. They were organized in 17 pools from which total DNA 
extracts were obtained, and samples were subjected to 16S rRNA amplicon sequencing analyzes. The most 
abundant phyla across the different temperature ranges were Proteobacteria (17.22–90.73 %), Firmicutes 
(5.99–77.21 %) and Actinobacteria (1.56–59.85 %). Results also showed an abundance (30 % to 57.36 %) of 
Pseudomonas (mainly at temperatures of 21–29 ◦C and 34 ◦C) that decreased to 6.55 %-13.20 % at temperatures 
of 31–33 ◦C, while Bacillus increase its abundance to 67.24 % at 29–33 ◦C. Serratia also had a greater repre
sentation (49.79 %), specifically in sand flies recovered at 25–27 ◦C. No significant differences were found at 
α-diversity level when comparing richness using the Shannon-Wiener, Simpson, and Chao1 indices, while β-di
versity differences were found using the Bray-Curtis index (F-value of 3.5073, p-value < 0.013, R-squared of 
0,4889), especially in the groups of Lu. longipalpis associated at higher temperatures (29–33 ◦C). It was also 
possible to detect the presence of endosymbionts such as Spiroplasma and Arsenophonus in the range of 29–33 ◦C. 
Rickettsia was only detected in Lu. longipalpis sand flies recovered between 25–27 ◦C. It was possible to char
acterize Lu. longipalpis microbiota in response to intraspecific temperature preferences and observe changes in 
bacterial communities and endosymbionts at different ranges of said environmental variable, which may be 
important in its vector competence and environmental plasticity to adapt to new climate change scenarios.

1. Introduction

Leishmaniasis is a group of disease forms caused by a diversity of 
parasites of the genus Leishmania that are transmitted by the bite of 
infected female sand flies of the subfamily Phlebotominae. Leishmani
asis epidemiology is influenced by characteristics of the parasite species 
and the sand fly vector, and also by the socioeconomic conditions of the 
population under exposure, such as poverty. In addition, the ecological 

characteristics and climatic conditions, current exacerbating changes as 
strong alterations in land use, human migration patterns, accelerated 
deforestation, and temperature variability, are quite important factors 
for its spreading [1–3]. In the year 2023, the total number of leish
maniasis cases in Colombia was 4162, where the calculated incidence 
was of 42.89 and 0.85 cases per 100,000 inhabitants for cutaneous and 
mucocutaneous leishmaniasis, respectively, while peasants and mem
bers of the military were the most affected population groups [4,5]. 
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Additionally, two species of phlebotomine sand flies, Pintomyia evansi 
and Lutzomyia longipalpis, have been reported in the country to be 
naturally infected with Leishmania infantum, a parasite associated with 
visceral leishmaniasis [6].

Lutzomyia longipalpis is a species complex [7] that is distributed in the 
Americas, from Mexico to Argentina, in arid and semi-arid areas, trop
ical dry forests, and very humid environments such as the Amazon River 
drainage, and is considered the main vector of L. infantum in the region 
[8,9]. As prevention and control strategies for this vector, and in general 
for phlebotomine sand flies, the World Health Organization recom
mends the use of protective clothing, repellents, insecticide-treated nets, 
control of reservoir hosts, collaboration among the stakeholders, and 
education of the community, while the implementation of such strate
gies in Colombia also include community education in the risk areas and 
community-based surveillance [4,10] as there are still no vaccines 
against leishmaniasis that are effective in humans [11].

Environmental impacts caused by climate change influence the dis
tribution and survival of sand flies [12], and climate change can have a 
significant effect on the development of parasite promastigotes [13] 
which favors their transmission in new territories [10]. Temperature is a 
key factor for the extrinsic incubation period (EIP) required for parasites 
to develop within the vector, and in other insects, a simulation study by 
Kamiya et al. [14] suggests that dengue vectors with short EIPs enjoy a 
fitness advantage through increased incubation success even outside the 
expected temperature range of dengue transmission.

However, the relationship between temperature, parasites, and in
sect vectors is more complex, as insect microbiota also plays a role in the 
defense mechanisms against pathogens, affecting the vectorial capacity 
of insects. For example, there is a reduction in the number of Lu. long
ipalpis females infected with Leishmania mexicana when they are fed a 
sugar meal containing microorganisms isolated from the midgut [15].

Endosymbiont bacteria have the potential to modify temperature 
preferences in insects as observed for Drosophila melanogaster infected 
with various strains of Wolbachia [16,17] that may in turn influence the 
distribution of insects in a climate change scenario. Moghadam et al. 
[18] have shown that the developmental temperature had a significant 
influence on the richness of the microbiota in D. melanogaster subjected 
to low (13 ◦C) and high (23 ◦C and 31 ◦C) developmental temperatures. 
Onyango et al. [19] revealed a significant dissimilarity in mid-gut 
microbiome in Aedes aegypti mosquitoes reared at high (32 ◦C day/28 
◦C night) and low (30 ◦C day/26 ◦C night) diurnal temperature regimes, 
with an enrichment of Bacillus subtilis, Acidovorax citrulli and Pseudo
monas aeruginosa associated with increase in temperature.

Studies on the effect of temperature in Lu. longipalpis have focused on 
the growth and longevity [20], and daily activity rhythms [21] in lab
oratory reared colonies suggest an optimum development for this spe
cies between 20–28 ◦C [20]. Martins et al., [22] also explored the 
interaction of Lu. longipalpis among temperature and the gene expression 
of heat shock proteins, blood ingestion, and infection across a thermal 
gradient (18–30 ◦C). The authors have suggested that the behavior of Lu. 
longipalpis is modulated to avoid temperature induced physiological 
damage during the gonotrophic cycle [22].

There are also studies depicting the microbiota associated with this 
sand fly species, specifically Pseudomonadaceae, Enterobacteriaceae and 
Acetobacteraceae [23,24]. Moreover, the diversity of bacterial genera 
encompasses from Acinetobacter, Burkholderia, Pseudomonas, Entero
bacter, Klebsiella, Serratia, Pantoea to some endosymionts [25]. However, 
to the best of our knowledge there are no studies describing the rela
tionship between temperature and Lu. longipalpis microbiota, and dy
namics under fluctuations in ambient temperature, especially the 
microclimatic changes they undergo under natural conditions.

Studies on temperature variability, microbiomes and vectors are 
important in the current context. For example, the “tropicalization” of 
the climate in temperate regions promotes the emergence of Vector- 
borne diseases (VBDs) in areas previously unfavorable for them [26]. 
Climate variations and extreme events have profound impacts on 

infectious diseases. Infectious agents (protozoa, bacteria and viruses) 
and their associated vectors (as sand flies), lack thermostatic mecha
nisms and reproduction and survival rates are strongly influenced by 
variations in temperature [27].

Viewing the realistic temperature fluctuations in nature, those 
studies relying solely on a constant temperature may reflect inconsistent 
effects on the midgut microbiome. This gap in knowledge is highly 
important given the well documented role of the midgut microbiome in 
vectorial capacity. Therefore, we aimed to characterize the composition 
and structure of the bacterial microbiome in wild specimens of Lu. 
longipalpis associated with the temperature preferences of the sand flies 
using a custom device equipped with a temperature gradient and 16S 
rRNA amplicon sequencing profiling.

2. Materials and methods

2.1. Collection of samples

Lu. longipalpis used in the experiments were collected from the mu
nicipality of Ricaurte, Department of Cundinamarca, Colombia, during 
2020–2021 using Shannon and CDC light traps at periods of high pre
cipitation. The site is located in a rural area of the Andean region, at 248 
m above sea level, with an average annual temperature of 27.0–29.9 ◦C, 
relative humidity of 70–75 %, and annual precipitation of 1321 to 1889 
mm [28]. Identification of the sand flies was conducted using taxonomic 
keys [29].

2.2. Temperature preference assay

To investigate the associations of the bacterial microbiome and Lu. 
longipalpis under an environment with a dynamic temperature, we used 
a linear thermal gradient apparatus (Fig. 1, MB- Thermocline-type de
vice) designed and elaborated by the MICROBIOP research group of the 
Universidad Nacional de Colombia, at Medellín [30]. The device is 
similar to other devices used to perform temperature preference assays 
mostly in Drosophila spp. [31].

An acrylic sheet was used to manufacture the lid and divisions within 
the prototype. The divisions were manufactured to partially restrict the 
passage of insects and thus ensure greater control over them. On the 
outside, ten digital temperature sensors were placed in pairs at 16.6 cm 
apart from each other and connected to a microcontroller to obtain real- 
time temperature readings (21–34 ◦C) using the Arduino software. It is 
worth noting that initially the temperature range was set from 18 ◦C to 
36 ◦C, considering the lowest and highest temperatures in the different 
localities in Colombia where phlebotomine sand flies inhabit. However, 
we observed that temperature in the device was not stable at the two 
extremes of this range, and stability was only achieved when set from 21 
◦C to 34 ◦C.

Using an entomological aspirator, female Lu. longipalpis were intro
duced inside the device after detecting via the Arduino software stabi
lization of the temperature gradient throughout the channel. 
Temperature preferences of the sand flies were already seen after 1 h of 
exposure as sand fly movement between compartments with different 
temperature ranges was reduced when compared to the first minutes of 
the assay. After 1 h, the sand flies were anesthetized with ethyl acetate 
(99.8 %) vapor. Sand flies were sorted according to the temperature 
range in which the cadavers were found, then the whole bodies were 
recovered for DNA extraction, and conserved at -20 ◦C. Each replicate 
consisted of 50 females (800 females in total). All the specimens used for 
temperature exposure were female adults with different feeding statuses 
and unknown states of infection with Leishmania parasites given the 
nature of the field collection.

2.3. DNA extraction

A total of two or three pools per temperature range were processed 
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for total genomic DNA isolation from whole sand flies (Table 1). 
Genomic DNA was isolated using Quick-DNA Tissue/Insect Miniprep Kit 
(Zymo Research, Irvine, CA, USA) and the concentration and quality 
(A260/A280 ratio) of each sample were measured using the Nano
photometer N60 (Implen GmbH, München, Germany).

2.4. NGS library preparation and sequencing of the DNA samples of Lu. 
longipalpis

The PCR amplification feasibility of the bacterial DNA extracted from 
all samples was initially assessed using the primer set 27F (5′-AGA GTT 
TGA TCC TGG CTC AG-3′) and 1492R (5′-GGT TAC CTT GTT ACG ACT T- 
3′) and PCR conditions detailed in Espejo et al. [32]. A Biometra ther
mocycler (Analytik Jena, Jena, Germany) was used and the visualization 
of the resulting amplicons was achieved through an agarose gel elec
trophoresis at 1.2 % at 80 V for 45 min.

PCR amplicons using total DNA extracts as an initial template were 
generated utilizing PrimeStar HS DNA Polymerase (Takara, Kusatsu, 
Japan) cocktail mix with the primers 515F and 806R targeting the 

hypervariable region V4 of the 16S rRNA gene [33] in accordance with 
the instructions given by the manufacturer [34]. An initial step of 5 min 
at 95 ◦C was followed by 20 cycles of denaturation at 98 ◦C for 10 s, 
annealing at 50 ◦C for 15 s, and extension at 72 ◦C for 45 s, and a final 
step at 4 ◦C until further processing.

From these reactions, 1 µl was added to new PCR cocktail mixes, each 
sample including a matching and overlapping primer with two unique 
indices and Illumina adapters [35], and the PCR was then run for 10 
cycles at the same temperature and timing as the previous round. 
Agarose gel electrophoresis was used to determine whether PCR prod
ucts of the predicted size were present. Using the SequalPrep Normali
zation Plate (Thermo Fisher Scientific, Santa Clara, CA, USA), the 
amplified products were purified, normalized, and pooled before being 
subjected to 250 bp paired-end Illumina MiSeq (Illumina Inc., San 
Diego, CA, USA) sequencing. The 16S ribosomal DNA sequencing based 
on DNA isolated from whole sand fly bodies allowed identification of the 
entire bacterial microbiome without distinguishing midgut from surface 
microbiota.

DADA2 package (1.18) [36] was used to assemble datasets for each 

Fig. 1. Design and validation of the temperature gradient device. A: Temperature gradient device sketch and temperature ranges in each compartment of the 
apparatus. Letters C, M, and H describe the cold, medium, and high temperature compartments in the gradient, respectively. B: Structure and components of the 
device with temperature gradient. C: Assessment of temperature preferences in Lu. longipalpis. D: Number of real-time temperature readings (as counts) that were 
obtained from the Arduino software during the experiment.
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amplicon, with trimmed reads based on quality, cuts of baseline noise 
due to primer sequences, and deletion of potentially chimeric sequences 
to be able to identify counts of each unique amplicon sequence variant 
(ASV) across all samples, and their classification was obtained using the 
RDP Naive Bayesian Classifier and Silva database (version 138.1) 
(Supplementary Table S1).

2.5. Statistical analysis

The online program MicrobiomeAnalyst (www.microbiomeanalyst. 
ca) was used to produce graphics representing abundances, box-and- 
whiskers plots of α-diversity including Shannon, Chao1, and Simpson 
indices using an analysis of variance (ANOVA) throughout the data set 
resulting from the temperature gradient device assays. Univariate Mann- 
Whitney tests were performed to find significant ASV abundance dif
ferences. Box-plots for visualization were generated using both the 
original and log-transformed data. PERMANOVA was used to assess 
differences in β-diversity using the Bray-Curtis dissimilarity distance. 
The latter distance measure was also used to perform principal co
ordinates analysis (PCoA) filtered as ASVs at the genus level and with 4 
temperature categories (21–23 ◦C; 23–29 ◦C; 29–33 ◦C; and 34 ◦C), 
defined by the temperature preferences of sand flies within the device, 
and the significantly different groups were detected using Tukeyʼs HSD 
test. Non-metric multidimensional scaling (NMDS) plot was also ob
tained with MicrobiomeAnalyst using the Bray-Curtis index. The di
versity was also assessed through a hierarchical cluster analysis using 
the algorithm of Ward and Bray-Curtis index, a heatmap with Pearsonʼs 
correlation coefficient for distance measures and the clustering algo
rithm of Ward, all with the same software [37]. In all cases the P-value 
cut-off was of 0.05.

The Random Forest classification algorithm along with the mean 
decrease in accuracy plot were used to uncover significant relationships 
between bacterial taxa and temperature, using the MicrobiomeAnalyst 
program, and taxa were organized in descending order of importance 
according to the strength of association, considering that the genus with 
the highest mean decrease in accuracy has the greatest association with 
the given classification, in this case, temperature range category.

3. Results

3.1. Relative abundance of bacteria in total DNA of Lu. longipalpis in 
relation to temperature preference of the sand flies.

Once the data were filtered, the number of reads obtained was 
287,453 with a range of reads from 4924 to 61,601 among all samples 
(Supplementary Figure S1). Rarefaction showed that near-complete 
coverage of sequence diversity was achieved from the 16S amplicons 
(Supplementary Figure S1).

Three phyla were the most abundant throughout the temperature 
gradient groups: Proteobacteria (17.22–90.73 %), Firmicutes 
(5.99–77.21 %) and Actinobacteria (1.56–59.85 %) (Fig. 2). Specif
ically, there was an overall increase in the relative abundance of Fir
micutes along with a decrease in Proteobacteria in sand flies at the 
temperature range of 29–33 ◦C (Supplementary Table S2).

In general, the core microbial community identified in Lu. longipalpis 
consisted of 13 genera: Pseudomonas, Staphylococcus, Klebsiella, Entero
coccus, Stenotrophomonas, Bacillus, Acinetobacter, Aquabacterium, Acid
ovorax, Ralstonia, Corynebacterium, Morganella, Lawsonella (Fig. 3.)

The most abundant genera in Lu. longipalpis exposed to the temper
ature gradient were Pseudomonas (mainly at temperatures of 21–29 ◦C 
and 34 ◦C) and Bacillus (mainly at temperatures of 25 ◦C and 29–33 ◦C) 
followed by Staphylococcus, Klebsiella, Stenotrophomonas, Enterococcus, 
and Ralstonia (Fig. 4). Aditionally, Serratia bacteria had a greater rep
resentation (49.79 %), specifically in sand flies recovered at 25–27 ◦C 
(Supplementary Table S3).

The identification of significant features or potential biomarkers via 
statistical analyzes, considering the variation in microbiota abundance, 
was assessed through a univariate analysis (Mann-Whitney test) and box 
plot visualization. On the genus level, the univariate test showed that 
Bacillus were more abundant mainly in the ranges 29–33 ◦C (p-value of 
0.096; FDR = 0.50635), and other genera such as Pseudomonas and 
Ralstonia (P-value > 0.05 in all cases) were better represented in sand 
flies at lower temperatures (23–29 ◦C) (Supplementary Figure S2). It was 
possible to calculate abundances related to endosymbionts of interest 
such as Arsenophonus, with a significantly statistical representation (p- 
value of 0.029; FDR = 0.43579) at high temperatures (29–33 ◦C) 
(Supplementary Figure S2), similar to Spiroplasma (P-value of 0.15) that 
also was found at 34 ◦C (Supplementary Figure S2). Infections with 
Rickettsia were too low and only detected in sand flies recovered be
tween 25–27 ◦C (Table S1).

Pattern search using Pearsonʼs correlation coefficient (r) allowed the 
observation of the association between bacterial genera according to the 
temperature ranges. The bacteria that presented the highest number of 
interactions were selected, that is, they can be decisive in the modula
tion of the microbiota. In this case, a strong negative correlation was 
observed between Bacillus and Pseudomonas bacteria (r = -0.84, P =
0.00007, and FDR = 0.015) as well as a tendency of a negative but non- 
significant association of the first with Acinetobacter and Acidovorax 
(Figs. 5A, 6). The greatest positive association and correlation of Bacillus 
was with Arsenophonus (r = 0.77, P = 0.006, FDR = 0.015), specifically 
at temperatures of 29–33 ◦C, in addition to a tendency of a positive 
association with other bacteria such as Massilia and Citrobacter at this 
temperature range (Figs. 5A, 6).

Although with low relative abundance, but with multiple in
teractions of bacteria at different temperatures, we found that Pantoea 
(Figs. 5B, 6) was strongly positively correlated to Brevibacterium and 
Pseudonocardia (P < 0.05 in all cases, FDR range 0.004–0.035) at 34 ◦C, 
and with Streptomyces and Dietzia as well, whereas a strong association 
with Staphylococcus was observed at 21–23 ◦C (P < 0.05, FDR =0.012). 
At the same temperature, Pantoea exhibited strong positive associations 
with several other genera as Olligela (Fig. 5B), Legionella, and Timonella 
(P < 0.05 in all cases) (Figs. 5B, 6).

In general, it was possible to observe with the Random Forest algo
rithm (Figure S3) that the relative abundance of Arsenophonus and 

Table 1 
Information from the total DNA samples of Lu. longipalpis according to the 
compartment from which they were retrieved. Letters C, M, and H describe the 
cold, medium, and high temperature compartments in the gradient device. The 
commercial control is composed of a mix of Lysteria monocytogene, Pseudomonas 
aeruginosa, Bacillus subtillis, Escherichia coli, Salmonella enterica, Lactobacillus 
fermentum, Enterococcus faecalis, Staphylococcus aureus, Saccharomyces cerevisiae, 
and Cryptococcus neoformans.

Code of pool Compartment 
(Temperature)

Number of 
females per 
pool

DNA 
concentration 
(ng/µL)

1 C1 (21–23 ◦C) 10 6.70
2 10 6.35
4 10 6.90
5 C2 (23–25 ◦C) 7 4.50
6 10 8.25
7 C3 (25–27 ◦C) 5 4.80
8 10 6.10
9 M (27–29 ◦C) 7 4.90
10 4 3.10
11 H3 (29–31 ◦C) 5 3.85
12 4 3.45
13 H2 (31–33 ◦C) 4 4.75
14 5 2.05
16 H1 (34 ◦C) 8 4.90
17 7 7.00
Commercial control 

(Microbial community 
standard from ZYMO)

Control – 9,15
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Bacillus are important in predicting groups of Lu. longipalpis with tem
perature preference at 29–33 ◦C, while bacteria such as Timonella, are 
predictive for low temperatures between 21–23 ◦C (Figure S3). Other 
bacteria also registered highly relative abundance in different temper
ature ranges as Enterococcus, Carnobacterium, Staphylococcus, Morga
nella, and Legionella that were associated as indicators of temperatures 
between 21–23 ◦C (Figure S3). At 23–29 ◦C there was a higher associ
ation with Pseudomonas, Curtobacterium, and Stenotrophomonas, while at 
34 ◦C the association was greater with Paracoccus, Salinicoccus, and 
Ralstonia (Figure S3).

3.2. Richness and β-diversity of the microbiome in Lu. longipalpis exposed 
to the temperature gradient

Microbial richness in samples of wild-caught female specimens of Lu. 
longipalpis was measured using the Shannon, Simpson, and Chao1 
indices (Fig. 7). There were no significant differences in the diversity 
between the groups within the temperature range studied. However, 
Shannon and Simpson indices for the groups at the lowest (21–23 ◦C) 
and the highest (34 ◦C) temperature had somewhat higher diversity 
when compared to the groups at 23–29 ◦C and 29–33 ◦C, whereas the 
values of the Chao1 index were more homogenous along the tempera
ture gradient, with a slightly higher values at 29–33 ◦C (Fig. 7).

As for the structural differences of the microbiome (β-diversity) in 

Fig. 2. A stacked bar chart of phyla abundance across samples of total DNA from female Lu. longipalpis exposed to the temperature gradient: 21–23 ◦C (C1, C1.1, 
C1.2), 23–25 ◦C (C2, C2.1), 25–27 ◦C (C3, C3.1), 27–29 ◦C (M, M.1), 29–31 ◦C (H3, H3.1), 31–33 ◦C (H2, H2.1), and 34 ◦C (H1, H1.1). Letters C, M, and H describe 
the cold, medium, and high temperature compartments in the gradient from where the sand flies were recovered, respectively. C1, C1.1, C1.2, C2, C2.1, C3, C3.1, M, 
M.1, H3, H3.1, H2, H2.1, H1, and H1.1 represent the samples recovered in each compartment and its replicates.

Fig. 3. Core microbiome from all samples of total DNA from Lu. longipalpis females, where a higher prevalence at the genus level is shown in blue, while its lowest 
in yellow.
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Lu. longipalpis samples subjected to the temperature gradient, there were 
differences between bacterial communities at 29–33 ◦C in relation to 
21–23 ◦C (Fig. 8a) due to the high relative abundance of Bacilllus (F- 
value of 3.5073, p-value < 0.013., R-squared of 0,4889). Groups of in
dividuals present in temperatures below 29 ◦C were located in a 
different cluster in the analysis of Principal Coordinates Analysis using 
Bray-Curtis Index (Fig. 8a). The Non-metric Multidimensional Scaling 
Analysis (NMDS) for the evaluation of the differences in the microbial 
composition according to temperature ranges (cold, medium and hot) 
showed no statistically significant differences (F-value of 1.8237, p- 
value < 0.086., R-squared of 0,2331, NMDS stress = 0.19232) (Fig 8b).

In summary, the heatmap shows mainly variations in the abundance 
and structures of bacterial communities from Lu. longipalpis females, 
between the cold (21–23 ◦C) and hot (29–34 ◦C) ends (Fig 9). The mean 

temperature range (23–29 ◦C) presents the least variation in the struc
ture and composition of the microbiota, and bacteria such as Pseudo
monas, Serratia, and Shigella that have a significant abundance are not 
determinant bacteria in the modulation of the microbiota (Fig 9).

4. Discussion

Recently, the impact of temperature on insects started to attract more 
attention in those with vectorial capacity, especially because modifica
tions in the epidemiology of vector-borne diseases have been strongly 
associated with climate change. This study allowed to evidence that 
temperature had an effect on the microbiota structure of wild-caught 
specimens of Lu. longipalpis exposed to a temperature gradient device 
that better depicts the environmental conditions these insects endure 

Fig. 4. A stacked bar chart of genus level abundance across samples of total DNA from female Lu. longipalpis exposed to the temperature gradient: 21–23 ◦C (C1, C1.1, 
C1.2); 23–25 ◦C (C2, C2.1); 25–27 ◦C (C3, C3.1); 27–29 ◦C (M, M.1); 29–31 ◦C (H3, H3.1); 31–33 ◦C (H2, H2.1) and 34 ◦C (H1, H1.1). Letters C, M, and H describe the 
cold, medium, and high temperature compartments in the gradient from where the sand flies were recovered, respectively. C1, C1.1, C1.2, C2, C2.1, C3, C3.1, M, M.1, 
H3, H3.1, H2, H2.1, H1, and H1.1 represent the samples recovered in each compartment and its replicates.

Fig. 5. Pearsonʼs correlation coefficient (r) at the genus level of the total samples showing the bacteria most positively and negatively associated with Bacillus (A); 
Pantoea (B). Squares in red symbolize the strongest association between taxa and temperature, while those in dark blue symbolize the weakest. Orange and light blue 
squares symbolize a moderately strong and weak associations, respectively.
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during the day than working with steady temperatures, given that 
changes in this variable and in the microbiota have an implication on the 
potential transmission of Leishmania parasites under fluctuating tem
peratures [38].

Regarding phyla, it was possible to show that there is a high abun
dance of Proteobacteria and Firmicutes in all temperature ranges, 
finding greater representativeness of Proteobacteria in cold tempera
tures (21–23 ◦C) that is maintained in increasing temperatures up to 29 
◦C. However, the percentage of Firmicutes increases between 29–33 ◦C, 
while at 34 ◦C the abundance of Proteobacteria increase again. The 
pattern observed for Proteobacteria and Firmicutes has also been re
ported in other studies with Gryllus veletis where crickets were exposed 
to different breeding temperatures associated with seasonal changes, 
and it was observed that in the transition from summer to winter (from 

warm to colder temperatures) the relative abundance of Proteobacteria 
increased from 7 % to 26 % while for the same period, the relative 
abundance of Firmicutes decreased from 50 % to 38 % [39]. In general, 
there is evidence that environmental variables have an impact on mi
crobial communities being these results in accordance with what has 
been observed in other sand flies of the Phlebotomus genus [38].

At a molecular level, Martins et al., [22] analyzed the vector-parasite 
system, evidencing an increase of HSP90 in sand flies after blood 
ingestion and infected with Leishmania at 40 ◦C, also noticing that heat 
shock protein levels of expression decreased slower when the parasite 
was present, however its relation with microbiota was not considered. It 
is worth noting that both Proteobacteria and Firmicutes are known for 
displaying mechanisms of cell to cell communication as the Quorum 
Sensing system, deploying signal molecules such as N-Acyl-Homoserine 

Fig. 6. Correlation and interaction network analysis of the microbiota in groups from female Lu. longipalpis exposed to the temperature gradient. Network was built 
using Pearson correlations from log-transformed abundance. Node colors represent unique taxonomy identifiers. Blue lines represent co-exclusion/negative corre
lation; red lines represent co-occurrence/positive correlation interactions between relative abundance profiles. Multiple edges connecting the same nodes indicate 
significance from more than one metric (Bray-Curtis dissimilarity and Pearson correlation).

Fig. 7. Alpha-diversity box-and-whiskers plots of bacterial composition using amplicon sequence variants in Lu. longipalpis exposed to the temperature gradient. A: 
Richness assessed with Shannon-Wiener index (p-value of 0.1122, F-value of 2.5156). B: Simpson index (p-value of 0.1010, F-value of 2.6472). C: Chao1 index (p- 
value of 0.25383, F-value of 1.563).
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Lactones (AHL) and small oligopeptides, respectively [40,41], and in 
Proteobacteria, AHL and 2-Alky-4-Quinolones have been detected in 
bacteria of Acinetobacter, Enterobacter, Pseudomonas, and Pantoea genera 
isolated from phlebotomine sand flies of Pi. evansi [42], however, its 
relationship with environmental stressors such as temperature is yet to 
be elucidated.

Specifically, in this study, it was possible to detect infection of 
Arsenophonus in wild females of Lu. longipalpis. It is known that these 
bacteria can transfer both horizontally and vertically, and in aphids it 

has been seen how the transmission and infection rates of this genus 
decrease in insect populations exposed to temperatures of 30 ◦C and 
increment in breeding environmental conditions with temperatures of 
20 ◦C [43]. On the contrary, in this case, we found that in wild speci
mens of Lu. longipalpis there are important associations of this micro
organism in temperatures between 29–33 ◦C and to a lesser extent at 34 
◦C, observing that the abundance of Arsenophonus is higher in warmer 
environments than in lower temperature ranges. The findings of these 
bacteria are in agreement with previous reports for Pi. evansi, 

Fig. 8. Beta-diversity of amplicon sequence variants in Lu. longipalpis exposed to the temperature gradient. A: Principal Coordinates Analysis (PCoA) plot generated 
using Bray-Curtis Index (PERMANOVA, F-value of 3.5073, p-value < 0.013., R-squared of 0,4889. B: The Non-metric Multidimensional Scaling Analysis (NMDS) for 
the evaluation of the differences in the microbial composition according to temperature ranges (cold, medium and hot) showed no statistically significant differences 
(F-value of 1.8237, p-value < 0.086., R-squared of 0,2331, NMDS stress = 0.19232).

Fig 9. β-diversity of microbial communities in Lu. longipalpis after a temperature gradient exposure. Hierarchical cluster analysis using the algorithm of Ward and 
Bray-Curtis Index with a Heatmap with Pearson Correlation Coefficient for distance measure and the clustering algorithm of Ward.
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phlebotomine sand fly vector of L. infantum alongside Lu. longipalpis in 
America, where Arsenophonus was detected in a sample treated with 
antibiotics that also had a high load of Leishmania infection [44].

In general, Arsenophonus is characterized by its reproductive 
manipulation, where the male-killing phenotype is expressed causing 
the death of approximately 80 % of males [45]. Additionally, its infec
tion has been identified in various insects with hematophagous habits, 
including sand flies of Pi. evansi and Psychodopygus panamensis species in 
Colombia [46,44]. Arsenophonus spp. genomes are known to contain sets 
of genes related to the synthesis of vitamin B [47,48], and some of its 
strains are susceptible or resistant to chlorate neonicotinoid insecticides 
[49]. Its role as an obligate or facultative endosymbiont in sand fly 
vectors is still unknown, this being the first approach to understand the 
infection in terms of abundances modulated by fluctuations of abiotic 
factors such as environmental temperature in phlebotomines.

It was found that Arsenophonus was highly related to other groups 
such as Citrobacter, Bacillus, and Massilia that were found in the micro
biota of the Lu. longipalpis that preferred temperatures of 29–33 ◦C and, 
to a lesser extent, 34 ◦C. Of these bacteria, Bacillus spp. are known for the 
mechanism to cope and persist after heat stress [50]. Regarding Massilia, 
these bacteria have been associated with extreme climates such as desert 
soils [51], have been found as endophytes in plants that grow in these 
types of ecosystems [52] in dry and low relative humidity sites, and in 
this case, in high abundance in Lu. longipalpis recovered from compart
ments between 29–33 ◦C, possibly indicating Lu. longipalpis as a new 
natural reservoir for such genus.

Similar to Bacillus, Pseudomonas also has mechanisms that allow it to 
undergo stress from both cold [53] and warm environmental conditions, 
the latter through the expression of the genes RNA polymerase rpoE, rpoS 
and rpoH and has an easy adaptability to different temperature ranges 
[50].

In a climate change scenario, with changing temperature and hu
midity, environmental conditions are creating and favoring niches for 
the migration and spread of insect vectors of human disease. The 
microbiota of Lu. longipalpis sand flies shows temperature-mediated di
versity, with notable changes in the abundance and composition of 
bacterial groups at different temperature ranges. This variation is 
particularly pronounced between 29–33 ◦C, suggesting that temperature 
plays a crucial role in shaping the microbial community within these 
insects vectors. Such shifts in microbiota composition under varying 
temperatures could influence the physiology and overall fitness of Lu. 
longipalpis, particularly in the context of climate change.

Furthermore, the application of pyrethroid insecticides, such as 
alpha-cypermethrin, beta-cypermethrin, deltamethrin, and lambda- 
cyhalothrin, under rising temperatures may contribute to changes in 
bacterial diversity within the sand fly microbiome. Studies have iden
tified bacteria like Serratia, Pseudomonas, and Bacillus, as capable of 
degrading pyrethoids [54,55],. In co-culture with Streptomyces aureus, 
Bacillus subtillis is capable of degrading cypermethrin by hidrolases 
acting on the ester linkage to produce α-hydroxy-3-phenox
y-beneneacetonitrile, and in isolation its shown to biodegrade the 
compound evidenced by the presence of metabolites such as 4-propyl
benzoate, 4-propylbenzaldehyde, phenol M-tert-butyl, and 1-dodecanol, 
while confirmed laccase and esterase genes may indicate its involvement 
in the pyrethroid metabolism [56–58]. This metabolic activity could 
lead to the selection of specific bacterial strains that enhance insecticide 
resistance, as observed with lambda-cyhalothrin resistance in insect 
vectors mediated by gut microbiota [59]. The enzymatic activity pro
vided by symbiotic bacteria plays a significant role in this degradation 
process, highlighting the complex interaction between temperature, 
microbiota diversity, and insecticide resistance [60].

Moreover, temperature influenced not only the abundance of bac
teria involved in biodegradation and insecticide resistance but also 
affected genera known to elicit immune responses in Lu. longipalpis cell 
lines, such as Serratia and Staphylococcus [61]. Additionally, bacteria 
with leishmanicidal potential, like Pantoea sp. [62,63] showed increased 

interaction at the highest temperature (34 ◦C) and a positive association 
with Brevibacterium, a proposed candidate for paratransgenic blockage 
of Leishmania transmission [64].

Wolbachia, Cardinium, and Microsporidia were not present in any of 
the Lu. longipalpis sampled across the different temperature ranges, 
however, the infection by these microorganisms have been identified in 
other species of phlebotomine sand flies as in the case of Wolbachia in Pi. 
evansi, Micropigomyia cayennensis, and Evandromyia dubitans [65], and 
Cardinium and Microsporidia in Pi. evansi [66,67]. Nevertheless, Asaia, 
Spiroplasma, and Rickettsia genera were present, where it is interesting to 
note that Asaia could not be detected in temperatures below 27 ◦C, this 
being a genus that has shown potential in impacting the number of 
promastigotes of Leishmania mexicana in Lu. longipalpis [15]. Similarly, 
Spiroplasma had a greater representativeness in temperatures above 27 
◦C, and although its role in phlebotomines is not clear, it has been 
suggested that it has the potential to express the phenotype of 
male-killing in Phlebotomus sp. species. [68].

As for bacteria of the genus Rickettsia, it was only possible to detect 
them in females who preferred temperatures between 25–27 ◦C. These 
bacteria have previously been detected in phlebotomines of Psathyr
omyia aclydifera with a low prevalence [69], similar to what was found 
in Lu. longipalpis in this study. However, in other insects, such as Bemisia 
tabaci, it has been observed that prevalence of the bacterium fluctuates 
depending on the whitefly population. For instance, in populations of 
cucumber whiteflies, the infection rate by Rickettsia decreases from 
64.47 % to 35.29 % during the transition from summer to winter. In 
contrast, in populations of cotton whiteflies, while the infection fre
quency remains low, it appears to be unaffected by seasonal changes 
[70].

Overall, we found low prevalence of endosymbionts as Rickettsia, 
Asaia, and even Spiroplasma, that did not allow a detailed analysis of the 
behavior based on temperature preferences in wild specimens of Lu. 
longipalpis. Considering that fluctuations in temperature due to climate 
change may affect the distribution of sand flies causing an increase in the 
number of Leishmaniasis cases worldwide and the transmission of 
Leishmania parasites in areas where it was not present before [10], the 
insect vector-parasite-microbiota-temperature system gains complexity 
when planning biological control strategies, as the variation in the 
representativeness of different bacterial groups of biological control 
interest changes with temperature.

5. Conclusions

In female Lu. longipalpis sand flies, collected in Ricaurte, Cundina
marca, variations in microbiota structure were observed based on tem
perature preferences. These variations were most pronounced between 
29–33 ◦C. Fluctuations in the abundances of some bacterial groups were 
identified across all temperature ranges evaluated. These findings 
contribute to understanding the dynamics of the bacterial microbiota in 
this insect vector within the context of climate change.
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[8] M. Flórez, J.P. Martínez, R. Gutiérrez, K.P. Luna, V.H. Serrano, C. Ferro, et al., 
Lutzomyia longipalpis (Diptera: Psychodidae) en un foco suburbano de leishmaniosis 
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