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Assessment of neonicotinoid susceptibility in Apis indica F. population
ABSTRACT: 
The present study evaluated the susceptibility of Apis indica populations collected from six agro-ecosystems of Trivandrum and Kollam districts along with a feral colony from Mettupalayam to the neonicotinoids viz., imidacloprid 70 WG and thiacloprid 21.7% SC. Acute oral and contact bioassays were conducted to determine lethal concentrations (LC₅₀, LC₉₀), resistance ratio (RR) and safety index (SI). Among the tested populations, the Vellayani (VLY) population showed the highest tolerance, reflected by elevated LC₅₀ and RR values, possibly due to prolonged exposure to insecticides in the field, whereas the feral population was the most susceptible, recording the lowest LC₅₀ values. Imidacloprid exhibited significantly higher toxicity across all populations, with oral and contact RR values up to 6.000 and 2.631, respectively. SI were consistently low (0.004–0.947), classifying imidacloprid as relatively least safe to A. indica in both exposures. In contrast, thiacloprid showed comparatively lower toxicity, with oral and contact RR values up to 18.592 and 3.786 and higher SI values (0.054–21.270), indicating relative safety for VLY population in both exposures. Overall, imidacloprid posed significant toxicity risk to A. indica, whereas thiacloprid appeared comparatively safer due to its higher safety margins and lower acute toxicity. The study provides critical baseline data on imidacloprid and thiacloprid susceptibility in indigenous honeybees, emphasizing the need for bee-safety considerations in pesticide selection. These findings suggest for region-specific risk assessment and pollinator-friendly pest management strategies to safeguard A. indica and ensure sustainable pollination services in agricultural ecosystems.
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1. INTRODUCTION
[bookmark: _Hlk213772616][bookmark: _Hlk213772603]Honey bees are key pollinators contributing significantly to crop yield and quality (Gallai et al., 2009; Potts et al., 2010; Garibaldi et al., 2013; Motaung, 2020; Amezian et al., 2021). Among factors affecting bee decline, pesticide exposure, particularly to neonicotinoids, has been identified as a major contributor to declines (Johnson, 2015; Bayo and Wyckhuys, 2019). Neonicotinoids act as nicotinic acetylcholine receptor competitive modulators, causing overstimulation and mortality in bees (Tomizawa and Casida, 2005; Thany, 2020; Ferreira and Faro, 2021;). They are widely applied as seed treatments, foliar sprays, and soil drenches (Williamson et al., 2014; Bonmatin et al., 2015; Goulson et al., 2015).
Among the neonicotinoids, imidacloprid is highly toxic even at sublethal doses, which negatively impacts foraging and colony development. In contrast, thiacloprid exhibits comparatively lower toxicity (Suchail et al., 2001; Iwasa et al., 2004; Jeschke et al., 2011; Cresswell et al., 2012; Woodcock et al., 2017). However, safety may vary across different insect populations and exposure routes, and oral ingestion of thiacloprid can still pose significant risks under field conditions (Blacquiere et al., 2012; Tosi and Nieh, 2019; Jacob et al., 2019; Sgolastra et al., 2020).
[bookmark: _Hlk213772586]In India, research on the susceptibility of Apis indica to neonicotinoids is limited, despite their crucial importance in pollination services (Elbert et al., 2008; Abrol, 2012; Raghavan et al., 2021). Most studies focus on Apis mellifera, leaving a significant gap in knowledge regarding indigenous bees under local agro-ecological conditions (Henry et al., 2012; Arena and Sgolastra, 2014; Sandrock et al., 2014; Stuligross and Williams 2021). 
The present study evaluates the susceptibility of Apis indica populations-specifically, those from six agro-ecosystems of Trivandrum and Kollam districts and a feral colony from Mettupalayam to imidacloprid and thiacloprid. Acute oral and contact bioassays were used to determine LC50, resistance ratio, and safety index, aiming to provide critical insights into pollinator health risks and guide sustainable pest management strategies.
2. MATERIALS AND METHODS
This study compared the tolerance of Indian bees to imidacloprid and thiacloprid was carried out at Department of Agricultural Entomology, College of Agriculture, Kerala Agricultural University, Vellayani. 
2.1 Procurement and maintenance of Apis indica colonies: Populations of Apis indica were procured from six agroecosystems in the Trivandrum district (Vellayani (VLY), Aryanad (ARY), Mariapuram (MRP), Chenkal (CNK) and Palapoor (PLP)) and the Kollam district (Kadakkal (KDK)) of Kerala. These were collected along with a feral colony from the foothills of Nellithurai, Mettupalayam. All colonies were maintained under uniform conditions in the apiary unit of Department of Entomology, College of Agriculture, Vellayani, Trivandrum. Colonies were regularly inspected and standard beekeeping practices were followed to ensure colony health and strength throughout the study period. Foraging worker bees were retrieved from the hive entrance used for bioassays. 
2.2 Acute Oral Toxicity Bioassay: Round glass aquaria (12 cm diameter) were thoroughly washed and dried before use. A polythene strip of 7 cm diameter served as the feeding surface. Test concentrations for imidacloprid 70 WG and thiacloprid 21.7% SC were standardized to achieve 20-80 per cent of mortality in Apis indica populations. Insecticide/honey test mixtures were prepared by mixing a tested concentration of insecticide with honey (10%) in 1:1 ratio (10 mL honey: 10 mL test solution). From this, 200 µL of the mixture was transferred onto the polythene strip using a micropipette. Foraging worker bees were retrieved from the colony entrance and immobilized by chilling at 4°C for 2 min. Group of 10 bees per replication were immediately transferred to each glass jar, which was covered with muslin cloth secured with a rubber band to allow ventillation. The control group received 10% honey alone without the insecticide. Each treatment was replicated three times. Experimental setup for assessment of acute oral toxicity of imidacloprid 70WG on Apis indica was illustrated in Fig 1.
2.3 Acute Contact Toxicity Bioassay: For contact bioassays, foraging worker bees were collected from hive entrance and immobilized by chilling at 4 °C for 2 min. A one μL droplet of the test solution (selected concentration of imidacloprid or thiacloprid prepared in distilled water) was topically applied on the thorax of each bee using a micropipette. Thirty bees were used per treatment, with three replicates (10 bees per replicate). Bees treated with distilled water alone served as the control. After treatment, bees were released into clean plastic jars and provided with a 10 per cent honey solution as a feeding supplement. The experimental setup for the assessment of acute contact toxicity of imidacloprid 70WG on Apis indica was depicted in Fig 2.
2.4 Statistical analysis : Mortality was recorded 24 hours after treatment (HAT) and adjusted using Abbott’s formula (Abbott, 1925). Probit analysis of the concentration-mortality data for oral and contact toxicity was performed using Polo Plus software to estimate the LC₅₀ values (Finney, 1971). Resistance ratio (RR) and safety index (SI) were then calculated by following the formula (Hameed et al., 1973).
Resistance ratio= LC 50 of tested population
   		     LC 50 of susceptible population  

Safety index = LC 50 of insecticide (%)
NRC (%)
(NRC- Normal Recommended Concentration)
3. RESULTS AND DISCUSSION
The susceptibility of Apis indica populations to imidacloprid (70 WG) and thiacloprid (21.7% SC) revealed significant differences in toxicity between the two compounds, with variation also observed between the susceptible (feral) and tolerant (VLY) populations.
3.1 Acute oral and contact toxicity of imidacloprid 70 WG: For acute oral toxicity, the LC₅₀ of the feral population was 0.003 ppm, while the tolerant VLY population recorded 0.018 ppm, showing a 6-fold resistance (RR = 6.000). Other populations exhibited lower resistance levels: ARY (5.333), CNK (4.000), MRP (4.000), PLP (4.000), and KDK (2.667). LC₉₀ values ranged from 0.020 ppm (feral) to 0.037 ppm (VLY), and calculated chi-square (χ²) values were below the table value, indicating a homogeneous bee population. Despite the differences in resistance, the Safety Index (SI) values for oral toxicity were very low (0.004–0.026), placing all populations in the high-risk "red" category for oral exposure, highlighting the severe risk of imidacloprid to foraging bees.
For acute contact toxicity, LC₅₀ values were 0.252 ppm (feral) and 0.663 ppm (VLY), with 2.631-fold resistance in the tolerant population. Other populations showed contact resistance levels: ARY (2.587), CNK (2.519), MRP (2.389), PLP (2.000), and KDK (1.750). LC₉₀ values ranged from 0.754 ppm (feral) to 1.731 ppm (VLY), with SI values (0.306–0.947) confirming high-risk contact exposure.
The increased tolerance observed in the VLY population compared to the feral population suggests that frequent field exposure to insecticides has exerted selection pressure.In line with this, the oral LD₅₀ of 0.0039 µg/bee and contact LD₅₀ of 0.043 µg/bee reported by Suchail et al. (2001) for A. mellifera to imidacloprid, align well with the LC₅₀ range observed in the current study.
The present findings are also consistent with those of Khan and Dethe (2005), who reported an LC₅₀ of 0.0035 ppm for imidacloprid in Apis cerana indica under oral exposure. Similarly, Pastagia and Patel (2007) reported 80.67% mortality in A. cerana following treatment with 0.05% imidacloprid.
Furthermore, Stanley et al. (2015) demonstrated that nitro-substituted neonicotinoids, including imidacloprid, caused significant mortality and behavioural impairment in bees even at sublethal concentrations (≤ 10 µg/L), while cyano-substituted analogs like thiacloprid and acetamiprid were comparatively harmless. 
The high toxicity of imidacloprid can be attributed to its nitro-substituted chemical structure, which results in poor detoxification by cytochrome P450 enzymes, leading to accumulation of toxic metabolites in bees (Manjon et al., 2018). Gokul et al. (2021) further confirmed this by showing that imidacloprid exhibited the lowest LC₅₀ among tested neonicotinoids, indicating its higher acute toxicity to foraging honeybees. 
3.2 Acute oral and contact toxicity of thiacloprid 21.7% SC: For oral exposure, LC₅₀ values were 0.120 ppm (feral) and 2.231 ppm (VLY), which corresponds to an 18.592-fold resistance ratio (RR) in the VLY population. Other populations showed oral RR values: ARY (4.250), CNK (2.933), MRP (1.958), PLP (1.683), and KDK (1.433). LC₉₀ values ranged from 0.266 ppm (feral) to 6.101 ppm (VLY), with calculated χ² values indicating homogeneous populations. Finally, SI values for oral exposure ranged from 0.054 (feral) to 1.010 (VLY). This suggests that thiacloprid was only safe for the highly tolerant VLY population, while all other populations were at potential risk.
For contact exposure, LC₅₀ values ranged from 12.415 ppm (feral) to 47.006 ppm (VLY), with 3.786-fold resistance in the tolerant population. Other populations showed contact resistance levels: ARY (2.674), CNK (1.939), MRP (1.615), PLP (1.352), and KDK (1.352). LC₉₀ values ranged from 35.552 ppm (feral) to 57.712 ppm (VLY), with SI values (5.618–21.270) falling into the safe “green” category, indicating relatively safe contact exposure.
[bookmark: _Hlk213772547]Thiacloprid exhibits lower toxicity than imidacloprid, likely due to its cyano-substituted chemical structure, which allows for efficient metabolism by CYP9Q2 and CYP9Q3 enzymes, producing detoxified metabolites (Manjon et al., 2018; Olgun et al., 2020;Pang et al., 2020).
[bookmark: _Hlk213772570][bookmark: _Hlk213772559]Consequently, because of its lower acute toxicity, thiacloprid can be applied to blooming crops during pest infestation without posing severe risks to foraging bees (Rundlof et al., 2015). Comparative studies have consistently reported thiacloprid to have lower acute toxicity relative to nitro-substituted neonicotinoids (Iwasa et al., 2004; Laurino et al., 2011; Alsafran et al., 2022 and Ahsan et al., 2025).
3.3 Comparative toxicity of imidacloprid 70 WG and thiacloprid 21.7% SC: A comparison of the susceptible (feral) and tolerant (VLY) populations revealed that imidacloprid is substantially more toxic than thiacloprid under both oral and contact exposure conditions.  Oral LC₅₀ values were 0.003 ppm (susceptible) vs. 0.018 ppm (VLY) for imidacloprid, and 0.120 ppm (susceptible) vs. 2.231 ppm (VLY) for thiacloprid. Contact LC₅₀ values were 0.252 ppm vs. 0.663 ppm for imidacloprid, and 12.415 ppm vs. 47.006 ppm for thiacloprid.
Safety indices highlighted a high-risk exposure for imidacloprid (SI<1). Conversely,  thiacloprid posed relatively low risk (SI>1) with the exception of oral exposure in the feral population. Lack of overlapping LC₅₀ fiducial limits between susceptible and tolerant population confirmed significant differences in susceptibility. Overall, these results indicate that imidacloprid poses a severe risk to Apis indica, while thiacloprid is comparatively safer due to its chemical structure, detoxification potential, and higher safety indices.
Brandt et al. (2016) reported that thiacloprid at 200–2000 µg/l reduced hemocyte density, encapsulation, and antimicrobial activity in honeybees, whereas imidacloprid caused similar immune suppression at much lower concentrations (1–10 µg/l). This indicates that thiacloprid poses a substantially lower risk to honeybee health compared to imidacloprid.
Out of approximately 11,000 honeybee genes, 47 were tested for insecticide detoxification. When these genes were expressed in insect cell lines with cytochrome P450 reductase, only CYP9Q2 and CYP9Q3 efficiently hydroxylated thiacloprid, producing detoxified metabolites. In contrast, imidacloprid was hardly metabolized, yielding no detectable metabolites. These results suggest that thiacloprid is relatively safe for honeybees due to this metabolic route, while imidacloprid’s poor metabolism makes it highly toxic (Manjon et al., 2018; Haas and Nauen, 2021).
Vinothkumar et al. (2020) reported filter paper bioassay studies on Apis cerana indica, showing LC₅₀ values of 32.26, 54.27, 96.86, 30.61, 40.31, and 103.28 ppm for imidacloprid, acetamiprid, thiacloprid, thiamethoxam, clothianidin, and dinotefuran, respectively, with corresponding safety indices of 0.81 for imidacloprid, 1.36 for acetamiprid, 1.61 for thiacloprid, 0.61 for thiamethoxam, 1.01 for clothianidin, and 2.07 for dinotefuran. These results suggested that thiamethoxam, followed by imidacloprid, were least safe to bees, whereas thiacloprid exhibited higher safety, highlighting the differential risk among neonicotinoids.
Conclusion
The results of this study revealed that imidacloprid represents a significant risk to Apis indica, whereas thiacloprid is comparatively safer based on their calculated safety indices. Furthermore, the remarkably high tolerance observed in the Vellayani population of Apis indica warrants further investigation. Comprehensive biochemical and genetic studies, coupled with field evaluations of tolerance, are essential to guide the sustainable use of pesticides in pollinator-dependent agro-ecosystems. Strategies such as restricting pesticide applications during foraging periods, adopting safer alternative chemistries, and promoting integrated pest management (IPM) practices are critical to mitigating risks to pollinators.
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Table 1. Susceptibility of Apis indica population to imidacloprid 70WG	

	Location

	LC 50
(ppm)
	LC50 fiducial limits (ppm)
	LC 90
(ppm)
	LC90 fiducial limits (ppm)
	χ2
(Heterogeneity)
	Slope
	df
	Resistance ratio based on LC 50
	Safety index
	Safety index category

	
	
	Lower
	upper
	
	Lower
	Upper
	
	
	
	
	
	

	Acute oral toxicity

	VLY
	0.018
	0.016
	0.020
	0.037
	0.030
	0.053
	0.834
	4.141
	3
	6.000
	0.026
	

	ARY
	0.016
	0.015
	0.018
	0.030
	0.025
	0.042
	2.3451
	4.747
	3
	5.333
	0.023
	

	CNK
	0.012
	0.011
	0.013
	0.020
	0.018
	0.026
	2.378
	5.760
	3
	4.000
	0.017
	

	MRP
	0.012
	0.011
	0.013
	0.019
	0.017
	0.024
	2.541
	6.379
	3
	4.000
	0.017
	

	PLP
	0.012
	0.010
	0.014
	0.023
	0.017
	0.122
	0.714
	4.459
	3
	4.000
	0.017
	

	KDK
	0.008
	0.006
	0.010
	0.031
	0.020
	0.082
	1.320
	2.118
	3
	2.667
	0.011
	

	FERAL
	0.003
	0.002
	0.004
	0.020
	0.012
	0.049
	1.027
	1.605
	3
	1.000
	0.004
	

	Acute contact toxicity

	VLY
	0.663
	0.513
	0.795
	1.731
	1.388
	2.496
	2.168
	3.073
	3
	2.631
	0.947
	

	ARY
	0.652
	0.542
	0.761
	1.533
	1.244
	2.158
	0.167
	3.454
	3
	2.587
	0.931
	

	CNK
	0.635
	0.498
	0.795
	2.309
	1.551
	5.490
	1.053
	2.286
	3
	2.519
	0.907
	

	MRP
	0.602
	0.472
	0.743
	2.074
	1.443
	4.416
	0.312
	2.386
	3
	2.389
	0.860
	

	PLP
	0.504
	0.409
	0.610
	1.508
	1.102
	2.766
	0.912
	2.693
	3
	2.000
	0.720
	

	KDK
	0.441
	0.361
	0.516
	1.126
	0.867
	1.920
	0.170
	3.149
	3
	1.750
	0.630
	

	FERAL
	0.252
	0.205
	0.305
	0.754
	0.551
	1.383
	0.912
	3.021
	3
	1.000
	0.306
	

	LC 50 and LC90 are expressed at 95 per cent confidence interval                     Colour codes for SI:       Risk for pollinators     Safe for pollinators 
LC 50 = Concentration (ppm) causing 50 per cent mortality,  LC 90 = Concentration (ppm) causing 90 per cent mortality, RR= Resistance Ratio
VLY- Vellayani, ARY-Aryanad, CNK-Chenkal, MRP-Mariapuram, PLP-Palapoor, KDK-Kadakkal
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Table 2. Susceptibility of Apis indica population to thiacloprid 21.7% SC	
	Location

	LC 50
(ppm)
	LC50 fiducial limits (ppm)
	LC 90
(ppm)
	LC90 fiducial limits (ppm)
	χ2
(Heterogeneity)
	Slope
	df
	Resistance ratio based on LC 50
	Safety index
	Safety index category

	
	
	Lower
	upper
	
	Lower
	Upper
	
	
	
	
	
	

	Acute oral toxicity

	VLY
	2.231
	1.558
	3.675
	6.101
	3.695
	49.168
	3.835
	2.934
	3
	18.592
	1.010
	

	ARY
	0.510
	0.430
	0.602
	1.292
	0.971
	2.347
	0.021
	3.175
	3
	4.250
	0.231
	

	CNK
	0.352
	0.297
	0.409
	0.808
	0.656
	1.140
	1.845
	3.553
	3
	2.933
	0.159
	

	MRP
	0.235
	0.198
	0.273
	0.539
	0.437
	0.760
	1.845
	3.553
	3
	1.958
	0.106
	

	PLP
	0.202
	0.172
	0.243
	0.487
	0.397
	0.676
	0.116
	3.470
	3
	1.683
	0.091
	

	KDK
	0.172
	0.151
	0.194
	0.337
	0.282
	0.464
	0.948
	4.389
	3
	1.433
	0.078
	

	FERAL
	0.120
	0.102
	0.139
	0.266
	0.217
	0.369
	1.348
	3.715
	3
	1.000
	0.054
	

	Acute contact toxicity

	VLY
	47.006
	45.036
	48.792
	57.712
	54.799
	62.793
	0.826
	14.381
	3
	3.786
	21.270
	

	ARY
	33.193
	30.411
	35.863
	52.149
	45.658
	68.640
	0.055
	6.532
	3
	2.674
	15.020
	

	CNK
	24.082
	20.146
	32.755
	70.860
	45.360
	244.802
	0.314
	2.734
	3
	1.939
	10.897
	

	MRP
	20.048
	17.328
	23.403
	45.479
	34.957
	78.965
	0.017
	3.603
	3
	1.615
	9.071
	

	PLP
	16.790
	15.021
	18.504
	28.532
	25.003
	35.190
	1.579
	5.565
	3
	1.352
	7.597
	

	KDK
	16.790
	15.021
	18.504
	28.532
	25.003
	35.190
	1.579
	5.565
	3
	1.352
	7.597
	

	FERAL
	12.415
	10.140
	14.904
	35.552
	26.487
	61.827
	1.622
	2.805
	3
	1.000
	5.618
	

	LC 50 and LC90 are expressed at 95 per cent confidence interval         Colour codes for SI:       Risk for pollinators        Safe for pollinators 
LC 50 = Concentration (ppm) causing 50 per cent mortality,  LC 90 = Concentration (ppm) causing 90 per cent mortality, RR= Resistance Ratio
VLY- Vellayani, ARY-Aryanad, CNK-Chenkal, MRP-Mariapuram, PLP-Palapoor, KDK-Kadakkal





Table 3.Comparative toxicity of imidacloprid 70 WG and thiacloprid 21.7% SC in susceptible and tolerant population of Apis indica

	Insecticides
	Toxicity
	Population
	LC50 (ppm)
	LC50 fiducial limits (ppm)
	χ2
	Résistance ratio based on LC50
	Safety index
(SI)
	SI Category

	
	
	
	
	Lower
	Upper
	
	
	
	

	Imidacloprid
70WG
	Acute oral
	Susceptible
	0.003
	0.002
	0.004
	1.027
	1.000
	0.004
	

	
	
	Tolerant
	0.018
	0.016
	0.020
	0.834
	6.000
	0.026
	

	
	Acute contact
	Susceptible
	0.252
	0.205
	0.305
	0.912
	1.000
	0.306
	

	
	
	Tolerant
	0.663
	0.513
	0.795
	3.021
	2.631
	0.947
	

	Thiacloprid 21.7%SC
	Acute oral
	Susceptible
	0.120
	0.102
	0.139
	1.348
	1.000
	0.054
	

	
	
	Tolerant
	2.231
	1.558
	3.675
	3.835
	18.592
	1.010
	

	
	Acute contact
	Susceptible
	12.415
	10.140
	14.904
	1.622
	1.000
	5.618
	

	
	
	Tolerant
	47.006
	45.036
	48.792
	0.826
	3.786
	21.270
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Fig. 1 Experimental setup for assessment of acute oral toxicity of imidacloprid 70 WG on Apis indica.
(A) Working standards of imidacloprid 70 WG at different concentrations (0.001–0.005 ppm) along with the control
(B) Tested concentrations of imidacloprid 70 WG mixed with 10% honey solution
(C) Aquarium jars containing forager worker bees exposed to imidacloprid treated honey solution
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Fig 2. Experimental setup for assessment of acute contact toxicity of imidacloprid 70 WG on Apis indica
(A) Working standards of imidacloprid 70 WG at different concentrations (0.005 - 0.105ppm) along with the control
(B) Topical application of selected concentrations of imidacloprid 70 WG on bee thorax  
(C) Plastic jars containing treated bees fed with 10% honey solution
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