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Abstract
Honeybees in crops are exposed to active ingredients of pesticides (plant protection 
proucts – PPPs) and adjuvants used in agriculture. The aim of this research was to estimate 
the effect of a sublethal dose of a pyrethroid insecticide (deltamethrin; Deltam), a plant pro-
tection product – adjuvant (alkylbenzene sulphonic acid sodium salt; Superam 10 AL), and 
a co-formulated mixture of those substances on the honeybee temperature preference, CO2 
emission, and expression of detoxification-related genes (CYP9Q1, CYP9Q2, CYP9Q3). 
When the measurement results were analyzed using outcome-matched statistical tests such 
as the Wilcoxon test, the conclusion was reached that Deltam, Superam 10 AL and the 
mixture of the two preparations significantly statistically differentiated the bees’ thermal 
environment preference (a decrease in the preferred temperature by 0, 4, 0.9 and 0.5°C, 
respectively), altered CO2 levels (an increase by 4.2% and a decrease by 10% and 13.5%, 
respectively) and statistically significantly increased the levels of CYP9Q1, CYP9Q2 and 
CYP9Q3 transcripts in the insects’ head, but not in their thorax. The results indicate that 
the condition of honeybees can be affected by the finished formulation of the plant pro-
tection product, its adjuvant, and the mixture of both acting together, with a direction of 
change varying according to the studied parameters.
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Introduction

In crops, pyrethroids are usually applied in spring be-
cause they have a negative temperature coefficient and 
lose their effectiveness to a significant extent at tem-
peratures above 20°C (Malinowski 1982). Because they 
are characterized by a relatively low toxicity to warm-
blooded organisms (Singh et al. 2022), these substances 
are also used to control parasites in humans (Hołyńska– 
–Iwan and Szewczyk-Golec 2020), pets, and livestock 
(Bertero et al. 2020), including the Varroa destructor 
bees’ parasite (Vlogiannitis et al. 2021). Because pests 
develop resistance to plant protection products (PPPs), 
including pyrethroids (Chen et al. 2020; Machani et al. 
2020), new alternatives to formulations that are com-
monly available in the market are being sought today.

Since development and implementation of new 
active ingredients (AIs) for plant protection products 
(PPPs) is complex, challenging, and costly, new PPPs 
based on ingredients already approved for use are be-
ing developed (Kaczmarek et al. 2019). Adjuvants 
are not PPPs, but influence PPPs behavior in the en-
vironment and their effectiveness. These substances 
include surfactants, anti-foaming agents, compounds 
that improve the active ingredient stability in the en-
vironment, and adjuvants responsible for the effective 
absorption of AIs into the body, as well as prolonging 
their effect, or modifying the way and rate at which 
the substance is eliminated from the body (Gao et al. 
2019). PPPs can be used with adjuvants, often making 
up to 90% of the composition of finished insecticide 
formulations (Hewitt 2024). 

Honeybees, one of the most important crop polli-
nators, are exposed to PPPs and PPP-additive combi-
nations (Piechowicz et al. 2022a; Hrynko et al. 2021). 
The presence of residues of plant protection products 
and their adjuvants in insect bodies can result in their 
varying influence on the rate of metabolic transfor-
mations (Maliszewska et al. 2010); although, as indi-
cated by Terriere (1983), detoxification, as an energy 
demanding process, usually accelerates the rate of 
metabolic processes. One of the factors contributing to 
this situation is an increase in the expression of genes 
responsible for xenobiotics elimination from the body. 
These genes include, among others, CYP9Q1-Q3, as 
the first specific P450, which contributes to pesticide 
detoxification in honeybees (Mao et al. 2011; Piecho-
wicz et al. 2021a, 2021b). 

Disruptions in the body metabolism and internal 
homeostasis or a direct effect of toxic substances on 
the thermoregulation center in the nervous system 
can be manifested as changes in the insects’ thermal 
preferences (Tęgowska 2003). Pyrethroids also have 
a similar effect (Vandame and Belzunces 1998). Bees 
are among animals whose thermal preferences change 

as a consequence of an action of those compounds 
(Piechowicz et al. 2022b). 

The present experiment aimed at investigating 
and evaluating the effects of a pyrethroid insecti-
cide (deltamethrin; Deltam), a commercial PPP-
adjuvant (alkylbenzene sulphonic acid sodium salt; 
Superam 10 AL), and their co-formulated mixture 
on the thermal environment preference, metabolic 
levels measured by an analysis of the CO2 emission rate, 
and the expression of detoxification genes (CYP9Q1, 
CYP9Q2, CYP9Q3) in Apis mellifera workers.

Materials and Methods

Laboratory tests were carried out concerning the pre-
ferred ambient temperature, CO2 emissions, and gene 
expression in 2021 and 2022.

Animals used in laboratory tests

Apis. mellifera carnica workers was collected from an 
apiary located in the area owned by the University of 
Rzeszow, in Werynia village (Podkarpackie voivodeship, 
Poland), where there were no nectar-producing plants 
treated with PPPs within a radius of 2 km. In these stud-
ies, honeybees from four colonies were used (hives in the 
apiary were set at 3 m apart and marked, to limit wander-
ing of individuals returning to them). For 4 weeks be-
fore and throughout the experiment, no protective treat-
ments related to bee health (acaricides, acids, etc.) were 
conducted. The honeybee colonies which were studied 
showed no clinical symptoms of parasite or pathogen in-
fection, except for a low level of Varroa infection.

Laboratory tests were conducted using honey-
bees obtained from frames placed in the honey super. 
A worker was understood as a foraging honeybee 
and/or a honeybee processing nectar. To assess ambi-
ent temperature preferences, CO2 emissions, and ex-
pression of detoxification-related genes, 72, 400 and 
400 honeybee individuals were used, respectively.

Bee’s plant protection products treatment 
procedure

The honeybees were transferred to the laboratory 
within 15 minutes of being collected from a hive, and 
cooled at a temperature of 4°C for 30 min in constant 
darkness to sedate them. Then, they were treated with 
distilled water (the control group) or with freshly pre-
pared solutions of Deltam (Deltamethrin-Based In-
secticide – DBI), AI – deltamethrin from pyrethroid 
group, 15 g · l–1; an emulsion diluted with water before 
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application; producer: SBM Life Science, Poland Batch 
No.: EV63002396), and of Superam 10 AL [Adjuvant 
‒ AD), AI ‒ alkylbenzene sulphonic acid sodium salt, 
10%; producer: Danmar, Poland. Batch Nos.: 08.01.19 
and 25.04.2022]. The concentration of both working 
solutions was 20 μl of the preparation in 1 l of water. 

The solutions prepared in this way (with water as 
the control sample) were used at the amount of 5 μl per 
individual, topically on the ventral part of the protho-
rax because, under natural circumstances, that part of 
the honeybee body is most frequently in contact with 
pesticides when it lands on plants or the ground. 

Determination of honeybees’ temperature 
preference

Thermal preference studies were performed similarly to 
those presented in the publication by Piechowicz et al. 
(2022b). 

The honeybees were placed in a thermal gra-
dient system immediately after treatment, at noon 
(12:00 ± 5 min). For each experimental group (control, 
DBI treated, AD treated, and treated with both PPPs), 
18 recording cycles were performed. 

In each group, the determination of the honeybees’ 
thermal preference took 48 hours.

Metabolic rate

The honeybee metabolic rate was measured indirectly 
by estimating the CO2 emission rate from honey-
bee subsamples, for the control (n = 10), DBI-treated 
(n = 10), AD-treated (n = 10), and treated with both 
PPPs (n = 10) groups. Each experimental sample 
consisted of 10 workers from the same hive. Intoxi-
cated bees (in the control, treated with water) were 
placed in a respirometric chamber (a volume of 80 ml, 
a diameter of 3.2 cm, and a length of 9.95 cm) placed 
in a laboratory incubator S 711 (Chłodnictwo-Madej, 
Poland) at 33°C, in constant darkness. Each measure-
ment began at noon (± 15 min). We fed honeybees ad 
libitum with a 50% sucrose solution (50/50 vol/vol) 
throughout the measurement period.

Changes in the CO2 levels in the air flowing around 
each of the studied groups of bees were measured by 
flow-through respirometry. Dry CO2-free air (Air Li-
quide, Poland) flowed through the chambers to an in-
frared CO2 analyzer (model: S157; Qubit Systems Inc., 
Canada). The C950-MCGES (version 3.8.7) software 
(Qubit Systems Inc., Canada) recorded the results us-
ing a single measurement cycle (measurements of 
a reference and a test sample) of 60 minutes (1100 s for 
each channel with animals and 300 s for the reference 
measurement ‒ no chamber connected). The average 
from the last 50 seconds of each recording for the ana-
lysis was used. Each experiment lasted 48 hours. 

Expression of detoxification-related genes

The subsamples of honeybees, control (n = 10), 
DBI-treated (n = 10), AD-treated (n = 10), and treated 
with both PPPs (n = 10), were placed on Petri dishes in 
a laboratory incubator S 711 (Chłodnictwo-Madej, Po-
land) at 33°C and in constant darkness, with ad libitum 
access to a 50% sucrose solution (50/50 vol/vol). After 
24 h of incubation, the honeybees were flash-frozen 
and immediately stored at −80°C until use.  The ex-
pression of detoxification-related genes in 120 ani-
mals (30 control, 30 DBI treated, 30 AD treated, and 
30 treated with both PPPs) was determined.

Total RNA was extracted from 10 heads or ab-
domens (in each group). Samples were put in a 2 ml 
RNase DNase-free tube containing zirconium/silica 
beads and 500 µl of TRIzol Reagent. Homogenization 
was performed on a FastPrep-24 Instrument (MP Bio-
medicals), in 2–4 cycles at 6 m/s for 30 to 40 s, with 
5-minute incubation on ice between cycles. The RNA 
was isolated using the TRIzol reagent method (Invitro-
gen, USA) (Chomczyński and Sacchi 1987), and pre-
cipitated with ethanol. 

The RNA extracts (1 µg) were reverse transcribed 
using the High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, USA; catalog number: 
4374966), following the manufacturer’s protocol, with 
a thermal cycler (Biometra, Germany). A real-time 
PCR was performed with SYBRGreen PCR Master Mix 
(Applied Biosystems, USA: catalog number: 4367659) 
using primers CYP9Q1, CYP9Q2, and CYP9Q3. 
Ten µl reactions were set up with 1 µl of each cDNA 
sample diluted 10x, 5 µl of SYBRGreen PCR Master Mix, 
0.4 µl 10 µm of each forward and reverse primer, and 
3.5 µl of distilled water. All reactions were performed 
in triplicate.  Real-time quantitative PCR amplifica-
tion reactions were carried out using the StepOne Plus 
real-time system (Applied Biosystems, USA) using 
a program which started with a single cycle of 
10 min at 95°C and 40 cycles of 15 s at 95°C and 
60 s at 56°C. Afterwards, the PCR products were 
heated to 95°C for 15 s, cooled to 60°C for 1 min, 

Table 1. Starter sequences of the genes CYP9Q1, CYP9Q2, 
CYP9Q3, and the reference gene eIF3-s8, used in the real-time 
qPCR technique

Primers Starter sequences (5’-3’)

CYP9Q1
forward:
reverse:

TCGAGAAGTTTTTCCACCG 
CTCTTTCCTCCTCGATTG

CYP9Q2
forward:
reverse:

GATTATCGCCTATTATTACTG
GTTCTCCTTCCCTCTGAT

CYP9Q3
forward:
reverse:

GTTCCGGGAAAATGACTAC
GGTCAAAATGGTGGTGAC

eIF3-s8
forward:
reverse:

GAGTGTCTGCTATGGATTGCAA
TCGCGGCTCGTGGTAAA
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and heated to 95°C for 15 s to measure the dissocia-
tion curves to eliminate nonspecific amplifications. 
The gene expression results were analyzed using the 
StepOnePlus system (Applied Biosystems, USA) and 
normalized against the eiF3-S8 gene, used as the refer-
ence gene. eiF3-S8 as an endogenous control gene was 
chosen, because it was previously demonstrated that it 
is characterized by a limited variation in expression in 
tissues of honeybees of foraging age (Harrison et al. 
2019).

Statistical analysis

Determination of honeybees’ temperature 
preference/metabolic rate

The results were analyzed using STATISTICA Tib-
co 13.3 (StatSoft Inc., Tulsa, OK, USA) and R 4.3.1 
(R Foundation for Statistical Computing, Vienna, 
Austria) software. For both independent and de-
pendent sample comparisons, non-parametric equiva-
lents such as the Kruskal-Wallis test, the Friedman 
test, and Bonferroni-corrected multiple comparison 
tests or the Wilcoxon test were used in the statisti-
cal analyses, after establishing that the results did not 
meet the assumptions for the application of para-
metric tests. The ADF test was used in longitudinal 
analyses of the studied phenomena, to establish sta-
tionarity. If non-stationarity was established, estima-
tion methods were used to determine the best-fitting 
function out of linear, logarithmic, exponential and 
power functions. If stationarity was established, the 
Holt-Winters model was used to illustrate changes 
in the studied phenomena over time. A significance 
threshold of two-sided p-values below 0.05 was used 
in all analyses.

Expression of detoxification-related genes

Data underwent the analysis of variance (ANOVA) 
and Bonferroni post-test for pairwise comparison of 
means, where applicable. Statistical parameters were 
calculated using Prism 6 (GraphPad). P values below 
0.05 were considered as statistically significant. Values 
are means ± SEM

Results

Temperature preference of Apis mellifera

The Augmented Dickey-Fuller test was used to check if 
the series describing changes in thermal environment 
preference over 48 hours in control bees and in bees 
treated with DBI, AD, and both substances simultane-
ously could be considered stationary or if a trend de-
scribing changes over time could be distinguished. In 
addition, basic parameters were calculated for the ex-
perimental data, and the Kruskal-Wallis test and mul-
tiple comparison tests with Bonferroni correction were 
used to determine if there were significant diffe rences 
between groups of bees for the studied parameter 
(Table 2; Fig. 1).

The honeybees in the control group preferred the 
warmest thermal environment (33.3°C). Intoxicated 
insects preferred the environment with a lower tem-
perature – of 32.9°C in the DBI-treated group, 32.4°C 
in the AD-treated group, and 32.8°C in the DBI + 
AD-treated group (Table 2).

The results show that the trend function can only be 
directly identified for the DBI + AD group (p = 0.01) 
(Table 2) (in this case, when the best-fit trend func-
tion was analyzed, it was found that of linear, power, 
and exponential functions, the best-fit function was 
a logarithmic function of the form y = aln(x) + c, where 
a = –1.1894, c = 38.3396; error c = 0.2717; and a = 0.057).

For the stationary series, the method of decompos-
ing the series was used to identify a separate trend, 
random fluctuations and cyclical fluctuations. The 
Holt-Winthers model was then used to identify the 
best-fitting time course of the phenomenon, so that 
not only was  a description of the changes in the phe-
nomenon over time obtained but also it was possible to 
predict the phenomenon in the future (Table 3). Table 
3 also contains information about the obtained trend 
models for the phenomenon after applying exponen-
tial equalization of random fluctuations with the best-
fit parameter α.

Additionally, the Kruskal-Wallis test shows 
a statistically significant difference between the variab-
les distributions in individual groups. Using multi-
ple comparison tests, it was demonstrated that the 

Table 2. Preferential temperatures of the control and pesticide-intoxicated bees and types of trends identified

Name Kind of trend p-value for adf test q1 q3
Mean ±SD

[°C]
Median

Control stationary 0.153 32.1 34.1 33.3 ± 1.54 33.2

DBI stationary 0.505 31.3 34.3 32.9 ± 2.11 32.8

AD stationary 0.060 31.6 33.3 32.4 ± 1.21 32.2

DBI + AD not stationary 0.01 31.7 33.6 32.8 ± 1.48 32.6
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control group was statistically significantly different 
from other groups [p = 0.012(DBI), p < 0.0001 (AD), 
p = 0.0005 (DBI_AD), and p = 0.004 between the DB 
and DBI groups].

The results show that there is no cyclic variation in 
the thermal environment preference either in the con-
trol or in the intoxicated bees (the gamma coefficient 
= 0 in all cases). For these three cases,  a statistically 
significant trend was identified in the phenomenon 
after adjusting for random fluctuations. This trend is 

a linear function in the control and DBI, and a loga-
rithmic function for AD.

In addition to the studies described above, which 
determined the temporal variation in the phenomenon 
of honeybee workers’ thermal preference, dependen-
cies between selected temperature values in individual 
groups were also analyzed.

Using Pearson’s linear correlation coefficient, it was 
assessed if there was a relationship between the ther-
mal environment preferences of the different study 

Fig. 1. Honeybee temperature preference. A – control group; B – DBI-treated; C – AD-treated; D – DBI + AD-treated bees

Table 3. Bees’ thermal preferences. Results were obtained using the Holt-Winthers method

Name Alpha Beta Model Intercpt Coefficient a F p-value

Control 0.488 0.107 linear 35.4 –0.015 475.2 0.000

DBI 0.681 0.226 linear 36.1 –0.022 561.3 0.000

AD 0.48 0.207 logarithmic 35.3 –0.624 105.9 0.000
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groups. In each case, there was a statistically signifi-
cant and high (ranging from 0.507 for AD-DBI + AD, 
to 0.737 for control-DBI) positive correlation between 
the results obtained.

Another question was if distributions of these val-
ues differed significantly between the two identified 
groups. In order to compare the distribution of results 
for thermal environment preference between differ-
ent groups of bees two different tests were applied. 
On one hand, it was the test described under Table 2 
showing if the distributions of results differed between 
groups. The results were treated as repeated measure-
ments for individual treatment groups, and the Fried-
man test was  used to determine if at least one result of 
a measurement after treatment with a specific prepara-
tion differed from the others. The Wilcoxon test was 
used to compare the differences between each pair of 
results. In this study, the Friedman test showed a sta-
tistically significant difference in at least one distribu-
tion of results (χ2 = 93.48, p < 0.0001). The Wilcoxon 
test showed that, with the exception of DBI-DBI + AD 
(p = 0.721), all groups revealed statistically significant 
differences in the results obtained (p = 0.000 in each 
case).

The same statistical reasoning was applied to CO2 
emissions.

Apis mellifera worker CO2 emission

The average CO2 emission was the highest (3039 µl/g 
b. wt. × h-=–1) in animals treated with DBI through-
out the measurement cycle, while it was slightly lower 
(2917 µl/g b. wt. × h–1) in the control group. Honey-
bees treated with AD and with a mixture of the two 
formulations, emitted CO2 in the amount of 2626 and 
2524 µl/g b. wt. × h–1, respectively (Table 4; Fig. 2).

A similar analysis of the temporal variation in CO2 
emissions showed that a trend could only be distin-
guished in the bees treated with DBI. Given that the 
significance in this case was on the borderline of the 
accepted significance level for the whole study, it was 
decided that treating this time series as stationary was 
a more appropriate approach (Table 4).

In addition, contrary to the temperature, no statis-
tically significant differences in CO2 levels were found 
between the study groups with the Kruskal-Wallis test.

As in the case of the temperature, the method of 
decomposing the series was used for stationary series 
to identify a separate trend, random fluctuations and 
cyclical fluctuations. Then, the Holt-Winthers model 
was applied to determine the best-fitting time course 
of the phenomenon. In this way, not only was a de-
scription of the changes obtained in the phenomenon 
over time, but it was also possible to predict the phe-
nomenon in the future (Table 5). Table 5 also provides 
information on the obtained trend models for the phe-
nomenon after applying exponential equalization of 
random fluctuations with the best-fit parameter α.

In all cases, gamma equaled 0, indicating a lack 
of cyclicity in the bees’ CO2 emission in each studied 
group. Although cyclical changes in CO2 emission 
could occur in both control and intoxicated bees, the 
number of cycles was too low to allow proper statistical 
analysis of the results obtained.

In this case, neither the use of Holt-Winthers mod-
els nor an attempt at modelling using ARiMA meth-
ods resulted in finding statistically significant models 
to describe changes over time in the studied phenom-
enon. This was probably due to the periodicity of the 
data, which became apparent after fitting polynomial 
trends to the raw data. The only trend detected was 
a polynomial of the sixth degree. On this basis, it can 

Table 4. CO2 emissions of control and intoxicated bees and designated trend types

Kind of trend p-value for adf test q1 q3
Mean ±SD

[µl/g b. wt. × h–1]
Median

[µl/g b. wt.. × h–1]

Control stationary 0.321 2122 3763 2917 ± 848 2999

DBI not stationary 0.049 2285 3777 3039 ± 773 3173

AD stationary 0.548 2047 3157 2626 ±  636 2528

DBI+AD stationary 0.214 1920 3080 2524 ±667 2507

Table 5. Basic results of CO2 analysis of control and intoxicated bees using the Holt-Winthers method

Alpha Beta Model Intercpt
Coefficient 

a
Coefficient 

b
F p- value

Control 0.711 0.499 square 3484  –58.69 49.13 0.715 0.250

DBI 0.895 0.379 logarithmic 2742       0 0 0.267 0.608

AD 1.000 0.052 square 2447 21.87 32.42 0.517 0.400

DBI + AD 1.000 0.016 square 2316 7.16 33.15 0.238 0.960
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be concluded that none of the treatments affected the 
periodicity of the bees’ CO2 emissions.

Pearson’s linear correlation coefficient assessed 
whether there was a correlation in CO2 emissions 
between the different study groups. The results show 
that in each case, there was a statistically significant 
and pronounced (ranging from 0.799, control-DBI 
+ AD, to 0.874, control-DBI) positive correlation be-
tween the results obtained.

As with the temperature, the data was  treated as 
repeated measurements after treatment, and the Fried-
man test was used to determine if at least one post-
treatment measurement differed from the others, and 
the Wilcoxon test to compare the differences between 
each pair. In this case, the Friedman test showed 
a statistically significant difference in at least one dis-
tribution of results (χ2 = 42.05, p < 0.0001). Using the 
Wilcoxon test, statistically significant differences in 
the results were found in some cases (control-DBI, 

p = 0.023, other differences: p = 0.000), excluding the 
AD treatment group and the DBI + AD treatment 
group, where no significant differences were observed 
(p = 0.117).

On the basis of the results obtained,  the meas-
urement cycle was divided into three periods: 1 to 9, 
10 to 36 and 37 to 48 h from the start of the experi-
ment. During the initial period (up to 9 h), the honey-
bees in each measurement group emitted the highest 
levels of CO2. The lowest emissions were observed in 
the middle period of the measurement (10 to 36 h of 
the recording) for the control, DBI-treated and DBI + 
AD-treated honeybees, and in the last hours of the re-
cording (37–48 h) for AD-treated honeybees (Table 6).

The Wilcoxon signed-ranks test for nonparametric 
analyses was used to compare the distribution of ther-
mal environment preference results between different 
groups of honeybees over the measurement periods. 
For the intervals of 1 to 9 h and of 37 to 48 h of the 

Fig. 2. CO2 emissions in control and intoxicated bees. A–control group; B – DBI-treated; C – AD-treated; D – DBI + AD-treated bees
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measurement, the experimental groups differed sig-
nificantly in CO2 emissions in three (Control-DBI + 
AD, p = 0.011; DBI-AD, p = 0.006 and DBI-DBI + AD, 
p = 0.001) and two (DBI-AD, p = 0.001; DBI-DBI + 
AD, p = 0.004) cases, respectively. In the interval be-
tween 10 to 36 h, CO2 levels were similar in all groups.

Expression of selected genes of the P450 
group

In the conducted experiments, the expression 
profiles of genes encoding CYP9Q1, CYP9Q2, and 
CYP9Q3, were analyzed in Apis mellifera either treat-
ed or not with Deltam, adjuvant, or a combination of 
both. The mRNA levels were analyzed separately in the 
head and the abdomen. 

The results of the quantitative real-time PCR 
showed different expression patterns for a transcrip-
tion level of analyzed genes, depending on the tis-
sue. In the control group, the transcription level of 

Table 6. Basic parameters for the analysis of CO2 emissions 
from control and intoxicated bees over the three measurement 
periods

Measurement parameters in hours 1–9

mean median q1 q3

Control 3302 ± 599 3513 3344 3646

DBI 3408 ± 417 3614 3334 3659

AD 2790 ± 411 2835 2581 2989

DBI + AD 2651 ± 326 2658 2476 2813

Measurement parameters in hours 10–36

Control 2808 ± 918 2560 2076 3878

DBI 2817 ± 868 2374 2046 3782

AD 2683 ± 710 2413 2110 3466

DBI + AD 2486 ± 805 2132 1743 3363

Measurement parameters in hours 37–48

Control 2874 ± 818 3156 2197 3513

DBI 3261 ± 600 3242 2802 3768

AD 2375 ± 560 2282 1869 2906

DBI + AD 2515 ± 522 2592 2017 2938

Fig. 3. qPCR results of the CYP9Q1-3 genes in the head (A) and abdomen (B) of honeybees after Deltam and/or adjuvant treatment. Sta-
tistical analysis was performed using GraphPad Prism 6.0 with a one-way analysis of variance, followed by Bonferroni’s post hoc test. The 
results are presented as mean ± standard error of the mean (SEM). Significant differences were marked with **(p ≤ 0.01) and ***(p ≤ 0.001)
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CYP9Q1 was significantly higher in the bees’ abdo-
mens (p < 0.001). The effect of Deltam and adjuvant 
on genes encoding CYP9Q1, CYP9Q2, and CYP9Q3 
was different in the head and in the abdomen (Fig. 3).

 When heads were compared, groups treated with 
adjuvant or a combination of Deltam and adjuvant 
showed higher transcription levels of CYPQ1, CYPQ2 
and CYPQ3, than the control (Fig. 3A). 

No changes in CYPQ1, CYPQ2 and CYPQ3 mRNA 
levels were observed in the abdomens of bees in each 
analyzed treatment group, in comparison to the con-
trol (Fig. 3B).

Discussion

Determination of the honeybee temperature 
preference 

The ability to maintain their body temperature at 
a suitable, constant level is a tremendous evolutionary 
achievement for honeybees, as it allows the insect to 
feed efficiently under changing environmental con-
ditions, as well as to maintain a continuous, optimal 
temperature in the nest for brood rearing. It is impor-
tant, because honeybees from a brood that has devel-
oped under inappropriate thermal conditions have 
a poorer memory (Jones et al. 2005), are less resistant 
to environmental pollutants (Medrzycki et al. 2010) 
and finally, provide less food for the hive, which can 
affect the condition of the entire colony.

The results of this study (Table 2; Fig. 1) show that 
honeybees, regardless of the treatment group, chose an 
environment with a relatively constant temperature, 
which in the control group (33.3 ± 1.54°C) was similar 
to that of an earlier study (33.1 ± 1.2°C) (Piechowicz 
et al. 2022b) and slightly higher than that observed in 
the study by Grodzicki and Caputa (2014) (31.5°C). In 
this study, however, significant changes in honeybees’ 
thermal preference in relation to the diurnal rhythm 
were not observed (Table 3), but had been visible in 
previous studies (Piechowicz et al. 2022b). Observed 
differences in thermal preference may result from the 
fact that in the past only older guarding and foraging 
workers were used with a marked diurnal cyclicity 
of physiological processes. In the current study, nest 
honeybees were investigated that included individuals 
performing all functions in the colony. As indicated 
by Moore et al. (1998), in honeybees the daily rhythm 
develops with age and depends both on the tasks per-
formed in the hive and genotypic variation in the rate 
of behavioral development. The presence of juveniles 
among the honeybees, with a diurnal cycle of activity 
and rest (nest cleaning and larval feeding take place 
throughout the day), could reduce the amplitude of 
the diurnal variation in thermal preference. In the 

same way the sudden exposure of nest honeybees to 
constant light could also weaken the rhythm. For this 
reason, the study period was not divided into intervals 
that differed significantly in the ambient temperature 
chosen by the honeybees.

The application of PPPs influenced the thermal 
preferences of honeybees (Table 2; Fig. 1) by decreas-
ing the temperature selected in the thermal gradi-
ent. Pyrethroids can influence the fluidity of cellular 
membranes (Moya-Quiles et al. 1996). Similarly, sur-
factants bind to bioactive macromolecules such as 
peptides, enzymes, and DNA. They can alter the pol-
ypeptide chain folding and the surface charge of the 
molecule, modifying the biological functions of these 
structures (Cserháti et al. 2002). This, and other fac-
tors, are the effect of oxidative stress (Shen et al. 2015), 
because both pyrethroids (Ding et al. 2017), and sur-
factants (Susmi et al. 2010) are generators of this effect. 
Tęgowska (2003) indicates that sufficient cell mem-
brane fluidity in excitable cells is restored by selecting 
an appropriate thermal ambient. Also, the ratio of so-
dium to calcium ions in the thermoregulatory center 
significantly impacts an animal’s thermoregulation, as 
the primary mechanism of pyrethroids’ action is re-
lated to their modification of the function of sodium, 
as well as of calcium ion channels (Soderlund 2012). 
Shafer et al. (2005) claim that one of the mechanisms 
underlying the effect of pyrethroids is the induction 
of hypothermia. Research shows that chemicals such 
as pyrethroids (Soderlund 2012) or surfactants (Bar-
dach et al. 1965) modify the functioning of an animal’s 
receptors, interfering with the animal’s perception of 
the environment. The observed changes in the thermal 
preference can result from impaired perception of ex-
ternal stimuli in honeybees. 

Bees (i.e., single workers and the bee colonies 
forming superorganisms) can generate fever. That is an 
energetically costly response of the body to intoxica-
tion or effects of pathogens (Johnson 1899). As Kovac 
et al. (2007) believe, honeybees maintain their optimal 
body temperature at rest mainly by choosing an envi-
ronment with an appropriate temperature, activating 
intensive thermogenesis only when their body tem-
perature decreases significantly. During the research, 
while the studied insects were in a temperature gra-
dient, they were provided with an environment having 
a wide temperature range, which allowed them to limit 
energy-costly endogenous processes to achieve the op-
timal temperature and making it possible to observe 
changes in their thermal environment preferences. 

Interestingly, this study showed that the combi-
nation of AD + DBI had a weaker effect on honey-
bee thermoregulation than these compounds acting 
alone (these differences were not statistically signifi-
cant). This is in contrast to studies of Vandame and 
Belzun ces (1998), who reported no thermoregulatory 
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changes in deltamethrin-treated honeybees. However, 
they were present when the insects were co-treated 
with difenoconazole or prochlorazoles, suggesting an 
interaction between these products that increases their 
toxicity. It is hard to pinpoint the reasons underlying 
the obtained results for thermal preferences in honey-
bees (Table 2; Fig. 1), since the CO2 emissions (Tables 4 
and 6; Fig. 2) and P450 expression studies (Fig. 3) 
showed an increase in the effect of both substances 
tested when they acted together.

Respirometry

Every living organism needs to fulfil its vital needs 
and, in social organisms, this involves tasks related to 
community survival. In honeybees, they include all 
daytime activities related to caring for broods, clean-
ing, wax extrusion, honey evaporation, or maintaining 
the correct temperature and humidity of the nest, and 
during the day, the processes of foraging, receiving and 
processing food brought by foragers, or protecting the 
nest from attacks of other insects. These activities of 
the honeybees probably had a much more pronounced 
effect on the observed diurnal variation in CO2 cycli-
city (Fig. 2; Table 6) than on the diurnal variation in 
the thermal preference (Table 4). The presence of pro-
nounced cyclicity in CO2 emissions may result from 
the fact that thermal preference studies were carried 
out in single individuals, whereas those concerning 
CO2 emissions were conducted in groups of honey-
bees, which, moreover, possibly included older honey-
bees with clearly developed diurnal cyclicity. The ab-
sence of a brood, which uses chemical communication 
to force young worker honeybees to perform certain 
activities throughout the 24 hours, with the simulta-
neous presence of highly cyclical sentinels and collec-
tors, could be the reason for the change in the daily 
rhythm in the honeybee nest. However, further studies 
are needed to confirm this hypothesis.

Using statistical methods, it was shown that none 
of the applied preparations or their mixtures disturbed 
the diurnal cyclicity of the honeybees (Tables 4 and 5; 
Fig. 2). However, Natarajan (1985) and Nicolau (1982, 
1983) provided evidence that such an effect can pos-
sibly be generated by PPPs. 

It is a commonly accepted assumption that meta-
bolic detoxification mechanisms in insects are energy-
expensive (Guedes et al. 2006). Usually the gene ex-
pression and related biosynthesis of amino acids and 
peptides require an energy supply (Wagner 2005). 
Protein breakdown is also highly energy-demanding 
(Kelly and McBridge 1990), and this process prob-
ably includes those damaged by the preparations used. 
Hence, if it is assumed that only detoxification pro-
cesses (also including those related to the observed 

expression of CYPQ1, CYPQ2 and CYPQ3 in heads 
of bees intoxicated with an adjuvant and with the 
mixture of compounds, Fig. 3) are responsible for the 
rate of metabolic processes, in each case after intoxi-
cation, an increase in the metabolic rate of the tested 
insects should be observed. The present experiments 
showed both an increase in CO2 emission in the 
honeybee group treated with DBI and a decrease in CO2 
emission in bees intoxicated with the PPPs synergists 
and with the mixture of both preparations (Table 4). 
Those observations are in line with studies of Castañe-
da et al. (2009) and Kliot and Ghanim (2012), who 
also did not show any increase in the metabolic rate 
in insects exposed to plant protection products. This 
also means that some other factors related to mecha-
nisms of action of preparations and bee bodies them-
selves are responsible for changes in the CO2 emission 
rate. 

Neurons transmit signals by the Na+ and K+ ion 
flow. That flow generates an electrical impulse called 
an action potential (AP) (Hodgkin and Huxley 1952). 
After AP, the Na+/K+ pump resets the levels of Na+ 
and K+ ions back to their initial values, to make the 
neuron ready to transmit another AP, when needed 
(Glitsch 2001). Kelly and McBride (1990) believe that 
the Na+/K+ pump function is one of the highest ener-
gy-demanding processes in the organism. The most 
important mechanism underlying the pyrethroid ef-
fect extends the time for which sodium channels in 
excitable cells are open (Soderlund 2012). In these cir-
cumstances, sodium influx to the cell induces a more 
intense function of the Na+/K+ pump to prevent the 
cell interior from being overloaded with sodium, and 
to restore an initial resting membrane potential. For 
this reason, the increase in the pump operation may 
be the primary factor influencing the increase in the 
rate of CO2 emission in the group of animals treated 
with Deltam (Table 4; Fig. 2). An increase in the meta-
bolic rate of insects treated with pyrethroids was also 
demonstrated for Anauplotrupes stercorosus (Piecho-
wicz et al. 2015) and Tenebrio molitor (Maliszewska 
et al. 2010). Kakko (2004) showed that pyrethroids 
reduce the Na-K-ATPase and the total ATPase levels 
in nerve cells. This means that pyrethroids can restrict 
the amount of energy available to ion pumps, and thus 
contribute to the increased rate of CO2 emissions in 
the first 9 hours after the intoxication, and again just 
after 37 hours, when the body has probably elimi nated 
most of the deltamethrin. Previous studies on the 
degradation of another pyrethroid, λ-cyhalothrin, 
showed that honeybees rapidly detoxify compounds 
from this group. During the first 6 hours of meas-
urements, degradation rates ranged from 11.43 to 
14.29% · h–1 before slowing to less than 1% · h–1 (Piecho-
wicz et al. 2021b).
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The mechanism underlying surfactant toxicity is 
a nonpolar narcosis, in which the presence of the sur-
factant in the cell membrane interferes with mem-
brane-dependent life processes, such as energy metab-
olism and transport of nutrients and oxygen across the 
membrane (Cowan-Ellsberry et al. 2014). Thus, the 
reduced metabolic rate measured by respirometry may 
result from the interaction between the surfactants 
and the biological membrane. The disruption of cel-
lular nutritional processes, combined with a slowdown 
in metabolism and, therefore, probably also processes 
of biological membranes repair, may be responsible for 
the overall reduction in CO2 emissions in AD-treated 
honeybees. However, this requires further and more 
thorough molecular and biophysical studies. Faster 
energy depletion as a result of more intense operation 
of the sodium-potassium pump and activation of de-
toxification processes after deltamethrine poisoning, 
combined with the slowing of transmembrane ener-
gy flux caused by the surfactant, could contribute to 
the observed slowing of CO2 emissions in honeybees 
treated with both preparations in periods of 1–9 h and 
10–36 h after treatment. The increased rate of carbon 
dioxide emissions in the last measurement period can 
be explained by results of earlier studies (Piechowicz 
et al. 2021a, 2021b), according to which it can be as-
sumed that honeybees eliminated most of deltame-
thrin. To date,  any references specifying the rate of 
surfactant elimination from the bee organism have not 
been found. 

P450 expression

Cytochrome P450 monooxygenases are a large and 
complex group of heme-thiolate proteins found in al-
most all living organisms (Yu et al. 2015). P450 mo-
nooxygenase participates in deltamethrin detoxifying, 
together with esterase and glutathione-S-transferase 
(Yang et al. 2017). 

A statistically significant effect of deltamethrin 
in the applied dose on the transcriptional activity of 
P450s was not observed (Fig. 3), which is inconsistent 
with previous studies showing the impact of the pyre-
throid λ-cyhalothrin (applied as Karate Zeon 050 CS; 
Syngenta Limited, UK) on the transcriptional ac-
tivity of CYP9Q1, CYP9Q2 and CYP9Q3 in whole 
honeybees, with changes depending on the time of 
day (Piechowicz et al. 2021b) and the temperature 
used (Piechowicz et al. 2021a). Mao et al. (2011) ob-
served similar changes, suggesting the involvement of 
CYP9Q1, CYP9Q2, and CYP9Q3 in the detoxification 
of pyrethroids. However, other authors suggest that 
other P450s are also involved in the detoxification of 
pyrethroids in insects (such as CYP4M5, CYP4M9, 
CYP6B29 and CYP9A22, CYP305B1, CYP6AB4, 
CYP6AE and CYP9A19 (Zhao et al. 2011); CYP4CB1 

and CYP4CC1 (Jiang et al. 2012); CYP408B1, CYP9AQ2 
and CYP6F (Guo et al. 2016); or CYP9A40 (Wang 
et al. 2015)). Unfortunately, it was not possible to veri-
fy this assumption for technical reasons.

Surfactants may be potential inhibitors of P450 en-
zymes. They inhibit, among others, the CYP3A4-me-
diated metabolism of testosterone, and the CYP2C9-
mediated metabolism of diclofenac in human liver 
cells (Christiansen et al. 2011). The inhibitory effect 
of these compounds was also observed for P450 3A 
(in vitro and in vivo studies) (Ren et al. 2009). The 
present research showed a significant increase in 
CYP9Q1-3 expression in samples taken from the head 
of honeybees treated with AD solution alone (Fig. 3). 
A similar relationship was found in studies in mice, 
where an increase in CYP4A10 and CYPA13 ex-
pression was shown after treatment with ToximulTM 
(a mixture of structurally heterogeneous nonionic and 
anionic hydrocarbons used as an adjuvant in crop pro-
tection products) (Upham et al. 2007). The expression 
level of CYP450s was significantly higher in the abdo-
men than in the head. At the same time, significant 
changes in CYP450 expression between the control 
and the AD-treated group for samples from bee abdo-
mens were not observed.

When applied together, AD and DBI caused the 
most pronounced increase in CYP450 expression in 
the honeybee head, although no significant statistical 
differences were observed in the abdomen (Fig. 3). 
That confirms that adjuvants modify the efficacy of 
PPP (Straw et al. 2022; Wernecke et al. 2022), and in 
this response, the effect of crop protection ingredients 
is more highly pronounced in the region of the greatest 
accumulation of nerve cells, representing the main tar-
get for deltamethrin, which primarily disrupts sodium 
ion conductance across the cell membrane.

Conclusions

The present study showed that PPPs combined with 
synergists can affect honeybees differently. On one 
hand, a slight, nonsignificant weakening of the effect 
of the applied insecticide when it acted together with 
the adjuvant (thermoregulation) was observed; on the 
other hand, in the case of respirometric tests and the 
expression of selected P450s, an increase in the poten-
cy of the preparations when they were applied together 
was observed. A clear explanation for these results has 
not been determined, and they require further exten-
sive studies. However, the fact that this preparation, 
which was used at very low doses, affects bees is very 
worrying, because under field conditions, the honey-
bees are exposed to residues of a much larger number 
of formulations than applied there. 
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