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Abstract
Background  Microsporidia MB, a Plasmodium-transmission-impairing symbiont in Anopheles arabiensis, has malaria 
control potential. This study assessed its prevalence and phylogeny in An. gambiae s.l. and An. funestus in Busia, 
Kenya and investigated the influence of environmental factors on its occurrence. Additionally, the prevalence of key 
insecticide resistance mutations in these mosquito populations was determined.

Methods  Mosquito larvae and adults were collected from three sub-counties in Busia County, Kenya and identified 
based on morphological characteristics. PCR was used to determine Anopheles species distribution and Microsporidia 
MB prevalence following DNA extraction from the samples. Insecticide resistance target-site mutations were identified 
using TaqMan genotyping in a subset of the mosquito samples. Multivariable logistic regression models were used 
to assess associations of Microsporidia MB infection and ecological factors. Microsporidia MB-positive samples were 
whole-genome sequenced and phylogenetically analysed.

Results  Overall, An. gambiae s.l. (including An. gambiae s.s. and possibly An. coluzzii) comprised 57.3% of samples 
analysed while An. funestus comprised 25.7% and An. arabiensis 17% and their distribution varied significantly across 
the three sub-counties (Chi-square, χ² = 577.44, df = 4, p < 0.001). Microsporidia MB prevalence was low to moderate (0 
to 6.4%) and highest in An. gambiae s.l. Anopheles gambiae s.l. showed significantly higher odds of infection compared 
to An. arabiensis (aOR = 5.94, 95% CI: 1.96–26.77, p = 0.006). Larvae reared to adults had significantly lower odds of 
infection than indoor-collected adults (aOR = 0.48, 95% CI: 0.26–0.86, p = 0.014). Insecticide resistance genotyping 
revealed high frequencies of kdr-East (94.7%) and kdr-West (60%) mutations in the Anopheles subset analysed, while 
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Background
Anopheles mosquitoes are the primary vectors of malaria 
in sub-Saharan Africa, causing over half a million 
deaths annually in the last 24 years [1]. Busia County is 
a malaria-endemic region characterized by a warm and 
humid climate, providing favourable conditions for mos-
quito breeding and transmission [2]. With two rainfall 
patterns annually, the mosquito vector population in this 
region is usually high, and malaria transmission is intense 
due to suitable climate conditions [3].

The current primary method for controlling malaria is 
vector management, which involves the use of long-last-
ing insecticidal nets (LLINs), insecticide residual sprays 
(IRSs), and use of larvicides in mosquito breeding sites 
[4]. While the above interventions have been effective, 
they have also led to significant insecticide resistance 
challenges [5, 6]. Furthermore, synthetic insecticides can 
have detrimental environmental impacts and off-target 
effects on beneficial insects. In the search for sustainable 
and resistance-proof vector control strategies, microbial 
interventions associated with mosquitoes are gaining 
prominence. For instance, the intracellular endosymbiont 
Wolbachia has shown success in reducing dengue trans-
mission by Aedes aegypti [7]. Beyond Wolbachia, other 
biological agents demonstrate potential for vector con-
trol. Bacillus thuringiensis (Bt) is a well-established larvi-
cide with high specificity [8, 9].

Microsporidia MB has recently gained significant 
attention as a promising candidate for malaria control 
[10]. This microorganism can spread within Anoph-
eles populations, impairing Plasmodium transmission, 
and has been naturally found in Anopheles arabiensis, 
as well as other Anopheles species [11–13]. Studies have 
shown that Microsporidia MB does not impair host fit-
ness, development, and mating; however, unknown gaps 
remain [14–16]. Microsporidia MB exhibits potential to 
be both vertically transmitted (mother to offspring) and 
horizontally transmitted (sexually) [17, 18]. Unlike many 
parasitic microsporidians of mosquitoes, Microsporidia 
MB (clade IV), appears to have minimal negative effects 
on its host, making it a particularly attractive candidate 

compared to Wolbachia in Anopheles, where low infec-
tion intensity often hinders effective spread via cyto-
plasmic incompatibility, which typically require higher 
Wolbachia titres [19].

Insecticide resistance, often driven by target-site muta-
tions such as kdr (L1014F/S), poses a significant threat 
to the effectiveness of insecticide-based malaria control 
tools. Mutations in genes like the voltage-gated sodium 
channel (kdr), acetylcholinesterase (Ace-1) and gluta-
thione S-transferase epsilon 2 (GSTe2) are known to be 
functionally linked to phenotypic resistance to various 
insecticide classes [20–23]. Monitoring the prevalence 
and distribution of these resistance markers is crucial for 
understanding the local efficacy of vector control inter-
ventions and for guiding appropriate resistance manage-
ment strategies. Larval habitat diversity can also be used 
as a proxy to identify potential hotspots for Microspo-
ridia MB for the development and successful implemen-
tation of targeted vector control measures. Phylogenetic 
analysis aids to investigate the genetic relatedness of dif-
ferent Microsporidia MB isolates and to explore how fac-
tors such as geographic location and host species might 
have shaped their diversification. While Microsporidia 
MB holds significant promise for malaria control, current 
knowledge regarding its phylogenetic diversity, particu-
larly within key malaria vector populations like those in 
Busia, Kenya, remains limited. This study used phyloge-
netic methods to classify Microsporidia MB isolates from 
Busia, comparing them to the Ahero, Kenya reference 
[24] and other microsporidia. We aimed to understand 
genetic divergence patterns influenced by geography 
and Anopheles host, shedding light on the symbiont’s 
evolution.

Methods
Study sites
With a cross-sectional study design, field sampling of 
Anopheles indoor-resting adult and larval mosquitoes 
was carried out in three villages of three geographi-
cally dispersed sub-counties in Busia, which is a malaria 
endemic zone in Kenya. The sub-counties were Teso 

Ace-1 and GSTe2 mutations were absent. Phylogenetic analysis placed Microsporidia MB isolated from Busia, within 
Clade IV, closely related to the originally sequenced Ahero reference, but still distinct from other microsporidian clades 
(I and III).

Conclusion  The present study highlights the occurrence of Microsporidia MB in multiple Anopheles vectors associated 
with malaria suggesting its broader potential as a vector control tool. The high prevalence of kdr mutations indicate 
a significant challenge to insecticide-based vector control in the region. Further investigation into the phenotypic 
expression of insecticide resistance in these populations is important. Results of the phylogenetic analysis suggest a 
common ancestry for Microsporidia MB isolates from Busia with the Ahero reference one, highlighting shared traits 
with potential for malaria control.
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South approximately (0° 39’ 0.0” N, 34° 21’ 0.0” E), Butula 
(0° 20’ 30” N, 34° 20’ 7” E) and Budalangi (0° 27’ 43” N, 34° 
9’ 30” E). Busia County generally has a warm and humid 
climate. The temperatures are relatively high throughout 
the year, with average daily temperatures ranging from 
20 °C to 30 °C. Busia County experiences a bimodal rain-
fall pattern, with long rains occurring from March-June 
and short rains occurring from August-November. The 
annual rainfall in Busia County varies, but it is gener-
ally high, ranging from 760 mm to 1,940 mm on average. 
The northern areas receive more than 1750 mm of pre-
cipitation, and the southern areas closer to Lake Victoria 
receive between 760 and 1,250 mm of precipitation [25] 
(Fig 1).

Mosquito sampling, handling and rearing
For better representation of the mosquito population and 
distribution, mosquito collection in Busia was carried out 
in June 2023 during the wet season, since the wet season 
has increased population densities of mosquitoes because 
of increased breeding and larval development. Indoor-
resting gravid and engorged female An. gambiae s.l. and 
An. funestus were collected between 07:00 and 10:00  h 
using both manual aspirators and Prokopack aspiration 
to maximize sample collection. Similarly, larvae were 

collected using standard scoopers from larval sites such 
as swamps, sand harvests, borrow pits and rain pools that 
were adjacent to the homesteads where adults were col-
lected. The larval sites sampled included accessible still 
water bodies with relative sunlight or shade and some 
organic matter that can support larval development. 
Larval water parameters (temperature, pH and dissolved 
oxygen) were determined using a Hach HQ series pH/
DO/Conductivity portable meter equipped with Intelli-
cal™ probes (PHC101 for pH and Hach LDO101 for dis-
solved oxygen) that have an in-built temperature sensing 
feature. For water parameters, 50 mL water samples were 
collected in a glass beaker to ensure full probe immer-
sion. Measurements were taken once daily between 
12:00 PM and 3:00 PM during larval sampling. The larval 
samples were transported to the KEMRI/CBRD Molec-
ular Entomology Laboratory, reared into adult insects 
and identified based on morphological characteristics. 
The field-collected adult mosquitoes were also identified 
based on morphological characteristics, transported in 
cooler boxes and stored at −80  °C. Both groups under-
went DNA extraction, molecular species identification 
and Microsporidia MB detection.

Fig. 1  Map showing the Anopheles sampling sites in Busia, western Kenya
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Molecular species and Microsporidia MB identification
DNA was extracted from individual mosquitoes via the 
protein precipitation method (Puregene; Qiagen, the 
Netherlands). Members of the An. gambiae species 
complex and An. funestus groups were distinguished via 
molecular assay methods as described by Scott et al. [26] 
and Koekemoer and others [27] respectively. The detec-
tion and quantification of Microsporidia MBs were per-
formed with specific primers (MB18SF: ​C​G​C​C​G​G​C​C​G​T​
G​A​A​A​A​A​T​T​T​A and MB18SR: ​C​C​T​T​G​G​A​C​G​T​G​G​G​A​G​
C​T​A​T​C) previously designed to detect the 560 bp of the 
ribosomal RNA (rRNA) conserved gene of Microsporidia 
MBs in An. arabiensis [28]. The PCRs were performed in 
a final volume of 11  µl containing 2  µl of HOTFirepol® 
Blend Master mix Ready-To-Load (Solis Biodyne, Esto-
nia; mix composition: 7.5 mM magnesium chloride, 2 
mM each dNTP, HOT FIREPol® DNA polymerase), 0.5 µl 
of 10 µM forward and reverse primers, 2 µl of template 
and 6.0 µl of nuclease-free PCR water. The PCR cycling 
conditions were as follows: initial denaturation at 95  °C 
for 15  min, followed by 35 cycles of denaturation at 
95  °C for 1  min, annealing at 62  °C for 90  s and exten-
sion at 72 °C for 60 s. The final elongation was performed 
at 72 °C for 5 min. The Microsporidia MB DNA positive 
control was obtained from Jeremy Herren’s laboratory 
(icipe) and included in each analysis.

Analysis of molecular markers associated with insecticide 
resistance
The presence of selected molecular markers associated 
with insecticide resistance was determined in a sub-
set of An. gambiae s.l. and An. funestus samples using 
the TaqMan assay described by Riveron et al. [29]. For 
An. gambiae s.l., assays were performed for Knockdown 
resistance (KDR) mutations in the voltage-gated sodium 
channel (Vgsc-1014  F), which are associated with resis-
tance to pyrethroids and DDT, and Ace1-G119S28, which 
is associated with resistance to carbamates and organo-
phosphates. The L114T-GSTe2 mutation in the glutathi-
one S-transferase epsilon 2, associated with resistance to 
DDT and permethrin resistance [29], was assayed in both 
An. funestus and An. gambiae s.l. samples.

Analysis of Microsporidia MB infection and ecological 
factors across larval habitats
To determine the environmental predictors of Micro-
sporidia MB infection, the associations between larval 
habitat type, characteristics and Microsporidia MB distri-
bution were evaluated.

Whole genome sequencing and assembly ofMicrosporidia 
MB isolates
A total of 66 samples positive for Microsporidia MB 
by PCR were subjected to quality control measures 

including qubit analysis for nucleic acid abundance and 
qPCR to establish the melting profiles and ct values, and 
gel electrophoresis to assess sample integrity and base 
size. Of these, 22 samples (33.3%) with a relative 18 S ct 
range of 18–24 indicating high infection intensity, were 
selected and shipped for sequencing.

Paired-end short-insert libraries were prepared from 
these samples using the KAPA HiFi HotStart Library 
Amp Kit. Sequencing was performed via DNBSeq tech-
nology (2 × 150 bp reads) at the Beijing Genomics Insti-
tute (BGI) (Shenzen, China). Quality of the generated raw 
reads was checked using FastQC to assess GC content. 
Host reads were removed by mapping to An. gambiae s.s. 
(GenBank: GCA_000005575.1 and An. arabiensis (Gen-
Bank: GCA_000349185.1) reference genomes from the 
NCBI RefSeq database (release 219) via the Burrows–
Wheeler Aligner (BWA) v0.7.17. SAMtools v1.3.1 was 
used to filter out host-mapped reads. Bacterial contami-
nants were then removed using Kraken2 (v2.0.8) with the 
minikraken_8 GB_20200312 database [30].

The remaining clean reads, enriched for Microspo-
ridia MB sequences, were then de novo assembled using 
SPAdes v4.0. A megablast search was conducted against 
microsporidia proteins to remove nontarget contigs. The 
raw reads were then reassembled against the cleaned 
assembly using BWA-MEM v0.7.17 to generate a final 
consensus genome assembly for each isolate.

Phylogenomic analysis
The evolutionary relationships of the Microsporidia MB 
isolates, were inferred using a phylogenomic approach 
based on concatenated protein sequences from single-
copy orthologous genes. The genome assemblies utilized 
for this analysis are in supplementary Table 4. Protein-
coding genes were predicted from the assembled DNA 
sequences of all microsporidia genomes using Micro-
Annot [31]. MicroAnnot was selected for its special-
ized capability to accurately annotate microsporidian 
genomes, including the identification of small genes. The 
analysis identified Open reading frames (ORFs) with a 
minimum size of 200nt. Specific parameters for Micro-
Annot were set as follows: glimmer size: 300, Database 
model: Encephalitozoon cuniculi, E-value Homology: 
−15, E-value small: −5, E-value Te: −10. The output 
included.gff,.fa (predicted protein sequences converted 
to.faa),.embl, and.gb files.

The.faa files containing the predicted protein sequences 
from MicroAnnot were each concatenated into a single 
FASTA file per genome, which served as input for Ortho-
Finder v. 2.5.5 [32]. This software was used to identify 
orthogroups, infer orthologs and paralogs, infer gene 
trees, and root a species tree, as well as detect gene dupli-
cation and loss events. Orthologous protein sequences 
across the different microsporidia species were therefore 



Page 5 of 13Wandera et al. BMC Microbiology          (2025) 25:604 

identified. For each single-copy gene identified by 
OrthoFinder, Multiple alignment via fast Fourier trans-
form (MAFFT v 7.487) [33], was used to align protein 
sequences within that orthogroup. MAFFT used vari-
ous algorithms, including FFT and iterative refinement, 
to optimize alignment by introducing gaps to account 
for evolutionary insertions and deletions, thus align-
ing homologous residues. The output was a multiple 
sequence alignment file for each specific orthogroup. For 
the subsequent species tree inference, the aligned protein 
sequences from all single-copy orthogroups were then 
concatenated into a supermatrix.

A species tree was inferred from the concatenated pro-
tein supermatrix using the Maximum Likelihood method 
in IQ-TREE 2 (v 2.4.0) [34]. The optimal model of pro-
tein evolution was determined using ModelFinder within 
IQ-TREE 2 (LG + I + G). Node support was assessed 
using ultrafast bootstrap replicates (1000 replicates). The 
resulting species trees, from both OrthoFinder and IQ-
TREE 2 [34], were visualized using Dendroscope v. 3.8.1 
[35].

Statistical analysis
Statistical analyses were performed using R program 
(v.4.4.1) in R studio (version 2024.04.2 + 764), and Graph-
Pad Prism Software (v.10.3.1). Chi-square test was used 
to perform initial descriptive analyses of Microsporidia 
MB prevalence across different categories (Anopheles 
species, sub-county, development stage and sex). To 
assess the independent associations of demographic fac-
tors (mosquito species, sub-county, stage, and sex) with 
Microsporidia MB infection (dependent variable, coded 
0 = no infection, 1 = infection), a multivariable logistic 
regression model was employed using the glm() func-
tion (family = “binomial”) argument in R. Independent 
variables included molecular species (levels: An. arabien-
sis, An. funestus, An. gambiae s.l.), sub-county (levels: 
Budalangi, Butula, Teso South), development stage (lev-
els: Adult, Larvae), and sex (levels: Female, Male). These 
were set as factors with reference levels: An. arabiensis, 
Budalangi, Adult, and Female, respectively.

Two primary models were constructed: Main Effects 
Model (an additive model that assessed the independent 
contribution of each predictor on Microsporidia MB 
infection using the formula mb_status_binary ~ Anoph-
eles_species + sub_county + stage + sex). Secondly, the 
Interaction Model (to investigate if the effect of mos-
quito species on infection varied across sub-counties, 
and an interaction term was included using the for-
mula mb_status_binary ~ Anopheles_species * sub_
county + stage + sex). In this model, Anopheles_species 
* sub_county represented both main effects and their 
interaction term. Model selection was guided by the 
Akaike Information Criterion (AIC). Odds Ratios (ORs) 

and their 95% confidence intervals were calculated 
from model coefficients, and its overall significance was 
assessed by the Likelihood Ratio Test.

To investigate the relationship between Microspo-
ridia MB infection (dependent variable, represented 
numerically as 0 = Negative, 1 = Positive) and the eco-
logical factors (water temperature, water pH, dissolved 
oxygen and habitat type), a Firth’s binary logistic regres-
sion model was employed using the logistf() function in 
R. This model was chosen to address potential issues of 
complete or quasi-complete separation that can arise in 
binary logistic regression with sparse data. The model 
assessed the combined association of these ecological 
factors using the formula: mb_status_num ~ water_tem-
perature + water_pH + dissolved_oxygen + habitat_type 
(categorical variable). Odds Ratios (ORs) and their 95% 
confidence intervals were also calculated for this model, 
and its overall significance was assessed by the Likeli-
hood Ratio Test.

Results
Distribution of Anopheles species
In total, 1,229 Anopheles mosquitoes were collected 
from the three sub-counties (Budalangi, Butula, and Teso 
South) and identified on the basis of their morphologi-
cal characteristics. Among these, 1030 were molecularly 
identified via PCR techniques, comprising of 203 Anoph-
eles mosquitoes from Budalangi, 239 from Butula and 
588 from Teso South.

Overall, An. gambiae s.l. (comprising An. gambiae s.s. 
and possibly An. coluzzii) was the most prevalent spe-
cies at 57.3% (590/1030), followed by Anopheles funestus 
25.7% (265/1030), and An. arabiensis constituted 17%, 
(175/1030). The distribution of Anopheles species varied 
significantly across the three sub-counties (Chi-square, 
χ² = 577.44, df = 4, p < 0.001). For example, Teso South 
was predominantly An. gambiae s.l. (433/588), while 
Budalangi showed a higher proportion of An. funestus 
(174/203). Butula exhibited a mixed composition, with 
An. gambiae s.l. (156/239) being most common. Detailed 
proportions of Anopheles species by sub-county and 
developmental stage are presented in Fig. 2.

Mosquitoes were collected both as indoor-resting 
adults (62.7%, 646/1030) and as larvae successfully reared 
to adults (37.3% (384/1030). No larvae collected from 
Budalangi sub-county developed into adult mosquitoes. 
The proportions of Anopheles species identified differed 
significantly between indoor-collected adults and adults 
emerging from larval collections, in both Butula (Chi-
square, χ² = 54.4, df = 2, p < 0.001) and Teso South (Chi-
square, χ² = 117.7, df = 2, p < 0.001).
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Microsporidia MB prevalence and demographic factors
Overall, Microsporidia MB was detected at a prevalence 
of 6.4% (66/1030) in Busia County. In bivariate analyses 
(Supplementary Table 1), Microsporidia MB prevalence 

varied significantly across the three Anopheles species 
(Chi-square test, χ² = 26.985, df = 2, p < 0.001), with An. 
gambiae s.l. showing the highest crude odds of infection 
(OR = 6.25, 95% CI: 1.93–20.2, p = 0.002) compared to An. 

Fig. 3  Prevalence of Microsporidia MB by sub-county and development stage

 

Fig. 2  The proportions of Anopheles species across different developmental stages from three sub-counties of Busia, Kenya
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arabiensis. Prevalence of Microsporidia MB also varied 
significantly among the three sub-counties (Chi-square 
test, χ² = 35.97, df = 2, p < 0.001), with Teso South showing 
significantly higher crude odds of infection (OR = 4.33, 
95% CI: 1.71–10.96, p = 0.002) compared to Budalangi. 
No significant differences in crude odds of infection were 
observed by developmental stage (OR = 0.61, 95% CI: 
0.35–1.06, p = 0.082) or sex (OR = 1.52, 95% CI: 0.92–2.51, 
p = 0.089).

A multivariable logistic regression model performed 
and chosen for its optimal fit (AIC = 442.61) showed sig-
nificant improvement over a null model (Likelihood Ratio 
Test, Chi-square test, χ² = 61.76, df = 6, p < 0.001). After 
adjustment, Anopheles gambiae s.l. showed significantly 
higher odds of Microsporidia MB infection compared to 
Anopheles arabiensis (Adjusted Odds ratio, OR = 5.94, 
95% CI: 1.96–26.77, p = 0.006). Anopheles funestus did 
not show significant difference in odds of infection com-
pared to Anopheles arabiensis (Adjusted Odds ratio, 
OR = 0.96, 95% CI: 0.17–6.44, p = 0.967).

Regarding sub-county, Anopheles mosquitoes from 
Butula sub-county compared to Budalangi showed no 
significant difference in the adjusted odds of infection 
(Odds ratio, OR = 0.14, 95% CI: 0.02–0.93, p = 0.054). 
Similarly, Teso South sub-county did not show signifi-
cantly different odds of infection compared to Budalangi 
(Adjusted Odds ratio, OR = 1.18, 95% CI: 0.20–6.47, 
p = 0.851). Larvae had significantly lower adjusted odds 
of infection compared to adults (Odds ratio, OR = 0.48, 
95% CI: 0.26–0.85, p = 0.014). No significant difference 
in adjusted infection odds was found between male 
and female mosquitoes (OR = 1.41, 95% CI: 0.84–2.38, 
p = 0.195).

An interaction model between Anopheles species and 
sub-county was also tested but was not statistically signif-
icant (Chi-square test, χ² = 1.2436, df = 4, p = 0.871) and 
exhibited estimation instability, suggesting that the inde-
pendent effect of species on Microsporidia MB infection 
does not significantly vary across the sub-counties. The 
estimated odds ratios and their 95% confidence intervals 
are presented in supplementary Table 1 (Fig. 3)

Relationships between Microsporidia MB infection and 
ecological factors across larval habitats
The mean water temperature across the five habitats 
sampled, namely, the sand harvest, borrow pit, rainpool, 
hoof print and swamp habitats, was 31 °C (± 2.76), while 
the mean water pH was 7.3, and the mean dissolved oxy-
gen content was 6.6 mg/l ± 0.79. (Supplementary Table 3).

An additive multivariate Firth’s binary logistic regres-
sion model, employed to investigate the relationship 
between Microsporidia MB and ecological factors 
(water temperature, water pH, dissolved oxygen and 
habitat type) within the larvae reared to adults mosquito 

population, was not statistically significant (Likelihood 
Ratio Test, Chi-square test, χ² = 7.7, df = 7, p = 0.360). Fur-
thermore, no individual predictor showed a statistically 
significant association with Microsporidia MB infection 
(all p > 0.05). The estimated odds ratios and their 95% 
confidence intervals and prevalence of Microsporidia MB 
by habitat are presented in supplementary Tables 2 and 6 
respectively.

Prevalence of insecticide target site insensitivity mutations
A total of 134 samples were genotyped for the presence 
of the kdr-e, kdr-w, Ace-1, and GSTe2 molecular mark-
ers associated with insecticide resistance. Of these, only 
the kdr-e and kdr-w mutations were detected, whereas 
the Ace-1 and GSTe2 mutations were absent in the tested 
samples. The kdr-e mutation was observed at the high 
prevalence of 94.7% (n = 58) while the kdr-w mutation 
was observed at 60% (n = 10) of the genotyped samples.

Phylogenetic classification of Microsporidia MB
The genomic content (GC%) content of the Teso08 and 
Teso98 samples were 44.01% and 46.06%, respectively. 
The Budalangi sample had a GC content of 44.77%. Both 
samples from Teso South mapped to An. gambiae s.s. 
host. After mapping, host and other bacterial reads were 
filtered to remain with Microsporidia MB. It was noted 
that the Budalangi sample mapped to An. arabiensis host. 
Given that the Budalangi sample had degraded Micro-
sporidia MB, (observed during assembly) it was deemed 
unsuitable to include in phylogenomic analysis. Another 
Anopheles arabiensis sample from Busia that was ear-
lier sequenced was included in the phylogenetic analy-
sis. This sample yielded 360,389,934 reads with a GC of 
44.52%.

Three Microsporidia MB-positive samples from Busia 
(Teso94, Teso8 and Busia) were successfully assembled 
into contig-level genomes. MicroAnnot Predicted Pro-
tein Sequences (per genome) from these assemblies, 
along with eight reference microsporidia genomes (sup-
plementary file 2). OrthoFinder assigned 19,595 genes 
(78.8% of total) to 3,265 orthogroups. Of these, 727 
orthogroups contained all species, and 445 consisted 
entirely of single-copy genes. These 727 single-copy gene 
trees (those with all species present) were used by STAG 
(Species Tree from All Genes) method to infer the final 
species tree from OrthoFinder (Fig. 4). Edhazardia aedes 
and Anncaliia algerae were identified as the best out-
groups for this species tree inference by OrthoFinder.

A subsequent species tree was inferred from the con-
catenated protein supermatrix sequences (supplemen-
tary file 4), generated from MAFFT alignment of the 445 
orthogroups consisting of single copy genes that were 
present in all species (supplementary file 3) using the 
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Maximum Likelihood method in IQ-TREE 2 (v 2.4.0) [34] 
and visualized on Dendroscope v. 3.8.1 [35](Fig. 5).

Phylogenetic analysis of the microsporidians in both 
Orthofinder and IQ-TREE2 revealed a highly supported 
clade comprising of Vairimorpha ceranae and Nosema 
granulosa (OrthoFinder support: 0.929849; IQ-TREE2 
support: 99/98). Microsporidia MB isolates and the 
Microsporidia sp. MB reference consistently clustered 
together in a distinct clade. This clustering was strongly 
supported, with Vittaforma corneae identified as a sister 
lineage to this group (OrthoFinder support: 0.966988; 
IQ-TREE2 support: 96.4/97). While the overall topology 

of major clades was consistent, the precise internal rela-
tionships and support values within the Microsporidia 
MB clade (including the reference and study samples) 
exhibited differences between the two phylogenomic 
analyses, and generally showed lower support.

In the OrthoFinder species tree (Fig.  4), the over-
all monophyly of the Microsporidia MB clade was very 
strongly supported (0.962861). Within this clade, Tes094 
was inferred as the earliest diverging lineage. The sub-
sequent branching placed Tes08 as sister to a clade con-
taining the Microsporidia sp. MB reference and the Busia 
isolate, which formed a sister pair. However, the support 

Fig. 5  Phylogenomics Species tree of microsporidians generated using Maximum Likelihood method in IQTree2 and visualized on Dendroscope v. 3.8. 
Numbers at the nodes represent ultrafast bootstrap (UFBoot)/SH-aLRT support values, respectively

 

Fig. 4  Phylogenomics Species tree of microsporidians generated by OrthoFinder and visualized using Dendroscope v. 3.8.1. Numbers at the nodes rep-
resent support values on a scale from 0 to 1, with values closer to 1 indicating stronger support of gene concordance
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values for these fine-scale internal relationships were 
notably lower: 0.429161 for the divergence of Tes08 and 
0.444292 for the reference/Busia pairing.

Conversely, the IQ-TREE2 species tree (Fig. 5) showed 
moderate support for the overall monophyly of the 
Microsporidia MB clade (75.7/68 ultrafast bootstrap/SH-
aLRT support). Within this tree, Tes094 also appeared 
as an early diverging lineage. However, the subsequent 
branching inferred the Microsporidia sp. MB reference as 
sister to a clade containing Busia and Tes08, which them-
selves were sister taxa. The bootstrap support values for 
these internal relationships in the IQ-TREE2 tree were 
very low or absent (e.g., 0/38 for reference/Busia cluster-
ing, 0/50 for Tes094/Tes08 clustering), indicating very 
limited statistical confidence in these specific branches.

Despite the differences in internal resolution, both phy-
logenomic analyses consistently supported the presence 
of a distinct Microsporidia MB group in Busia that shares 
a close evolutionary history with the Ahero reference 
strain, classifying them within the Clade IV. microspo-
ridia lineage.

Discussion
Understanding the factors that influence the infection 
of mosquitoes with Microsporidia MB in nature and 
how infection might influence factors that affect malaria 
transmission is key in designing effective malaria vector 
control tools. The present study revealed a low to mod-
erate prevalence of Microsporidia MB in naturally occur-
ring An. gambiae s.l. (which included An. gambiae s.s. 
and possibly An. coluzzii), An. arabiensis and An. funes-
tus mosquito populations from Busia, Kenya, sampled 
during the rainy season. Microsporidia MB were detected 
both in indoor-resting adult mosquitoes and in mosqui-
toes collected as larvae and then reared to adults.

The results of the present study revealed varying pat-
terns of Anopheles species distributions across the three 
sub-counties of Busia. Anopheles gambiae s.l. emerged as 
the dominant species in Teso South and Butula, which is 
consistent with previous studies assessing the distribu-
tion of Anopheles species in Busia during the rainy season 
[36, 37]. The high prevalence of An. gambiae s.l. and An. 
arabiensis, an efficient vector of malaria in sub-Saharan 
Africa, coupled with findings related to insecticide resis-
tance are concerning, as this may compromise the suc-
cess of conventional vector control.

In contrast, An. funestus was the most abundant species 
in Budalangi. This could be attributed to Budalangi being 
in close proximity to Lake Victoria compared with the 
other two sub-counties sampled, as studies have shown 
that a reduction in Lake Victoria water levels has created 
more breeding habitats for An. funestus [38]. The failure 
to successfully rear adults from the larvae collected from 
Budalangi in the insectary could be attributed to the fact 

that An. funestus was the prevalent species in this area 
(over 85% in the specimen collected as adults), and the 
general difficulty in rearing this species due to poor larval 
survival under laboratory conditions [39] since An. funes-
tus may require a natural setup, which may be difficult to 
mimic in the laboratory.

The detection of Microsporidia MB in both An. gam-
biae s.l. and An. funestus highlights the natural occur-
rence of this potential biological control agent in Busia. 
This is advantageous because both species are key 
malaria vectors and Microsporidia MB can also spread 
naturally in infected hosts. Bivariate analysis revealed 
that the prevalence of Microsporidia MB varied signifi-
cantly across the three species with the highest preva-
lence observed in An. gambiae s.l. (9.8%) compared to 
Anopheles funestus (1.9%) and Anopheles arabiensis 
(1.7%). This finding is in accordance with similar stud-
ies that have shown that Microsporidia MB can naturally 
occur in other Anopheles species, including An. gambiae 
s.s [12, 13, 40, 41]. , other than the predominant An. ara-
biensis, where it was originally found [28].

Multivariate logistic regression analysis revealed that 
Anopheles gambiae s.l. independently exhibited sig-
nificantly higher odds of Microsporidia MB infection 
compared to Anopheles arabiensis (OR = 5.94, 95% CI: 
1.96–26.77, p = 0.006), even after controlling for sub-
county, mosquito stage, and sex. This finding supports 
the notion that An. gambiae s.l. may indeed be a more 
susceptible host or a more efficient vector for this para-
site, independent of its geographical distribution. The 
multivariate model also provided critical insights into 
the role of geographical location. While bivariate results 
showed Teso South sub-county with the highest over-
all Microsporidia MB prevalence (9.9%), the logistic 
regression revealed that Teso South did not have signifi-
cantly different odds of infection compared to Budalangi 
sub-county (Odds ratio, OR = 1.18, 95% CI: 0.20–6.47, 
p = 0.851), once molecular species, stage, and sex were 
accounted for. This strongly suggests that the higher 
overall prevalence in Teso South observed in simple com-
parisons was primarily driven by the dominant presence 
of the more susceptible Anopheles gambiae s.l. in that 
sub-county, rather than Teso South being an independent 
risk factor for infection. Further supporting this, an inter-
action term between Anopheles species and sub-county 
in the multivariate model was not statistically significant 
(p = 0.871), indicating that the independent effect of spe-
cies on Microsporidia MB infection does not significantly 
vary across the sub-counties.

Although the larval habitat characteristics assayed 
varied significantly across habitats, multivariable Firth’s 
logistic regression model did not find a statistically sig-
nificant influence of water temperature, dissolved oxy-
gen, or habitat type on the odds of Microsporidia MB 
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infection. This suggests that within the range of param-
eters observed in the study, these factors may not be 
primary determinants of Microsporidia MB infection. 
However, the mean water temperature in the sand-har-
vesting larval habitat, with most abundant Microspo-
ridia MB-infected larvae reared to adults, was 32  °C. 
This finding is in accordance with the findings of Herren 
et al., who reported that 32 °C was the best temperature 
for rearing Microsporidia MB-infected larvae because of 
the relatively short development time and high infection 
rate [42]. Studies have shown that high temperatures can 
lead to a reduction in Wolbachia loads, but the degree to 
which temperature affects Wolbachia intensity can vary 
depending on the specific Wolbachia strain. Some strains 
are more tolerant of heat stress than others are [43, 44].

Long-lasting insecticidal nets (LLINs) have been used 
in Busia for malaria control for over two decades, with 
widespread distribution beginning in the late 1990 s and 
continuing through the 2000 s and 2010 s [46]. This pro-
longed and widespread use of pyrethroids in LLINs likely 
explains the high frequencies of the kdr-e (Vgsc-L1014F) 
and kdr-w (Vgsc-L1014S) mutations observed [6]. The 
high prevalence of these kdr mutations strongly suggest 
that insecticide resistance may compromise the effec-
tiveness of pyrethroid-based interventions in the area. In 
contrast, Ace-1 G119S and GSTe2 L114F mutations were 
not detected in any of the tested mosquito samples from 
the study area. The absence of the Ace-1 mutation, which 
are associated with resistance to organophosphates and 
carbamates, is likely due to the limited or no use of these 
insecticide classes in the study area for vector manage-
ment or agricultural pest control. It is important to 
acknowledge that this study did not include insecticide 
bioassays to determine the phenotypic resistance pro-
file of the mosquito populations. While genotypic data, 
particularly for well-characterized mutations like kdr, are 
widely used as proxies for insecticide resistance, espe-
cially where functional links have been demonstrated [20, 
21], direct phenotypic correlation is optimal for a com-
prehensive understanding.

Phylogenetic analysis supported Vittaforma corneae as 
a sister lineage to the Microsporidia MB group, aligning 
with established microsporidia phylogenetic relation-
ships [47, 48]. The analysis revealed a close evolutionary 
relationship between Busia Microsporidia MB isolates 
and Microsporidia sp. MB reference from Ahero (Clade 
IV). This consistent finding, supported by high concor-
dance factors in OrthoFinder (0.962861) and moder-
ate to strong bootstrap support in IQ-TREE2 (75.7/68), 
reinforcing previous suggestions of a specific genetic 
lineage for Microsporidia MB associated with Anoph-
eles mosquitoes [28]. This is significant given the high 
malaria prevalence in Busia [49]Within Clade IV, the iso-
lates from Teso (Teso94 and Teso8) formed a subclade, 

with low support values for these specific nodes (e.g., 
0.429161 and 0.444292 in OrthoFinder; 0/38 and 0/50 in 
IQ-TREE2), indicating a very recent divergence and over 
a short evolutionary timescale, where insufficient phylo-
genetic signal has accumulated across the genomic data 
to definitively resolve their exact relationship [34]. The 
methodological differences between gene tree reconcili-
ation (which explicitly models gene tree discordance) and 
concatenation (which assumes a single underlying tree) 
can also contribute to these observed topological dis-
crepancies [50].

Notably, the Microsporidia MB isolates from our study 
were distinctly separated from other microsporidian 
clades (Clade I and Clade III), highlighting their unique 
phylogenetic position. These findings indicate that the 
Microsporidia MB populations circulating in Busia share 
a common ancestry with the reference strain from Ahero, 
while exhibiting some level of genetic divergence. The 
close relationship, supported by the clustering of Busia 
isolates, suggests potential for utilizing Microsporidia 
MB for vector control. This highlights the potential for 
exploiting shared traits for malaria control strategies in 
the region.

Limitations
This study focused on the wet season, yet there could 
be seasonal variation in Microsporidia MB across the 
wet and dry seasons. The low to moderate prevalence 
of Microsporidia MB resulted in sparse data points for 
positive infection outcomes in certain analytical subsets. 
The estimated effects for environmental variables, such 
as water pH, exhibited very wide 95% confidence inter-
vals, indicating substantial uncertainty around their true 
associations with Microsporidia MB infection. Study 
findings offer an initial phylogenetic classification of 
Microsporidia MB isolated from Busia since small num-
ber of samples were sequenced due to rapid degradation 
of Microsporidia MB and may limit capturing proper 
symbiont’s phylogenetic associations. This study did 
not include insecticide resistance phenotype bioassays 
to directly assess phenotypic resistance in the mosquito 
populations.

Conclusion
The study revealed varying distributions of species with 
An. funestus being most prevalent in Budalangi, which 
may be linked to its closer proximity to Lake Victoria. 
Multivariate analysis confirmed An. gambiae s.l. as a 
significant independent predictor of Microsporidia MB 
infection, even when controlling for sub-county and 
other factors. The finding of Microsporidia MB in An. 
gambiae s.l. and An. funestus rather than predominantly 
An. arabiensis, as previously reported suggests its poten-
tial as a vector control tool. Furthermore, while Teso 
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South showed high overall prevalence in bivariate analy-
ses, the multivariate results indicated this was likely due 
to the higher proportion of An. gambiae s.l. in that area, 
rather than Teso South being an independent risk factor 
for infection. Despite ecological factors being broadly 
important for sustaining the development of Microspo-
ridia MB, the multivariable Firth’s logistic regression did 
not identify a statistically significant association between 
the measured water parameters (temperature, pH, dis-
solved oxygen) or habitat types and the odds of infection. 
The high prevalence of kdr mutations observed in the 
Anopheles mosquito populations underscores the contin-
ued challenge of insecticide resistance in the region and 
highlights the need for resistance management strate-
gies. Future studies should integrate insecticide resis-
tance bioassays to directly assess phenotypic resistance. 
Phylogenomic analyses consistently establish the distinct 
evolutionary placement of the Microsporidia MB isolates 
from Busia, Kenya, within a well-supported clade closely 
related to the Microsporidia sp. MB reference and sister 
to Vittaforma corneae. The phylogenetic relationships 
findings of this study contribute to foundational under-
standing of the evolutionary dynamics of these Anophe-
les-associated microsporidia, which is crucial for ongoing 
vector control strategies.
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