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Abstract – Exposure to agrochemicals and pathogens has been indicated as critical factors of declining pollinator
populations, including species of native tropical bees. In the present study, we investigated the sublethal effects of
acute oral exposure to azadirachtin and spinosad bioinsecticides on the expression of immunity-related genes and the
number of hemocytes in uninfected and Escherichia coli –infected workers of the stingless bee Melipona
quadrifasciata . Expression of the immune-related gene vitellogenin decreased and the number of circulating
hemocytes increased in bioinsecticide-exposed uninfected bees and in unexposed E. coli–infected bees as compared
with unexposed uninfected bees. Our results show that though bioinsecticides are considered safe, contamination by
sublethal doses of azadirachtin and spinosad can interfere with the immune system of bees.

bioinsecticides / hemocytes / spinosad / stingless bees / vitellogenin

1. INTRODUCTION

Control of insects using insecticides is a
critical process in agriculture. Different types
of insecticides have been used for pest control,
with bioinsecticides (i.e., insecticides from
natural origin) being an important group
(Gullan and Cranston 2012). This is because
the use of bioinsecticides is considered to mit-
igate environmental impacts, including risk to

pollinators, due to their natural origin (Barbosa
et al. 2015a; Lima et al. 2016).

Insecticides cause diverse sublethal effects to
insects (Desneux et al. 2007), and irrespective of
their origin, their usage may lead to a decline in
pollinator populations (Potts et al. 2010). Pollina-
tors can be affected by (bio) insecticides via con-
tact with contaminated surfaces of plants (Koch
and Weisser 1997) or ingestion when collecting
contaminated food (Guedes et al. 2016). Forager
bees, for instance, can take contaminated supplies
to their colonies, where they distribute them
through trophallaxis or larval feeding (Rortais
et al. 2005; Krupke et al. 2012; Lima et al. 2016).

Stingless bees (Meliponini) are pollinators un-
der high risk of exposure to pesticides since they
comprise a broad group of bee species in the
neotropics (Silveira et al. 2002; Michener
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2013) — a region with intense and extensive use
of agrochemicals for crop protection (Barbosa
et al. 2015b; Lima et al. 2016). Melipona is a
eusocial genus with the most significant number
of species, including Melipona quadrifasciata ,
within the Meliponini tribe (Silveira et al. 2002;
Michener 2013). This species is considered an
important pollinator of Neotropical ecosystems,
as they also perform buzz pollination (Slaa et al.
2006; Dos Santos et al. 2009). They pollinate
cultivable plants such as tomatoes (Del Sarto
et al. 2005), peppers (Cruz et al. 2005), and egg-
plants (Nunes-Silva et al. 2013). In Brazil, agro-
chemicals such as the bioinsecticides azadirachtin
and spinosad are commonly used in these crops
(ANVISA 2018).

Insect immune system comprises both cellular
and humoral response (Strand 2008). The cellular
response is mediated by hemocyte activity that
can result in phagocytosis, nodule formation,
and encapsulation (Amaral et al. 2010; Ravaiano
et al. 2018a). The humoral response is mainly
elicited by soluble compounds such as antimicro-
bial peptides (AMPs), which includes apidaecin,
hymenoptaecin, abaecin, and defensin (Evans
et al. 2006; Lourenço et al. 2009, 2013; Christen
et al. 2016; Hu et al. 2017). In bees, intoxication
by insecticides affects both cellular and humoral
responses, causing variation in hemocyte popula-
tions (Brandt et al. 2017; Ravaiano et al. 2018b),
reduction in encapsulation response (Abbo et al.
2017), and modification in the synthesis of AMPs
(Di Prisco et al. 2013; Christen et al. 2016;
Garrido et al. 2016).

The vitellogenin (Vg) protein is also involved
in the immunity of bees besides multiple other
processes such as reproduction, oxidative stress
resistance, nutrient storage, hormonal dynamics,
diet-related behavior, and ageing (Amdam et al.
2005, 2006; Seehuus et al. 2006; Dallacqua et al.
2007). Vg also plays a role in vertical immunity
(from mother to offspring) (Salmela et al. 2015)
and changes in its expression may serve as a
parameter to measure energy stress levels and
sublethal effects of insecticides (Christen et al.
2016; Abbo et al. 2017). Another form of insect
defense is the detoxification system that contrib-
utes to the maintenance of homeostasis. Detoxifi-
cation is carried out by enzymes (e.g., superoxide

dismutase or SOD) that metabolize xenobiotics,
including pesticides (Derecka et al. 2013; Christen
et al. 2016; Chaimanee et al. 2016).

The majority of the studies on the effects of
insecticides on pollinator immunity have focused
on species of the genera Apis and Bombus (Lima
et al. 2016), whereas other diverse genera, includ-
ing the genus Melipona (Barbosa et al. 2015a, b;
Tomé et al. 2012, 2015; Lima et al. 2016;
Ravaiano et al. 2018b), are less studied. There-
fore, studies on the immune stress of stingless
bees exposed to insecticides and/or pathogens
are critical to understanding the role of these
stressors in the mortality of bees. This study aimed
to understand the effects of acute oral exposure of
azadirachtin (neem) and spinosad bioinsecticides
on the innate immune response and detoxification
process of newly emerged M. quadrifasciata
workers by gene expression analysis (real-time
qPCR) and total hemocyte count (THC) after
infection with Escherichia coli .

2. MATERIALS AND METHODS

2.1. Bees

Bees of the species M. quadrifasciata were
collected from three managed colonies present in
the Central Apiary of Universidade Federal de
Viçosa - UFV, Viçosa, Minas Gerais (20° 45′
14″ S and 42° 52′ 55″ W). Brood combs contain-
ing dark-eyed pupae (approximately 20 days of
pupation) were collected from natural colonies,
placed in Petri dishes, and stored in an incubator
at 28 °C and 70% relative humidity (RH) under
complete darkness (Teles et al. 2007; Borges et al.
2012; Tomé et al. 2012). The brood cells were
uncapped with tweezers to enable adult emer-
gence. The newly emerged workers (≤ 24 h) were
kept in the incubator for 3 days after emer-
gence and fed ad libitum with 50% solution
of Apis mellifera honey and pollen collected
from natural colonies of M. quadrifasciata
(Borges et al. 2012).

2.2. Bioinsecticide exposure

Commercial formulations of azadirachtin (Cur-
sor, 10 g Kg−1, Biocard Indústria Química LTDA,
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Curitiba, PR, Brazil) and spinosad (Tracer,
480 g L−1, Dow AgroScience, Santo Amaro, SP,
Brazil) were diluted in 50% solution of honey and
distilled water (v/v) to obtain doses of 6.00 and
5.29 ng active ingredient (a.i)./bee, respectively
(Botina et al. 2020). The highest dose that did not
cause lethargy in bees was chosen for
azadirachtin, based on pre-tests. The spinosad
dose was chosen based on the LD5 (dose needed
to k i l l 5% of i nd iv i dua l s ) va l ue fo r
M. quadrifasciata (Tomé et al. 2015).

Exposure to bioinsecticides was carried out by
feeding the bees 2 μL of contaminated or uncon-
taminated (control) diets after 18 h of fasting to
stimulate food ingestion (Tomé et al. 2015;
Ravaiano et al. 2018b; Botina et al. 2020). The
starving period was essential as young emerged
workers have deficient energy requirements and
feed on insufficient amounts of honey under lab-
oratory conditions. Four-day-old bees were indi-
vidually transferred to parafilm-sealed cylindrical
glasses (Parafilm M, PPP Co., Chicago, IL, USA)
for 15 min until feeding (Tomé et al. 2015). Sub-
sequently, the bees were incubated for 24 h and
fed ad libitum with a 50% solution of honey and
fermented pollen. This period of incubation
was sufficient to change the gene expression
and hemocyte abundance (Chaimanee et al.
2016; Christen et al. 2016; Ravaiano et al.
2018b).

2.3. Assay for gene expression analysis

Five individuals for each bioinsecticide
(azadirachtin and spinosad) and control were used
per colony. They were individually analyzed for
possible genetic differences as they were half-
sisters.

2.4. RNA extraction and cDNA synthesis

For total RNA extraction, only the bee’s abdo-
men was used as it contains a substantial amount of
fat body and hemolymph, where gene expression
(GenBank accession number in Supplementary Ta-
ble 1) is considered to be high due to multiple
metabolic functions (Arrese and Soulages 2010).
The abdomen of each bee was stored in 500 μL of
Trizol (Invitrogen) at − 80 °C for isolation of total

RNA. RNA extraction was performed according to
the Trizol manufacturer’s instructions. RNA sam-
ples were treated with DNase (deoxyribonuclease I,
Invitrogen) to remove genomic DNA.

The quantity of RNA was estimated at 260 nm
using a NanoDrop spectrophotometer (Thermo
Scientific) while protein and/or phenol contami-
nation was detected by calculating the 260/280
ratio. Reverse transcription for cDNA synthesis
was performed using 1 μg total RNA, 1 μL re-
verse transcriptase (NextGeneration MMLV RN-
Ase HMinus-Strand First Generation cDNA Syn-
thesis Kit, DNA express), and Oligo (dT)20 primer
(Invitrogen) or ReadyMade™ Primer Oligo IDT,
20 units (10 μg) in the presence of RNase inhib-
itors (RNaseOUT™, Invitrogen) in a final volume
of 20 μL; all the steps were carried out as per the
manufacturer’s guidelines.

2.5. Real-time PCR

Real-time PCR was performed in triplicate. Am-
plification reactions were performed using 5 μL of
EvaGreen qPCR LOW ROX Reaction Buffer,
0.2 μL of HotStart Taq DNA Polymerase (Next
Generation ECO EvaGreen HotStart qPCR LOW
ROX Kit, DNA express), and 1 μL of 5× diluted
cDNA and primers. The concentration of primer
was 150 nM for rpL32 and abaecin , and 200 nM
for SOD and Vg (Supplementary Table 1), supple-
mented with ultrapure water to obtain a final volume
of 10 μL. The reaction conditions were 95 °C for
10 min, and 40 cycles of 95 °C for 15 s, and 60 °C
for 1 min, followed by a melting curve of 95 °C for
15 s and 55 °C for 1 min and finally 95 °C for 15 s.
Primer specificity was analyzed using the melting
curve. Primers forM. quadrifasciata were designed
using Primer3 software version 0.4.0 (http://bioinfo.
ut.ee/primer3-0.4.0/) with sequences deposited in
GenBank (Supplementary Table 1) except for the
reference gene. The reference gene was rpL32 ,
whose primer sequences are for A. mellifera , but
worked very well onM. quadrifasciata . They were
designed from a suitable reference gene for qPCR
analyses in honey bees (Lourenço et al. 2008) and
were already used in qPCR experiments in M.
quadrifasciata (Borges et al. 2012). Amplification
efficiency (Supplementary Table 1) was tested for
each primer pair (Bustin et al. 2009).
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2.6. Relative quantification of transcripts

The relative quantification of target gene tran-
scripts was performed by calculating the differ-
ence between the Ct values (threshold PCR cycle)
of each technical triplicate and the Ct values of
each triplicate of the reference gene rpL32 , ac-
cording to the instructions of theUser Bulletin #2
(Applied Biosystems). First, the Ct averages of the
three technical readings of each sample were esti-
mated for both the target gene and the reference
gene. For each sample, the Cttargetgene mean value
was subtracted from the Ctreferencegene, giving the
ΔCt. Subsequently, a ΔCt corresponding to a
calibrator was chosen (a control sample was cho-
sen) and all values were normalized by subtracting
the chosen ΔCt. Thus, the ΔΔCt was obtained.
The final relative quantification value was given
by 2−ΔΔCt, where the calibrator is equal to one.

2.7. Bacterial and insecticide test

Escherichia coli K-12, supplied by the
Laboratório de Genética Molecular de Bactérias
–UFV, was used to challenge the immune system
ofM. quadrifasciata . Escherichia coli (1.3 × 107

colony forming units CFU/ml) was cultured on
BD Brain Heart Infusion Agar (BHI Agar, Becton
Dickinson Company, Heidelberg, Germany) and
stored at − 80 °C until injection into the bees.
After 24 h of feeding with contaminated or un-
contaminated diet (item 2.2), bees were injected
with 10 μL of sterilized BHI medium (control) or
BHI containing E. coli (BD Ultra-Fine, 0.25-mm
gauge needle, Uniqmed, São Paulo, SP, Brazil) in
the first abdominal tergite of cold-anesthetized
bees at 4 °C, using an insulin syringe. Hemo-
lymph was collected and analyzed for THC 1 h
post-injection (Ravaiano et al. 2018a, b).

The experiment was carried out in a factorial
scheme determined by exposure to bioinsecticides
(factor A) and inoculation with bacteria (factor B).
Six treatments were established considering the
combinations between 3 levels of factor A and 2
levels of factor B: (1) workers treated with
spinosad and sterilized BHI medium; (2) workers
treated with azadirachtin and sterilized BHI medi-
um; (3) workers treated with uncontaminated food
and sterilized BHI medium; (4) workers treated

with uncontaminated food and bacteria; (5)
workers treated with spinosad and bacteria, and
(6) workers treated with azadirachtin and bacteria.
Three individuals were used per colony for
each treatment, for a total of nine individuals
used per treatment.

2.8. Hemolymph collection and total
hemocyte count

To collect hemolymph, 20 μL of anticoagulant
solution (0.098 M NaOH, 0.145 M NaCl,
0.017 M EDTA, and 0.041 M citric acid, pH
4.5) was injected into the first abdominal tergite
of anesthetized bees using an insulin syringe
(Araújo et al. 2008). Then, a slight pressure was
applied to the bee’s abdomen to expel a hemo-
lymph droplet through the hole created by the
needle. Micropipettes with siliconized tips of
SigmaCote (Sigma) were used to collect hemo-
lymph for THC. From each bee, 10 μL of hemo-
lymph was collected and dispensed directly
(undiluted) in an improved Neubauer chamber
and counted under a Primo Star Zeiss trinocular
microscope with a magnification of × 400
(Ravaiano et al. 2018a, b).

2.9. Statistical analysis

Real-time PCR quantification results for each
gene were grouped according to treatment and
subjected to statistical analysis. Vg expression
data were analyzed using a generalized linear
model based on Gamma distribution of residues
(Crawley 2012) (no transformation was able to
normalize the distribution of residuals) and the
treatments were subjected to the χ 2 test (p =
0.05) (PROC GENMOD; SAS Institute 2008).
THC was analyzed considering the 2×3 factorial
scheme (factor A: bacterial infection (without and
with infect ion) ; factor B: exposure to
bioinsecticides (control, azadirachtin, and
spinosad)). Abaecin expression, SOD , and THC
data were logarithmized (log10) and analyzed
using a general linear model based on the Gauss-
ian distribution of residues and the treatments
were subjected to the F test (p = 0.05) (PROC
GLM; SAS Institute 2008), subsequently,
Tukey’s test was performed (p = 0.05).
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3. RESULTS AND DISCUSSION

3.1. Gene expression

Acute oral exposure to azadirachtin or spinosad
did not change the expression of abaecin in
M. quadrifasciata workers (F 2,40 = 0.04; p = 0.96)
(Figure 1a) under the conditions tested in the current
study. This is consistent with the reports of previous
studies that abaecin expression in A. mellifera
adults was not affected by exposure to coumaphos
(an acaricide), tau-fluvalinate (a pyrethroid),
imidacloprid (a neonicotinoid), and spinosad
(Garrido et al. 2016; Collison et al. 2018; Christen
et al. 2019). However, the effects of pesticides on
abaecin expression seem to depend on the dose,
concentration, or mode of action of the pesticide,
and the species exposed. For example, it has been
reported that abaecin expression in A. mellifera
adults decreased on exposure to the neonicotinoid
thiamethoxam (Collison et al. 2018) but increased in
Bombus impatiens on exposure to imidacloprid
(Simmons and Angelini 2017). In addition, abaecin
expression increased in A. mellifera adults after
treatment with the fungicide prochloraz (Glavinic
et al. 2019), and in its larvae after treatment with
the herbicide glyphosate (Vázquez et al. 2018).

Similar to abaecin , exposure ofM.quadrifasciata
to azadirachtin or spinosad did not alter the relative
expression of SOD (F 2.40 = 0.78; p = 0.463)
(Figure 1b). Changes in SOD expression may also
be dependent on factors such as active ingredient,
dose and exposure time of the pesticide, and the bee
species (Garrido et al. 2016; Simmons and Angelini
2017; Collison et al. 2018; Christen et al. 2019). For

example, in newly emerged A. mellifera , SOD ex-
pression levels decreased in workers but increased in
queens when they were exposed to low concentra-
tions of imidacloprid or coumaphos (Chaimanee et al.
2016).

Unlike abaecin and SOD , exposure of
M. quadrifasciata to azadirachtin or spinosad
changed Vg expression (χ 2 = 9.81; df = 2; p =
0.007). Vg expression was lower after exposure to
azadirachtin (χ 2 = 3.89; df = 1; p = 0.0486) and
spinosad (χ 2 = 5.85; df = 1; p = 0.015) than in the
control (Figure 1c). Decreased Vg levels were also
reported in newly emerged/naïve A. mellifera ex-
posed to pesticides of different spectra, including
coumaphos, tau-fluvalinate, and imidacloprid
(Chaimanee et al. 2016; Abbo et al. 2017); this
decrease can be related to energy reallocation (trade-
off) between reproduction and immune stimulation
(Rolff and Siva-Jothy 2002; Lourenço et al. 2009).

3.2. Total hemocyte count

The cellular immune response can be measured
based on the number of circulating hemocytes after
challenging (Brandt et al. 2016, 2017; Quintana et al.
2019). Therefore, we measured the THC in
M. quadrifasciata after exposure to azadirachtin
and spinosad in uninfected bees and bees infected
with E. coli . A significant link between exposure to
bioinsecticides and bacterial infection was detected
for THC (F 2.46 = 5.29; p =0.009). Infected bees that
fed on the uncontaminated diet (i.e., without insecti-
cides) had a higher amount of hemocytes than unin-
fected bees that fed on uncontaminated diet (p =
0.001) (Figure 2). However, no significant changes

Figure 1. Relative expressions of abaecin (a ), superoxide dismutase (SOD ) (b ), and vitellogenin (Vg ) (c ) in
Melipona quadrifasciata adult workers orally exposed to azadirachtin and spinosad. Different letters indicate
significant differences by the χ 2 test (p < 0.05) in c . “ns” indicates not significant by the F test (p > 0.05) in a
and b .
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in THCwere detected between infected and uninfect-
ed bees exposed to azadirachtin (p = 0.903) or
spinosad (p =1.000). It is noteworthy that an increase
in THC occurs in individuals fed with uncontaminat-
ed diet after bacterial infection, and this increase
seems to be due to the increase in the number of
granulocytes upon infection (Ravaiano et al. 2018b).

Among infected bees, individuals exposed to
azadirachtin had higher THC than those fed with
uncontaminated diet (p = 0.003) (Figure 2). The
reason for this could be the proliferation and differ-
entiation of hemocytes due to insecticide exposure
(Disale et al. 2013; Perveen and Ahmad 2017;
Ravaiano et al. 2018b). However, THC was not
different between bees fed with uncontaminated diet
and bees exposed to spinosad (p = 1.000). In the
case of uninfected individuals, oral exposure to
azadirachtin and spinosad led to an increase in
THC as compared with unexposed individuals
(Figure 2). Similarly, an increase in THC was re-
ported in Popillia japonica adults (Coleoptera) ex-
posed to Monodhan 36 (organophosphate) and
Sevin (carbamate) (Disale et al. 2013). In contrast,
adults of A. mellifera showed a reduction in THC
(Brandt et al. 2016, 2017) while M. quadrifasciata
showed stable THC (Ravaiano et al. 2018b) on
exposure to neonicotinoids, suggesting that the ef-
fect on THC depends on the insecticide’s mode of
action or species exposed.

Azadirachtin acts by inhibiting the release of the
prothoracicotropic hormone, which influences the
release of ecdysteroids and, thereby, prevents
molting (Gullan and Cranston 2012). Chronic ex-
posure of M. quadrifasciata larvae to azadirachtin
also reduced the survival and bodymass of larvae as
well as increased the production of deformed indi-
viduals (Barbosa et al. 2015b). Azadirachtin also
impaired flight activity in M. quadrifasciata
(Tomé et al. 2015). Spinosad acts by opening of
ion channels of the postsynaptic membrane, acting
as an agonist to the neurotransmitter acetylcholine.
Besides this, spinosad also acts on GABA (gamma-
amino acid) receptors (Salgado 1998) and may in-
hibit acetylcholinesterase, leading to hyperexcitabil-
ity in insects (Nathan et al. 2008). In addition to the
effects described above, the present work has shown
that both azadirachtin and spinosad interfere with
THC and expression of Vg inM. quadrifasciata.

The current work is a pioneering study regarding
the impacts of bioinsecticides on M. quadrifasciata ,
being the first to raise questions about the expression
of genes related to the immunity of these bees, aswell
as to evaluate the hemocyte dynamics on exposure to
bioinsecticides and pathogens. Although
bioinsecticides are considered less detrimental to the
environment and pollinators, the damage is caused to
the immune system of stingless bees due to
azadirachtin and spinosad poisoning, at least in

Figure 2. Total hemocyte count in Melipona quadrifasciata workers orally exposed to azadirachtin and spinosad
and/or infected with the bacteria Escherichia coli . Different letters indicate a significant difference between the
levels of insecticidal exposure (control, azadirachtin, and spinosad) within each level of infection (with sterilized
BHI Agar or with bacteria) by Tukey’s test (p < 0.05). The asterisk indicates a significant difference between
infection levels (with sterilized BHI Agar or with bacteria) within each level of insecticidal exposure (control,
azadirachtin or spinosad) by Tukey’s test (p < 0.05).
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controlled conditions. Therefore, bioinsecticides
should not be exempted from risk assessment analysis
as they are hazardous even at sublethal doses. This
study suggests that a greater focus on insecticide trials
should be extended to other species for generating
information to support conservation strategies for
native pollinators. We also emphasize the need for
field ecotoxicological studies to better understand the
role of pesticides in the decline of the bee population.
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