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Abstract 
Background: Algeria’s extreme ecosystems, such as the Saoura region, represent unique reservoirs of rare microor-

ganisms, inhabiting pristine and unexplored virgin territories with considerable biotechnological potential. Chitinolytic 

bacteria are particularly noteworthy for mosquito control due to their ability to degrade chitin, the major structural com-

ponent of the insect cuticle. This study aims to: (i) identify new microbial strains adapted to extreme desert conditions, 

overcoming the limited efficacy of some bioinsecticides, (ii) address the spread of vector-borne diseases and mosquito 

resistance, (iii) reduce the environmental impacts of non-selective insecticides, and (iv) explore eco-friendly strategies 

and integrated biological control. 

Methods: Shrimp chitin was extracted to prepare selective media for the isolation and purification of chitinolytic bacte-

ria. The entomopathogenic activity of these chitinolytic strains at concentrations of 10⁴, 10⁵ and 10⁶ CFU/mL was eval-

uated through bioassays on Culex pipiens larvae. 

Results: We isolated three chitinolytic strains from Phoenix dactylifera bark, among which Streptomyces spp. 2 (STR2) 

was clearly the most virulent against Cx. pipiens larvae. This strain exhibited marked dose and time-dependent toxicity 

(LC50-LC99: 7.9×10³-3.4×10⁷ CFU/mL; DC: 6.8×10⁷ CFU/mL; LT50: 4.6 days). Beyond larval mortality, it also severely 

affected adults by reducing the proportion of flight-capable mosquitoes and increasing rates of flightlessness, post-

emergence mortality, and deformity. However, an IGR-like mode of action remains speculative. 

Conclusion: This study confirms the larvicidal activity of desert-adapted chitinolytic bacteria, but further research is 

needed to determine their selectivity toward non-target organisms before considering their application in mosquito man-

agement. 
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Introduction  
 

Vector and pest control remains one of 

the greatest challenges at the intersection of 

public health, agriculture and environmental 

sustainability. For decades, chemical pesti-

cides have formed the cornerstone of control 

programs; however, their widespread use has 

led to environmental pollution, adverse effects 

on human and ecosystem health and the rap-

id emergence of insecticide-resistant mosqui-

to populations. 

Mosquitoes (Culicidae), notably Anopheles, 

Aedes and Culex, are major vectors of malaria,  

 

 
dengue, West Nile virus and filariasis, caus-

ing over one billion cases and more than one 

million deaths each year (1, 2). Culex pipiens 

is widespread in temperate and arid regions, 

representing a significant public health and 

ecological concern (3, 4). 

Between 2023 and 2025, Africa, the con-

tinent most severely impacted by vector-borne 

diseases, has seen the commercialization and 

operational deployment of several bacterial 

larvicides based on Bacillus thuringiensis va-

riety israelensis (Bti), Bacillus sphaericus (Bs), 
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or their combinations, notably within the ur-

ban malaria control programme (UMCP) and 

other large-scale larviciding (LSL) initiatives 

in Tanzania, as well as larval source man-

agement (LSM) programs in Burkina Faso 

and Cameroon (5). Microbial agents are par-

ticularly effective because they specifically 

target mosquito larval stages without adverse 

effects on non-target organisms. Bti produc-

es Cry and Cyt toxins that bind selectively to 

mosquito gut receptors, causing larval death 

while sparing beneficial insects and mammals 

(6). Bs and Streptomyces produce binary tox-

ins or chitinases that degrade larval exoskel-

etons with high specificity (7). The selectiv-

ity of these microbial agents makes them 

safe, efficient and environmentally sustaina-

ble alternatives to chemical insecticides (8). 

In hot, arid environments of North Africa 

and the Middle East, intense solar radiation 

and extreme temperatures markedly reduce the 

residual activity of Bti- and Bs-based larvi-

cides, leading to rapid loss of efficacy in 

small, transient breeding sites typical of de-

sert regions (9). Harnessing locally adapted 

microorganisms offers a promising path to-

ward more resilient and sustainable biocon-

trol. While Bacillus-based larvicides are well 

documented, endemic Streptomyces from ex-

treme habitats remain largely unexplored, de-

spite their remarkable metabolic versatility 

and inherent adaptation to arid ecosystems. 

In this context, we investigated whether 

extremophilic chitinolytic microorganisms en-

demic to the Saoura region (Algeria) could 

offer an effective and climate-adapted alter-

native for mosquito control. Our study aimed 

to isolate entomopathogenic microorganisms 

from date palm fibrillium. This substrate is 

scientifically relevant and strategically valu-

able due to its biochemical richness; it is an 

excellent reservoir of extremophilic strains 

with strong potential against Culex pipiens. 

Key advantages include: (i) frequent accu-

mulation of insect cadavers, pupal remains, 

exuviae and other organic debris, providing 

abundant chitin and lignocellulose while re-

leasing metabolites that create selective pres-

sures favoring the adaptation of chitinase-pro-

ducing, entomopathogenic microorganisms, (ii) 

serving as a natural microhabitat for extremo-

philes adapted to the Saoura desert climate, 

(iii) acting as a reservoir of diverse microbial 

taxa, increasing the likelihood of isolating 

rare or novel entomopathogens, (iv) structur-

al complexity of the fibrous matrix, favoring 

microbial colonization and long-term persis-

tence and likely selecting for genetically 

adapted strains specialized for such arid en-

vironments, (v) represent an underexplored 

ecological niche, offering opportunities to 

discover strains with biotechnological value. 

Specifically, our study aimed to isolate 

novel thermotolerant chitinolytic strains from 

palm date fibrillium and evaluate their ento-

mopathogenic activity against Cx. pipiens lar-

vae. We sought to identify the most effective 

strains based on larval mortality, as well as 

lethal concentration (LC₅₀) and lethal time 

(LT₅₀) values, assess their potential as sus-

tainable, locally adapted biocontrol agents 

suitable for arid environments, and valorize 

underutilized local resources with socio-eco-

nomic benefits. Additionally, the study also 

aimed to promote sustainability and biosafety 

by employing ecologically integrated strains 

adapted to the local climate. 

 
Materials and Methods 
 

Date palm fibrillium was used as a sub-

strate for isolating entomopathogenic micro-

organisms. The collected material was first 

pretreated to suppress vegetative cells and 

promote sporulation, ensuring the selective 

recovery of spore-forming taxa. It was then 

cultured on chitin-based media designed to 

favor the growth of Bacillus sp. and Strep-

tomyces. After purification, the recovered iso-

lates were screened for their larvicidal activ-

ity against mosquito larvae to evaluate their 
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potential for use in sustainable vector man-

agement programs. 

 

Chemical extraction of chitin 

Chitin is widely used as a substrate to 

isolate chitinolytic microorganisms; in this 

study, we employed locally purified chitin to 

improve specificity and experimental control. 

Compared with commercial products, locally 

prepared chitin offers higher purity (reduced 

proteins, pigments and minerals), better re-

producibility and traceability (batch-level char-

acterization) and greater cost-effectiveness and 

sustainability by valorizing shrimp shell waste. 

Its properties (particle size and degree of 

deacetylation) can also be tailored to experi-

mental needs, providing a consistent substrate 

for entomopathogen isolation and pathogenic-

ity assays. Shrimp shells were processed to 

chemically extract chitin (Fig.1) through the 

following steps: 

 Demineralization: Shells were treated with 

0.25 M HCl at room temperature (25 °C) for 

2 hours to remove minerals (mainly CaCO₃) 

and then rinsed with distilled water until 

neutral. 

 Deproteinization: The demineralized res-

idue was treated with 1 M NaOH at 80 °C 

for 2 hours to solubilize proteins and washed 

thoroughly with distilled water. 

 Depigmentation: Residual pigments were 

removed by treating the material with 30% 

H₂O₂ at 50 °C for 1 hour, yielding white, 

homogeneous chitin. 

 Purification: The chitin was washed mul-

tiple times with distilled water, filtered and 

dried at 60 °C for 24 hours to remove chem-

ical residues and stabilize the final product. 

 Characterization: Purified chitin was an-

alyzed using FT-IR spectroscopy, X-ray 

diffraction (XRD) to confirm its purity and 

structure (10, 11). 

 

Preparation of chitin-based culture media 

In this study, the carbon sources in Czapek 

Sucrose Agar medium (CDA), Glucose Nu-

trient medium (GN) and Vitamin B Chitin me-

dia were replaced by purified chitin, making 

it the sole carbon source available in the 

medium. The replacement was carried out by 

weighing the corresponding amount of chitin 

equivalent to the original carbon source (su-

crose or yeast extract) and all other medium 

components were maintained as described. 

The pH was adjusted to 7.4±0.2 and the me-

dia were sterilized before inoculation. 

This approach is consistent with previ-

ously reported methods for isolating and cul-

tivating chitinolytic microorganisms using 

chitin as the sole carbon source (Table 1).   
 

Isolation and purification of microbial strains 

Sampling procedure 

Samples of Phoenix dactylifera (Faggous 

cultivar) fibrillium, weighing 20–25 g each, 

were aseptically collected from three randomly 

selected trees in Mazzer’s palm grove, locat-

ed in the Saoura region, southwestern Alge-

ria (coordinates: 30°19′03.0″N, 2°15′42.2″W). 

Collection was performed at a height of 1.3 m 

using ethanol-sterilized tools. Samples were 

immediately placed in sterile Whirl-Pak bags, 

stored at 4–8 °C and transported to the labor-

atory within 6 hours. A field blank was in-

cluded to monitor potential contamination. 
 

Pretreatment of fibrillium samples 

Chemical treatment: 5 g of crushed Fibril-

lium sample were mixed with 0.5 g of CaCO₃, 

placed on aluminum foil, then transferred in-

to a sterile glass Petri dish containing mois-

tened paper and incubated at 28 °C for one 

week to promote Streptomyces growth. This 

CaCO₃ enrichment step has been widely used 

to selectively favor Streptomyces over fast-

er‑growing bacteria (12). 

Physical treatment: 5 g of crushed fibril-

lium were heated at 90 °C for 15 min to sup-

press vegetative cells and favor spore ger-

mination, especially for Bacillus. Sublethal 

heat shocks at this temperature and for this 

duration are consistent with studies on ther-

mal activation of bacterial spores (13, 14). 

http://jad.tums.ac.ir/
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Preparation of stock solutions and serial 

dilutions 

The pretreated fibrillium (5 g) was sus-

pended in 45 mL of sterile saline (0.85% 

NaCl (w/v) in distilled water) and serial dilu-

tions were prepared in triplicate. Serial dilu-

tion after chemical and physical pretreat-

ments is a standard method to isolate slow-

growing Streptomyces (12). 

Sterile saline was used together with date 

palm fibrillium powder to isolate microbial 

strains and to prepare serial dilutions from 

10⁻¹ to 10⁻⁴. This ensured cell integrity, pre-

vented uncontrolled bacterial growth and al-

lowed accurate and reproducible dilutions for 

subsequent bioassays (Fig. 2). 

 

Inoculation and isolation of microorganisms 

Sterile selective media were used to iso-

late and cultivate chitinolytic and general bac-

terial populations. Samples (0.1 mL from each 

stock solution and dilution) were inoculated 

onto the following media: 

- CDA chitin: a general medium (sucrose 

replaced by chitin) used to favor the growth 

of Bacillus species after heat shock. 

- GN chitin: supports the growth of general 

heterotrophic bacteria and Bacillus spores. 

- VB chitin: contains chitin as the sole car-

bon source and vitamins B, providing selec-

tivity for chitinolytic microorganisms and sup-

porting the growth of more fastidious strains. 

- International Streptomyces Project me-

dium 2 (ISP2): used for Streptomyces isola-

tion, promoting growth of slow-growing spe-

cies over 15–21 days. 

For physically pretreated samples, after 

heat shock (90 °C, 15 min), CDA, GN and 

VBC plates were incubated at 37 °C for 24–

48 h to favor Bacillus spore germination and 

outgrowth. For chemically pretreated sam-

ples, ISP2 plates were incubated at 28 °C for 

15–21 days to allow Streptomyces colonies to 

develop, consistent with standard protocols (12). 

 

Isolation, identification and purification of 

Bacillus and Streptomyces 
Distinct colonies obtained from primary 

cultures were subcultured to obtain pure iso-

lates. Preliminary identification was based on 

colony morphology (size, shape, color, mar-

gin, elevation), microscopic features (cell shape, 

arrangement, motility, presence of endospores), 

Gram and spore staining and basic biochemi-

cal tests (catalase activity, oxygen require-

ment) (15, 16). 

Bacillus: Aerobic, spore-forming Bacil-

lus isolates were streaked on GN-chitin agar 

and incubated at 37 °C for 24–48 h. Purifica-

tion was performed by repeated streaking until 

colonies with uniform morphology and con-

sistent microscopic and biochemical charac-

teristics were obtained. Microscopic exami-

nation included assessment of rod shape, en-

dospore location (central, terminal, subtermi-

nal) and motility (12, 17). 

Streptomyces: Filamentous Streptomyces 

isolates were streaked on ISP2 agar and in-

cubated at 28 °C for 7–15 days. Purification 

was achieved by repeated streaking until col-

onies with consistent macroscopic, microscop-

ic and biochemical features were obtained. 

Identification was based on the presence of 

substrate and aerial mycelium, spore-chain for-

mation, colony pigmentation, texture and cat-

alase activity (18, 19). 
 

Preparation of inocula 

Three isolates (one Bacillus sp., two ac-

tinomycetes belonging to Streptomyces spp.) 

were purified. Standardized suspensions (106 

CFU/mL) were prepared in sterile water, quan-

tified by spectrophotometry for Bacillus and 

the Malassez chamber for Streptomyces. Se-

rial dilutions (104–10⁵ CFU/mL) served as 

inocula for bioassays.  

The concentrations of 10⁴, 10⁵ and 10⁶ 

CFU/mL were selected based on the follow-

ing criteria: (i) Standard bioassay range: These 

doses cover the commonly used range for 

microbial larvicides against mosquitoes, al-

lowing the assessment of dose-response rela-
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tionships, (ii) Dose-response evaluation: Us-

ing three orders of magnitude ensures that 

both sublethal effects (at lower doses) and 

maximal mortality (at higher doses) can be 

observed, facilitating LC₅₀ estimation, (iii) 

Literature precedent: Similar concentrations 

have been reported in recent studies for Ba-

cillus and Streptomyces, making the results 

comparable with previous work (20, 21), (iv) 

Safety and environmental consideration: In-

cluding lower concentrations helps identify 

the minimal effective dose, reducing poten-

tial non-target effects and environmental load 

(22–24). 

 

Bioassays on Culex pipiens larvae 

Larval collection 
 

Study site 

Larvae were collected from palm groves 

in Igli, located in the Saoura region of south-

western Algeria (coordinates: 30°26'43.3" N, 

2°16'52.0" W). The collection site consisted 

of a shallow, stagnant water body within an 

agricultural drainage channel, partially shad-

ed by palm fronds and characterized by mod-

erate accumulation of organic matter. 
 

Collection period 

The sampling took place in June 2023, 

coinciding with the peak seasonal abundance 

of Cx. pipiens larvae in the study region, when 

elevated temperatures and stable stagnant 

aquatic habitats favor larval proliferation and 

ensure high population densities. 
 

Collection time 

To minimize thermal stress and reduce the 

tendency of larvae to move to the bottom of 

the water column, which is common at high-

er temperatures, sampling was conducted in 

the early morning between 06:00 and 08:00, 

when the water temperature was 30.6 °C and 

the relative humidity was 18%. 
 

Collection technique 

Larvae were collected using a 350 mL dip-

per, with ten successive scoops taken along a 

15 m transect to account for spatial variabil-

ity. Samples were transferred into enamel trays 

for separation, then placed in 500 mL con-

tainers (≤30 larvae each) filled with habitat 

water. Containers were covered with mesh, 

labeled with sampling metadata and trans-

ported to the laboratory within 2 h for spe-

cies confirmation and experiments. 

 

Criteria for selecting the larval stage 

The collection specifically targeted third 

instar (L3) larvae of Cx. pipiens, as this stage 

is the most suitable for bioassays due to its 

high susceptibility to entomopathogenic agents 

while still allowing sufficient time before 

pupation. The choice of L3 was justified by 

the following characteristics: 

(i) High vulnerability to entomopathogenic 

microorganisms, (ii) Adequate larval period 

remaining for post-exposure monitoring, (iii) 

Larger body size compared to L1 and L2, 

facilitating handling, manipulation and pre-

cise dosing, (iv) Absence of metamorphic phys-

iological changes occurring at L4, reducing 

experimental variability, (v) Ease of morpho-

logical identification at this stage, (vi) Lower 

mortality risk during handling and transpor-

tation, (vii) Minimization of misidentification 

compared to earlier instars, (viii) Distinct spe-

cies-specific traits visible at L3, (ix) Reduced 

probability of pupation during transport and 

handling and (x) Optimal body size for both 

laboratory and field bioassays. 

 

Sorting of L3 larvae 

The final selection of L3 larvae was per-

formed in the laboratory of Tahri Mohamed 

University under a stereomicroscope. Larvae 

were identified using morphological diagnostic 

features, including body size, siphon length-

to-width ratio, number of siphonal setae, pres-

ence of palmate hairs and pigmentation pat-

terns. Only active and morphologically intact 

individuals were retained, handled carefully 

using a fine-tipped pipette. 
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Key morphological traits for rapid identifi-

cation of Cx. pipiens larvae include: 

 Respiratory siphon: elongated, longer than 

the head; siphonal index approximately 3–

4. This is a primary feature distinguishing 

Culex from Anopheles, which lacks a siphon. 

 Subventral comb scales (peines): present 

at the base of the siphon; moderate num-

ber, unlike the dense combs observed in 

Aedes larvae. 

 Setae (hairs): moderately dense on ab-

dominal segments and siphon; lateral and 

dorsal setae clearly visible; less dense than 

in Aedes. 

 Position in water: larvae suspended at the 

surface, head downward. 

 Other characters: size and number of ab-

dominal segments (8 segments) serve as 

confirmation, but are secondary. 

 

Standardization of laboratory rearing con-

ditions 

Larvae were maintained under standard-

ized abiotic and biotic conditions to repro-

duce their natural habitat and minimize ex-

ternal stress factors. 

 Water quality: Dechlorinated water (pH 

6.5–8) with low conductivity, low to mod-

erate hardness, and minimal turbidity was 

used. Water was renewed periodically to 

maintain hygiene without abrupt chemical 

or thermal changes. 

 Temperature: A constant water tempera-

ture of 25±2 °C was maintained, avoiding 

sudden fluctuations. 

 Photoperiod: A 12:12 h light-dark cycle 

was applied with soft illumination, pre-

venting direct exposure to strong light. 

 Relative humidity: Ambient humidity was 

kept at 15–25%, reflecting the arid climate 

of Southwestern Algeria (18%). 

 Dissolved oxygen: No mechanical aeration 

was provided, but stagnation was avoided 

by ensuring sufficient water surface rela-

tive to larval density. 

 Feeding regime: Larvae were fed finely 

ground fish food and yeast (0.1–0.2 mg/ 

larva/day) in controlled amounts to avoid 

fouling. 

 Container size and density: Each bioas-

say was conducted in 500 mL plastic cups, 

filled with 400 mL of dechlorinated water, 

containing 20 third-instar larvae per cup 

(density 0.05 larvae/mL). These conditions 

were selected to prevent overcrowding and 

cannibalism, ensuring uniform growth and 

exposure. 

 Handling practices: Disturbance was min-

imized during routine observation and sam-

pling. 

 Absence of predators and contaminants: 

Rearing water was kept free from other or-

ganisms (worms, predatory larvae, fungi), 

and all manipulations were performed with 

disinfected tools. 

 

Introduction of bacterial suspensions to 

larvae 

Using a sterile syringe, 4 mL of the Ba-

cillus sp. mother suspension (10⁶ CFU/mL) 

was withdrawn after agitation and added to 

one of the experimental cups. The same pro-

cedure was used for the other dilutions (10⁴ 

and 10⁵ CFU/mL) and for the remaining mi-

croorganisms. Cups were labeled and cov-

ered with fine sterile gauze, both to prevent 

external contamination and to retain adults 

emerging from surviving larvae, which were 

later inspected under a stereomicroscope to 

document deformities and malformations. 

After dilution, the final concentrations in the 

cups were 10⁶, 10⁵ and 10⁴ CFU/mL, with 

10⁶ CFU/mL considered the maximum bio-

assay dose. 

 

Data processing 

Larvicidal bioassays were conducted fol-

lowing WHO standard procedures, with mi-

nor adjustments for the environmental condi-

tions of the Saharan desert, where the mos-

quito populations were collected. Twenty (20) 
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third-instar (L3) Cx. pipiens larvae were placed 

in 500 mL containers covered with sterile 

gauze to prevent adult escape after pupation. 

A total of 720 larvae were used across the 

study. Larvae were exposed to three con-

centrations (10⁴, 10⁵, 10⁶ CFU/mL) of each 

bacterial strain, Bacillus sp., Streptomyces 

spp. 1 and Streptomyces spp. 2, with one un-

treated control per strain. Each concentration 

and control were tested in triplicate, and all 

experiments were conducted separately for 

each strain to avoid cross-contamination. 

Mortality was monitored daily for seven 

days to estimate LC₅₀, DC and LT₅₀ values. 

Pathogenicity was confirmed microscopical-

ly, and control mortality ranging from 5% to 

20% was corrected using Abbott’s formula.  
 

 
 

Evaluation of biological effects 

The biological effects of each bacterial 

isolate on Cx. pipiens were assessed at mul-

tiple developmental stages. Larval mortality 

over seven days, including cumulative deaths, 

LC₅₀, diagnostic concentration (DC) and LT₅₀, 

quantified both lethality and speed of action. 

Pupal inhibition and post-emergence mortal-

ity revealed disruptions in development and 

early adult death, while adult deformities and 

flight incapacity reflected sublethal physio-

logical consequences. This multi-parameter ap-

proach provided an integrated evaluation of 

both lethal and sublethal impacts (Table 2). 

 

Statistical analysis 

Larval mortality was calculated as the per-

centage of dead larvae at each concentration 

and exposure time. Dose-response data were 

analysed by log-probit regression, fitting pro-

bit-transformed mortality against log₁₀ (con-

centration) for each strain and day to obtain 

the regression parameters (intercept a and slope 

b), LC₅₀, LC₉₀ and LC₉₉ (CFU/mL) and the 

coefficient of determination (R²). In line with 

WHO recommendations, the DC for each 

strain was defined as twice the LC₉₉ (DC= 2 

× LC₉₉). Time mortality data at 10⁶ CFU/mL 

were similarly analysed by log-probit regres-

sion of probit-transformed mortality on ex-

posure time (days) to estimate LT₅₀ for each 

strain. Post-treatment outcomes were classi-

fied as flight-capable, flightless, or post-emer-

gence mortality and expressed as percentages. 

All bioassays were performed in triplicate, 

and results are presented as mean ± standard 

error (SE). All computations were carried out 

in Microsoft Excel using standard log-probit 

procedures. 

 
Results  
 

The chitin mass yield, calculated from dried 

and ground shrimp shells (68.26 g), resulted 

in a final recovery of 11.3 g of purified chi-

tin, corresponding to 16.55% of the initial bi-

omass.  

 

Isolation and identification of microorgan-

isms 

Following the isolation process, one Ba-

cillus sp. strain and two Streptomyces spp. 

strains were purified and characterized. 

 

Bacillus 

Microscopic examination revealed motile 

rod-shaped bacteria arranged in chains, with 

spores observed after 48 h. Gram staining 

confirmed Gram-positive bacilli, while spore 

staining highlighted free and intracellular 

spores. Biochemical assays showed faculta-

tive anaerobic growth and catalase activity. 

 

Streptomyces  

Morphological and cultural features iden-

tified both isolates as Streptomyces. 

STR1: colonies cottony and wrinkled with 

smooth edges; white vegetative mycelium and 

gray aerial mycelium. 

STR2: dome-shaped, powdery colonies 

with rough margins; orange vegetative my-

celium and beige aerial mycelium. 
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Impact of Bacillus sp. on mosquito larval 

development and adult emergence 

For Bacillus sp., the probit-log₁₀ (concen-

tration) plot at day 7 shows an almost per-

fectly linear dose-response, with a moderate 

positive slope (b= 0.26) and a very high good-

ness-of-fit (R²= 0.999). Probit mortality in-

creases steadily from the lowest to the high-

est tested dose (10⁴–10⁶ CFU/mL), in agree-

ment with the progressive rise in larval mor-

tality from 50% to 70% (Fig. 3). This dose-

dependent pattern is consistent with the re-

duction in adult emergence and flight capac-

ity observed at higher concentrations, where 

only a small proportion of larvae reaching pu-

pation produced fully functional, flight-capa-

ble adults and post-emergence mortality in-

creased (Fig. 3). 

 

Impact of Streptomyces (STR 1) on mosquito 

larval development and adult emergence  

For Streptomyces STR1, the probit-log₁₀ 

(concentration) curve also displays a positive 

linear trend (b= 0.26), but with a lower coef-

ficient of determination (R²= 0.75), reflect-

ing greater variability between the three dos-

es. Probit mortality rises from 50% at 10⁴ 

CFU/mL to around 70% at 10⁵–10⁶ CFU/mL, 

indicating a stronger larvicidal effect than 

Bacillus sp. at equivalent concentrations (Fig. 

4). These probit-based patterns match the cu-

mulative mortality recorded over time and the 

post-pupation outcomes, where STR1 reduced 

the proportion of flight-capable adults and pro-

duced consistent levels of flightlessness and 

post-emergence mortality among those that suc-

cessfully reached pupation (Fig. 6). 

 

Impact of Streptomyces (STR2) on mosquito 

larval development and adult emergence  

The probit-log₁₀ (concentration) plot for 

Streptomyces STR2 shows the steepest dose-

response among the three strains, with a higher 

slope (b= 0.64) and a strong linear fit (R²= 

0.97). Probit mortality increases sharply be-

tween 10⁴ and 10⁶ CFU/mL, corresponding 

to the mortality observed rising from 50% to 

90% at day 7. This steep relationship con-

firms the high sensitivity of larvae to STR2 

and is consistent with the highest overall lar-

val mortality in the time-course assays (Fig. 

5). Moreover, at the pupal and adult stages, 

STR2 strongly reduced the proportion of flight-

capable adults and increased the frequency of 

flightlessness and post-emergence defects or 

mortality, indicating that its larvicidal action 

extends beyond simple larval kill to mark-

edly compromise post-pupation performance 

(Fig. 6). 
 

Comparative analysis of LC₅₀, LC90 and 

LC99 

Log-probit analysis of the dose-response 

data (Probit mortality vs log₁₀ concentration) 

showed that the linear model provided a good 

fit from day 4 onwards, with R² values in the 

range of 0.75–1.00 for most strain-day com-

binations. Early in the exposure period (days 

1–3), mortality was too low or too similar 

across doses to yield reliable LC estimates, 

which explains the non-estimable LC values. 

By day 7, the estimated lethal concentrations 

(CFU/mL) were: 

Bacillus sp. (day 7): LC₅₀: 1.03× 10⁴, LC₉₀: 

7.82× 10⁸ and LC₉₉: 7.90× 10¹² CFU/mL, Strep-

tomyces spp. 1 (day 7): LC₅₀: 4.64× 10³, LC₉₀: 

3.54× 10⁸ and LC₉₉: 3.57× 10¹² CFU/mL, 

Streptomyces spp. 2 (day 7): LC₅₀: 7.86× 10³, 

LC₉₀: 7.82× 10⁵ and LC₉₉: 3.40× 10⁷ 

CFU/mL (Fig. 7). 

These values confirm clear strain-to-strain 

differences in potency at the end of the 7-day 

exposure. In particular, Streptomyces spp. 2 

required orders of magnitude lower concen-

tration to reach LC₉₉ compared with the oth-

er two strains, while Bacillus sp. exhibited 

the highest LC₉₉, indicating lower intrinsic ac-

tivity under the tested conditions (Table 3). 

 

Discriminating concentration (DC) 

Following WHO recommendations, the dis-

criminating concentration (DC) was defined as 
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twice the LC₉₉ estimated by log-probit anal-

ysis against the susceptible laboratory strain. 

Using the day-7 LC₉₉ values, DCs were 

Bacillus sp.: DC: 1.58× 10¹³ CFU/mL, Strep-

tomyces spp. 1: DC: 7.15× 10¹² CFU/mL and 

Streptomyces spp. 2: DC= 6.80× 10⁷ CFU/mL 

Thus, Streptomyces spp.2 required a much 

lower discriminating concentration than Ba-

cillus sp. and Streptomyces spp. 1, again high-

lighting its superior larvicidal potency (Table 

3). 
 

Lethal time (LT₅₀) 

Time-mortality data at the highest test 

concentration (10⁶ CFU/mL) were analyzed 

using log-probit regression of probit-trans-

formed mortality against exposure time. The 

estimated LT₅₀ values were: Bacillus sp.: LT₅₀: 

5.56 days, Streptomyces spp. 1: LT₅₀: 5.43 

days and Streptomyces spp. 2: LT₅₀: 4.58 

days (Fig. 7). 

These estimates confirm that Streptomy-

ces spp.2 kills larvae more rapidly than Ba-

cillus sp. and Streptomyces spp. 1 at the same 

high dose, while the difference between Ba-

cillus sp. and Streptomyces spp. 1 is modest 

(Table 3). 
 

Principal component analysis (PCA) pro-

jection illustrating the variability among 

Bacillus sp., STR1 and STR2 

Principal component analysis (PCA) based  

on log₁₀ (LC₅₀), LT₅₀ and mortality at 10⁶ 

CFU/mL (day 7) showed a clear separation 

among the three strains. PC1 (67.4 % of the 

variance) mainly contrasted high LC₅₀ and 

long LT₅₀ with high mortality, placing Strep-

tomyces spp.2 on the side of higher mortality 

and shorter LT₅₀, while Bacillus sp. and Strep-

tomyces spp.1 clustered together with similar 

LC₅₀ and LT₅₀ values. PC2 (32.6 % of the 

variance) contributed only marginally to strain 

separation, confirming that STR2 is the most 

potent and fastest-acting isolate in overall 

multivariate space (Fig. 8). 

Figure 9 illustrates the spectrum of pa-

thological symptoms induced by Bacillus, 

STR1 and STR2 at 10⁶ CFU/mL in Cx. 

pipiens. Morphological alterations include so-

matic swelling, cuticular darkening (melani-

zation) and tissue necrosis; deformation of 

pupal respiratory trumpets; and extensive cu-

ticle degradation indicative of chitinolytic ac-

tivity. Physiological impairments are eviden-

ced by wing detachment due to flight muscle 

degradation, leg and antennal deformities and 

midgut epithelial damage. Behavioral and 

developmental disruptions are also visualized, 

such as premature adult emergence and ar-

rested development in the pharate pupal stage. 

The composite figure summarizes the key 

pathologies leading to mortality and repro-

ductive failure. 

 
Table 1. Composition of selective chitin-based media (CDA, GN and Vitamin B) for isolating chitinolytic microor-

ganisms. Major ingredients and concentrations (g/L) of the three media in which the carbon source was replaced by 

chitin. Media were adjusted to pH 7.4±0.2 and incubated at 37 °C 
 

CDAchitin GNchitin Vitamin B Chitin 

Ingredients Quantity 

g /L 

Ingredients Quantity 

g /L 

Ingredients Quantit

y g /L 

Sucrose replaced by chitin 30 

10 

Yeast extract 

Replaced with chitin 

2 

2 

Chitin 2 

K2HPO4 1 meat extract 1 KH2PO4 0.35 

KCl 0.5 Peptone 5 MgSO4 0.2 

MgSO4 0.5 NaCl 5 CaCO3 0.02 

FeSO4 0.01 Agar 15 FeSO4 0.01 

NaNO3 3   ZnSO4 0.001 

Agar 15   MnCl2 0.001 

pH 7.4±0.2 at 37 °C 
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Table 2. Parameters for assessing bacterial effects on Culex pipiens. Measured parameters include larval mortality 

(LC₅₀, LC90, LC99 and LT₅₀), pupal inhibition/post-emergence mortality and adult deformities/flight incapacity. Com-

bined, these provide a comprehensive assessment of lethal and sublethal effects 
 

Parameter evaluated Description Biological significance 

Larval mortality 

(7 days) 

Measurement of cumulative larval 

deaths and calculation of LC₅₀, LC90, 

LC99, and LT₅₀ 

Indicates the lethality and speed of action of 

each bacterial isolate. 

Pupal inhibition and 

post-emergence mor-

tality 

Observation of larvae failing to pupate, 

pupae not reaching adulthood, or adults 

dying shortly after emergence 

Reflects developmental disruption and early 

adult mortality. 

Adult deformities and 

flight incapacity 

Detection of malformed adults showing 

defects (e.g., deformed wings/legs, flight 

inability) 

Demonstrates sublethal physiological effects 

impacting adult fitness. 

Overall evaluation Combined interpretation of lethal and 

sublethal parameters 

Provides a comprehensive assessment of the 

impact of isolates on Cx. pipiens development. 

 
 

 
 

Fig. 1. Chemical purification of arthropod chitin. Continuous block process of chitin extraction: demineralization 

with 1 M HCl (2 h), deproteinization with 1 M NaOH (24 h, 65 °C), followed by washing and drying 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 2. Preparation of serial dilutions of the fibrillium stock solution was performed as previously described by 

Pochon and Tardieux (25). 0.5 g of pretreated fibrillium fibers were suspended in 45 mL of sterile saline (0.85 % 

NaCl, pH 7) at ambient temperature as the stock solution for serial dilutions 

 05 g of 
Pretreated 

fibers  

 

 

45 ml of 

sterile saline 

1ml 

ml 

1ml 

ml 

1ml 

ml 

1ml 
ml 

10-1 10-2 10-3 10-4 

Dilutions Stock solution 

10ml  10ml 

ml 

10ml 

ml 

    

10ml 
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Table 3. Linear regression parameters of probit-transformed mortality versus log₁₀ (concentration) and derived LC₅₀, 

LC₉₀, LC₉₉, discriminating concentration (DC= 2× LC₉₉) and LT₅₀ (at 10⁶ CFU/mL) for Bacillus sp., Streptomyces 

spp. 1 (STR1) and Streptomyces spp. 2 (STR2) against third-instar Culex pipiens larvae after 7 days of exposure 
 

Strain Intercept 

(a) 

Slope 

(b) 

R² LC50 

(CFU/mL) 

LC90 

(CFU/mL) 

LC99 

(CFU/mL) 

DC 

(CFU/mL) 

LT50 

(Days) 

BAC 3.948 0.262 1.000 1.03×104 7.82×108 7.90×1012 1.58×1013 5.562 

STR 1 4.039 0.262 0.750 4.64×103 3.54×108 3.57×1012 7.15×1012 5.428 

STR 2 2.504 0.641 0.968 7.86×103 7.82×105 3.40×107 6.80×107 4.577 

 

 
 

Fig. 3.  Probit-log₁₀ (concentration CFU/mL) dose-response of Bacillus sp. against third-instar Culex pipiens larvae 

after 7 days of exposure. Larvae (0.05 larvae/mL) were reared under standardized conditions (dechlorinated water pH 

6.5–8, 25±2 °C, 12:12 h L:D, 15–25 % RH, controlled feeding 0.1–0.2 mg/larva/day). Points show probit-

transformed mortality at 10⁴, 10⁵ and 10⁶ CFU/mL and the line is the fitted log-probit regression; R² and derived 

LC₅₀, LC₉₀, LC₉₉ and DC (2×LC₉₉) are reported on the plot and in Table 3 

 

 
 

Fig. 4.  Probit-log₁₀ (concentration CFU/mL) dose-

response of STR1 against Culex pipiens larvae after 7 

days under standardized rearing (0.05 larvae/mL; 

dechlorinated water pH 6.5–8; 25±2 °C, 12:12 h L:D; 

15–25 % RH, 0.1–0.2 mg/larva/day). Probit-

transformed mortalities at 10⁴, 10⁵ and 10⁶ CFU/mL 

are plotted versus log₁₀(concentration) with the fitted 

log-probit line and R²; resulting LC₅₀, LC₉₀, LC₉₉ and 

DC are given in Table 3 
 

 
 

Fig. 5. Probit-log₁₀ (concentration CFU/mL) dose-

response of STR2 against Culex pipiens larvae reared 

for 7 days under the same standardized conditions 

(density 0.05 larvae/mL, dechlorinated water pH 6.5–

8, 25±2 °C, 12:12 h L:D, 15–25 % RH, controlled 

feeding). Points represent probit mortalities at 10⁴, 

10⁵, and 10⁶ CFU/mL; the solid line represents the 

log-probit fit. R² and the corresponding LC₅₀, LC₉₀, 

LC₉₉ and DC are summarized in Table 3 
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Fig. 6.  Post-treatment fate of Culex pipiens larvae following exposure to Bacillus sp., STR1 and STR2. For each 

treatment, 20 third-instar larvae were exposed and subsequently classified as dead during the larval stage, pupated, 

emerged as flightless adults, or emerged as healthy flight-capable adults. Bars show the mean number of individuals 

in each category from three independent bioassay replicates (±SE) 

 

 
 

Fig. 7. Comparative LC₅₀, LC₉₀, and LC₉₉ (bars, left y-axis) and LT₅₀ (points, right y-axis) for Bacillus sp., STR1, 

and STR2 against third-instar Culex pipiens larvae. LC values and the corresponding LT₅₀ were derived from log-

probit dose-response and time-mortality regression models at day 7. Bars represent mean LC estimates (±95 % con-

fidence intervals) on a logarithmic scale; LT₅₀ points are shown with their 95 % confidence intervals 
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Fig. 8. Principal component analysis (PCA) of log₁₀ (LC₅₀), LT₅₀ and mortality of Culex pipiens larvae at 10⁶ 

CFU/mL (day 7) for Bacillus sp., STR1 and STR2. (A) PCA biplot: PC1 and PC2 account for 67.4 % and 32.6 % of 

the total variance, respectively. Strains are represented by their scores (points) and variables by loading vectors (red 

arrows). (B) Scree plot showing the proportion of variance explained by each principal component, confirming that 

only the first two components are informative 

 

 
 

Fig. 9.   Behavioral, morphological and physiological symptoms observed in Culex pipiens mosquitoes following 

treatment with Bacillus, STR1 and STR2 at 10⁶ CFU/mL. Stereomicroscopic observations were performed at 10× 

and 40×. Panels (a–c) show larval-stage alterations; panels (d–f) show pupation and emergence-related abnormali-

ties; panels (g–i) show adult-stage alterations 
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Discussion  
 

The chitin yield obtained from shrimp 

shells in this study was comparable to values 

reported for similar crustacean by-products, 

confirming this material as a suitable, low-

cost substrate for enriching chitinolytic mi-

croorganisms (26). Using locally purified chitin 

rather than commercial material likely pre-

served native structural features important for 

colonization by chitin-degrading bacteria and 

actinomycetes and for mimicking natural cu-

ticular substrates of mosquitoes (27). This strat-

egy therefore supports both waste valorisation 

and the development of regionally adapted bi-

oinsecticidal resources. 

From this chitin-based system, we isolat-

ed one Bacillus sp. and two morphologically 

distinct Streptomyces strains (STR1 and STR2). 

The clear differences in virulence between 

STR1 and STR2 are consistent with the high 

metabolic and genetic diversity of Strepto-

myces, which is a major source of bioactive 

natural products, including insecticidal metab-

olites and potent chitinases (28, 29). Probit 

analysis of dose-response and time-mortality 

data revealed a robust potency gradient STR2 

> STR1 > Bacillus sp., reflected by lower 

LC₅₀, LC₉₀ and LC₉₉ values, shorter LT₅₀ and 

lower discriminating concentrations (DC) for 

STR2 compared with the other isolates. 

The LC values obtained for STR1 and 

STR2 fall within the range reported for prom-

ising actinobacterial larvicides. Streptomyces 

spp. KSF103 and related isolates have shown 

strong activity against Aedes, Anopheles and 

Culex larvae with relatively low LC₅₀ values 

and limited non-target effects (30, 31). Our 

STR2 strain thus fits into this emerging group 

of mosquitocidal actinomycetes. However, its 

potency remains lower than optimized formu-

lations of Bacillus thuringiensis israelensis 

(Bti) and Lysinibacillus sphaericus which 

achieve very low LC₅₀ and near-complete 

kill at ppm levels in WHO larval bioassays 

(32, 33). This indicates that optimization of  

 

 

culture conditions, concentration of active me-

tabolites and formulation will be necessary 

before STR2 can realistically compete with 

established microbial larvicides. 

The DC values derived from our probit 

models provide additional insight. According 

to WHO recommendations, diagnostic doses 

are used to distinguish susceptible from re-

sistant mosquito populations and to monitor 

resistance to microbial larvicides (33). Alt-

hough our bioassays were performed on ex-

tremophile strains, the particularly low DC 

of STR2 compared with STR1 and Bacillus 

sp. suggests that STR2 could be more eco-

nomical and practical for future resistance 

monitoring or operational use. In contrast, the 

higher DCs of Bacillus sp. and STR1 imply 

that, under the tested conditions, these iso-

lates would require larger quantities to achieve 

full control, making them more suitable as 

components of integrated or combined strat-

egies rather than as stand-alone larvicides (34). 

Time-mortality analysis at 10⁶ CFU/mL 

yielded LT₅₀ values of roughly 4–6 days, 

with STR2 consistently killing larvae faster 

than STR1 and Bacillus sp. Such LT₅₀ indi-

cates a relatively slow but progressive larvi-

cidal effect, typical of biological agents act-

ing through chronic intoxication, tissue deg-

radation, or metabolic disruption (35). Plant-

derived and microbial larvicides often show 

comparable or longer LT₅₀s yet still provide 

satisfactory control when persistent and en-

vironmentally safe (34). Microbial larvicides 

such as Bti and L. sphaericus also display 

variable LT₅₀s depending on formulation and 

mosquito species (32). In this context, the 

shorter LT₅₀ of STR2 is advantageous, as it 

reduces the window during which larvae can 

feed and develop into adults. 

Beyond acute mortality, all three isolates 

induced marked developmental and post-

emergence effects. In larvae, reduced feed-

ing, growth retardation, swelling, whitening, 
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and fragile bodies are consistent with midgut 

damage, systemic stress and osmotic imbal-

ance, as reported for other bacterial and acti-

nomycete entomopathogens (27, 31). Pro-

nounced chitinolytic activity and visible deg-

radation of the cuticle and siphon suggest that 

extracellular chitinases and proteases contrib-

ute to lethality by weakening the integument 

and interfering with respiration (29, 30). At 

the pupal and adult stages, premature pupa-

tion at sub-optimal size, prolonged pupal du-

ration with pharate adults, melanization, ne-

crosis, deformities of respiratory trumpets, in-

complete or abnormal adult emergence, poor-

ly sclerotized cuticles, twisted or shortened 

legs, wing detachment and antennal atrophy 

were frequently recorded (Fig. 9). Similar mal-

formations have been described in mosquitoes 

exposed to fungal pathogens, bacterial toxins 

and certain plant extracts, where disruption 

of cuticle sclerotization, neuromuscular func-

tion and energy metabolism leads to severely 

reduced survival and flight capacity (34, 35). 

These developmental and post-emergence de-

fects raise the question of whether our iso-

lates exert true insect growth regulator (IGR) 

activity or mimic IGR-like syndromes through 

chronic toxicity and tissue degradation. Clas-

sical IGRs, such as juvenile hormone ana-

logues or chitin synthesis inhibitors, typical-

ly reduce pupation and adult emergence and 

induce malformed adults by disrupting endo-

crine control of molting and cuticle formation 

(36). The premature pupation extended pupal 

duration and malformed, non-flying adults ob-

served here resemble this pattern. However, 

our current data do not demonstrate the pro-

duction of genuine IGR molecules. It re-

mains plausible that intense chitinolytic and 

proteolytic activity, combined with midgut 

and systemic damage, secondarily disrupts de-

velopment in a way that phenotypically mimics 

IGR exposure (27, 31). Clarifying this issue 

will require targeted endocrine and molecu-

lar assays and chemical identification of the 

active metabolites. 

Finally, the origin of STR1 and STR2 from 

an arid environment is consistent with grow-

ing evidence that desert actinomycetes are 

rich sources of structurally novel and often 

highly potent bioactive metabolites (28, 37). 

Desert-derived Streptomyces have been re-

peatedly highlighted for their high chitinase 

production and strong insecticidal profiles com-

patible with eco-friendly pest management (29, 

31). Our findings support this view and show 

that such strains can affect Cx. pipiens not 

only by killing larvae but also by profoundly 

impairing the development and functionality 

of survivors. Overall, STR2 and to a lesser 

extent STR1 emerge as a promising candi-

date for further development as a biological 

control agent, warranting optimization of pro-

duction and formulation and evaluation un-

der semi-field and field conditions alongside 

established microbial larvicides such as Bti 

and L. sphaericus (32, 33). 

 
Conclusion 
 

Chemical pest control negatively impacts 

ecosystems, human health, and fosters pest 

resistance, highlighting the need for eco-

friendly alternatives such as biological con-

trol. In this study, three chitinolytic bacterial 

strains (one Bacillus and two Streptomyces, 

isolated from date palm bark in IGLI’s palm 

groves, (Saoura region, Southwestern Alge-

ria)) were tested against Cx. pipiens. All strains 

caused significant larval mortality and devel-

opmental defects, with Streptomyces STR2 

showing the highest virulence (70% mortal-

ity, LT₅₀= 4 days). The main mechanisms in-

volved are cuticle degradation by chitinases 

and for Bacillus, gut damage induced by Cry 

proteins. Treated mosquitoes exhibited de-

layed development and malformations that 

ultimately led to death. 

These findings confirm the strong poten-

tial of chitinolytic microorganisms as prom-

ising alternatives to chemical insecticides. 

Future work should focus on: (i) molecular 
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identification of the strains and their chi-

tinases, (ii) testing on other insect pests un-

der both laboratory and field conditions, (iii) 

isolating and comparing additional chitinolytic 

microorganisms for their biocontrol efficacy, 

(iv) Evaluation of the adaptive potential of 

the studied strains to survive and function in 

harsh and extreme desert ecosystems, (v) Com-

prehensive assessment of the potential impacts 

and safety of the studied strains on human 

health. 

The isolation of microorganisms from ex-

treme desert environments offers unique op-

portunities, as their metabolic adaptations of-

ten translate into rare bioactive compounds 

with strong entomopathogenic potential. Val-

orizing this unexplored microbial diversity is 

therefore essential for developing innovative 

and sustainable biocontrol strategies. 
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