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Article 
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Abstract: Exposing insects to mild and/or severe heat can protect them from future heat stress by 

regulating the expression of certain stress markers. In this study; 60 queen larvae; one day old; were 

divided into two groups: a control group of non-heat-treated mother queens (nH-T MQ); kept for 15 

min at 34.5 °C and 70% relative humidity (RH); and a pre-heat-treated mother queen group (pH-T 

MQ) that were kept for 15 min at 41 °C and 70% RH. 500 daughter workers were collected from brood 

combs of each group and incubated at room temperature (22 °C) for 30 min; then divided into five 

groups (n=100); each was incubated for one hour at one of the following temperatures: 35; 40; 45; 50; 

and 55 °C. The expression levels in ten workers of each treatment were assessed by relative 

quantitative Real-Time qPCR and/or ELISA done on several antioxidant genes and markers. The pH-

T MQ showed improved basal and dynamic expression of several genes and enzymes; which 

indicated a protective response against heat stress and the effectiveness of tissue hardening in 

oxidative stress and antioxidant activity response. These recorded changes may have global 

implications by improving thermotolerance acquisition during heat stress conditions 

Keywords: honeybee; rapid heat hardening; global warming; heat stress; tolerance; expression 

 

1. Introduction 

Change in external or internal optimal conditions can lead to stress, and the organism can 

modulate its physiological function to retain homeostasis [1]. Also, the organism may respond to 

stressors by changing some metabolic processes, however, the adverse effect of stress on productive 

and reproductive ability in honeybees is still a challenge [2]. 

Commercial honeybee production can be affected by several stressors that affect their 

reproduction and production capabilities as well as their health status. These stressors could be 

external stressors including biotic such as pathogens, predators, and parasitoids [3,4], and abiotic i.e. 

high CO2 concentration [5], low temperature [6], nutritional (habitat depletion) [7], UV radiation, 

chemicals [8], or internal stressors such as biological production of reactive oxygen species (ROS), 

which form during the reduction of O2 [9]. Biological molecules such as lipids, proteins, and nucleic 

acids can be damaged by ROS compounds [9], and a great mass of data indicates that bees, like other 

organisms, have developed during the evolution process protective responses to detoxify ROS 

compounds [10] to maintain cell homeostasis and regulate cell biological processes [11]. 

Generally, antioxidant systems work through both enzymes and non-enzymatic low molecular-

weight antioxidants to reduce ROS levels during stress [12]. The first group is the primary antioxidant 

enzymes interacting directly with ROS molecules. Enzymes that play an important role in antioxidant 
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protection are superoxide dismutase 1 (SOD 1), catalase (Cat), and peroxidases such as Thioredoxin 

Peroxidase 4 (Tpx 4), and Glutathione Peroxidase-like 1 (Gtpx 1). As a result of these enzymes, 

superoxide radicals (O−2) are converted to oxygen (O2) and hydrogen peroxide (H2O2), and by the 

end of this process, both CAT and POX have converted the H2O2 into oxygen and water (H2O) [9,12]. 

The second one is the secondary antioxidant enzymes that interact indirectly with ROS molecules 

[11]. The secondary enzymes include Thioredoxin reductase 1 (Trxr 1), and Methionine sulphoxide 

reductase A (MsrA) [11]. Trxr 1 is involved in thioredoxin (TRX) and glutathione (GSH) recycling 

[13], while MsrA has a critical role in protein restoration [14]. 

In previous studies, the honeybee genome (Apis mellifera L.) sequence was used to determine the 

defense system components used to diminish the adverse effects of free radicals [11]. Apis mellifera 

L cells can reduce the harmful effects of reactive oxygen species (ROS) by their specified lines of 

defense; the first line includes several enzymes like superoxide dismutase in both mitochondria and 

cytoplasm, catalase, glutathione peroxidase, and the reduced glutathione tripeptide (GSH) that 

detoxify the free radicals and prevent their harmful cellular effects [15]. The second line includes free 

radical scavenging which plays a crucial role in reducing the imbalance between the level of free 

radical production and antioxidant level [16]. Moreover, the honeybees (Apis mellifera) can produce 

Vitellogenin (Vg), one of the non-enzymatic antioxidants that scavenge ROS and reduce the oxidative 

stress within honeybees consequently increasing the lifespan for both workers and queens [17,18]. 

Although the honeybees (Apis mellifera) are known to have a limited ability to control their 

body temperature according to climate temperature change at the individual level, they act as 

endothermic superorganism due to their thermoregulatory adaptation at the colony level [19]. The 

increased temperature is one of the oxidative stressors that enhance the production of ROS, so the 

increased temperature can affect honeybees’ reproduction and production ability and ultimately can 

affect their survival ability [20]. The concept of adaptive homeostasis mechanisms explains the 

development of various protective mechanisms in the organism upon exposure to environmental 

stress like oxidative and heat stress, taking into consideration the variants of exposure according to 

the type of stressor, time, and intensity of exposure [21]. For example, experiencing oxidative stress 

with a low/basal level can improve adaptive mechanisms and in turn the ability of cells to survive in 

such stressful conditions [22]. During larval development, abnormal temperatures can result in 

altered behaviors, phenotypes malformations, and reduced survival rates [23]. A further consequence 

is that it can dramatically affect honeybees' ability to learn, dance, and division of labor [24–26], color 

of emerging bees [27], wing morphology [28], expression of heat shock protein [29], and oxidative 

stress [30]. 

Insects can be pre-heat-treated with a mild heat stressor to protect them from future stressors by 

induction of antioxidant gene expression. This phenomenon is known as rapid heat hardening, [31]. 

Prior environmental experiences can allow some insects to adapt to high ambient temperatures [32] 

as it was reported that experiencing certain sublethal stressors can increase the concentrations of 

cellular stress proteins and improve survival ability even in the presence of other subsequent 

stressors [33]. Heat hardening (Heat pre-treatment) is one type of mechanism that is associated with 

potential molecules, physiological changes, or differential gene expression, such as genes of the 

antioxidant system [34,35]. It is used to improve resistance experimentally in Drosophila 

melanogaster, as it promotes a rapid induction of protective biochemical and physiological 

mechanisms that significantly improve heat resistance [36]. 

According to pre-heat treatment effects on improving thermotolerance responses, the 

transcription levels of certain antioxidant genes including SOD 1, POD, and CAT, (GST), GR genes 

were reported to be upregulated in comparison with insects control groups, and this indicates the 

increase in antioxidant activity is one of the defense responses when suffering from heat stress [37–

39]. However, the effect of pre-heat treatment may be either beneficial or harmful according to the 

degree and duration of heat stress. Many studies reported that mild exposure to a high temperature 

may increase the level of organism thermotolerance [40]. Interestingly, different organisms have 

similar mechanisms as a response to ultimately different low or moderate levels of stress, and short-
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term exposure to high levels of heat stress can help the organisms in increasing other stress tolerances 

known as cross-tolerance [40]. 

In this study, we provided evidence that heat pre-treatment (heat hardening) of honeybee 

queens during the larval stage does not only alter the basal expression of antioxidant proteins of their 

daughter workers during thermoneutral conditions but also alters the dynamics of their expression 

during heat stress. 

2. Results 

2.1. Temperature Tolerance and Mortality 

nH-T MQ and pH-T MQ groups had 100% survival at 40 and 45 °C. However, the survival of 

the daughter workers of the nH-T MQ at 50 °C significantly dropped to 40% and at 55 °C none of the 

workers survived (p < 0.05). Surprisingly, the daughter workers of the pH-T MQ had 97% survival at 

50 °C which dropped to 47% at 55 °C. 

2.2. mRNA Expression Levels of Antioxidants 

2.2.1. Catalase 

Figure 1A shows that Cat mRNA levels in the head tissues at the basal level (35 °C) were not 

significantly different between nH-T MQ and pH-T MQ groups (p < 0.05). However, after heat stress 

at 40 °C, the nH-T MQ groups exhibited higher Cat mRNA levels. The pH-T MQ group heads had 

significantly higher Cat mRNA levels at 45°C (p < 0.05). The nH-T MQ group displayed significantly 

higher levels of Cat mRNA in the heads at 55 °C (p < 0.05). It is noteworthy that the highest levels of 

Cat mRNA expression were detected in the heads of workers in the nH-T MQ and pH-T MQ groups 

after heat stress at 55 and 45 °C, respectively. 

2.2.2. Glycoxylase Domain-Containing Protein 4 (GLOD 4) 

A higher level of mRNA for GLOD 4 was observed in the heads of the nH-T MQ groups at basal 

temperature (35°C) (Figure 1B). As the temperature was raised to 40 °C, mRNA levels of GLOD 4 

increased in both bee worker groups with significantly higher levels in the nH-T MQ group (p < 0.05). 

However, neither group's mRNA levels were significantly different after exposure to heat stress at 

45, 50 or 55 °C (p < 0.05). 

2.2.3. Superoxide Dismutase 1 (SOD 1) 

The mRNA levels of SOD 1 were higher in the pH-T MQ heads at basal temperature (35 °C) than 

in the nH-T MQ heads (Figure 1C). Increasing the temperature to 40 °C resulted in a significantly 

higher level of SOD 1 mRNA levels in the heads of nH-T MQ compared to pH-T MQ group (p < 0.05). 

However, the pH-T MQ group had a significantly higher level of mRNA SOD 1 expression after heat 

stress at 45 °C (p < 0.05). Moreover, exposure to 50 °C resulted in approximately the same levels of 

mRNA expression in both nH-T MQ and pH-T MQ groups. The highest level of mRNA expression 

for SOD 1 was observed in the head of nH-T MQ workers after heat stress at 40 and 55 °C. On the 

other hand, the highest level of mRNA expression for SOD 1 was observed in the head of pH-T MQ 

workers after heat stress at 45 °C. 

2.2.4. Thioredoxin-2 (TrX 2) 

TrX 2 levels in the head tissues of nH-T MQ were significantly higher than pH-T MQ groups of 

the basal temperature (35 °C), 40, 50, and 55 °C (p < 0.05; Figure 1D). Significantly higher mRNA 

levels of thioredoxin-2 were detected in the pH-T MQ groups at 45 °C compared to the nH-T MQ 

group (p < 0.05). Heat exposure to 40 and 45 °C produced the highest levels of TrX 2 mRNA 

expression in the head in pH-T MQ workers and nH-T MQ workers, respectively. 
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2.2.5. Thioredoxin Reductase-1 (TrxR 1) 

Both nH-T MQ and pH-T MQ groups expressed similar mRNA levels of TrxR 1 at basal 

temperatures (35°C, Figure 1E). However, the mRNA levels of TrxR 1 were higher in the nH-T MQ 

group following heat stress at 40 and 55 °C. While at 45 and 50 °C, the TrxR 1 levels were significantly 

higher in the pH-T MQ groups (p < 0.05). Interestingly, nH-T MQ workers showed the highest levels 

of TrxR 1 mRNA expression in the head after heat stress at 55°C, while pH-T MQ workers showed 

the highest levels of mRNA expression of TrxR 1 after heat stress at 45 and 50 °C. 

2.2.6. Vitellogenin (Vg) 

The mRNA levels of Vg were higher in the nH-T MQ groups at all temperatures except for the 

basal 35°C group, at which pH-T MQ workers significantly produced higher levels of Vg (p < 0.05; 

Figure 1F). Workers from nH-T MQ showed the highest mRNA expression of Vg after heat stress at 

40, 50, and 55 °C, whereas workers pH-T MQ at 35 °C showed the highest mRNA expression of Vg. 

2.2.7. Methionine Sulfoxide Reductase (MsrA) 

At basal temperature (35 °C), there were no differences between the pH-T MQ workers and nH-

T MQ workers groups in MsrA mRNA levels (Figure 1G). A significantly higher mRNA level of MsrA 

was observed in the pH-T MQ group after heat stress at 40 °C (p < 0.05). With an increase of exposure 

temperature to 45 and 50 °C, the nH-T MQ group showed higher mRNA levels of MsrA. Heat stress 

at 45 was associated with the highest mRNA expression of MsrA in the head of nH-T MQ workers, 

while in the pH-T MQ workers heat stress at 40, 45, and 55 °C was associated with the highest mRNA 

expression of MsrA. 

2.2.8. Thioredoxin Peroxidase 4 (Tpx 4) 

Temperatures 35, 40, and 45 °C induced significantly higher Tpx 4 levels in the pH-T MQ than 

the nH-T MQ groups (p < 0.05; Figure 1H). A contrast was observed at 50 and 55 °C, where Tpx 4 

levels were significantly higher in the nH-T MQ groups compared to pH-T MQ workers (p < 0.05). 

The highest mRNA expression levels of Tpx 4 in the head were observed for both the nH-T MQ and 

pH-T MQ were after heat stress at 40, 45 and 50 °C. 

2.2.9. Glutathione Peroxidase Like 1 (Gtpx 1) 

When the workers of pH-T MQ groups were kept at 35, 45, and 50 °C, mRNA levels of Gtpx 1 

were significantly higher than in the nH-T MQ group (p < 0.05; Figure 1I). While the levels of Gtpx 1 

were significantly higher in the nH-T MQ group after exposure to 40 and 55 °C (p < 0.05). Heat stress 

at 40°C and 45°C resulted in the highest mRNA expression levels of Gtpx 1in the head of nH-T MQ 

and pH-T MQ workers, respectively. 

2.3. Antioxidants Concentration 

2.3.1. Superoxide Dismutase 1 (SOD 1) 

During basal conditions (35 °C), SOD 1 concentrations were significantly higher in nH-T MQ 

groups compared to pH-T MQ group (p < 0.05; Figure 2A). Moreover, the concentration of SOD 1 

detected in the heads at 40 and 55 °C was approximately the same in both groups, while at 50 °C the 

concentrations of SOD 1 were significantly higher in pH-T MQ groups (p < 0.05). The highest 

concentrations of SOD 1 were observed in the heads of nH-T MQ and pH-T MQ workers following 

heat stress at 45 and 50°C, respectively. 

2.3.2. Peroxidase (POD) 
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POD concentrations were higher in pH-T MQ than in the nH-T MQ groups at 35 and 40 °C 

(Figure 2B). However, the POD concentrations of the nH-T MQ and the pH-T MQ workers did not 

differ significantly when exposed to the different temperatures (p < 0.05). 

2.3.3. Acetylcholinesterase (AChE) 

There were no differences in the concentrations of AChe between the workers of two groups 

(nH-T MQ and pH-T) and within the same groups when they were exposed to 35, 40, and 45 °C 

(Figure 2C). The concentration of AChe was significantly higher in pH-T MQ groups at 50 and 55 °C 

compared to that of the nH-T MQ group and peaking at 50 °C (p < 0.05). 

2.3.4. Cytochrome P450 (CYTP450) 

There were no differences in CYTP450 concentrations between the nH-T MQ and the pH-T MQ 

groups at 35, 40, and 55 °C (Figure 2D). Workers of the nH-T MQ group exhibited significantly higher 

CYTP450 concentration during heat stress at 45 °C than the pH-T MQ group (p < 0.05), while the pH-

T MQ group exhibited significantly higher CYTP450 concentration at 50 °C than the nH-T MQ group 

(p < 0.05). 

2.3.5. Glutathione Peroxidase (GPX) 

The pH-T MQ group had higher concentrations of GPX than the nH-T MQ group at all 

temperatures except 45 °C (Figure 2E). The highest concentration of GPX in the head was observed 

at 50 °C in pH-T MQ workers. 

2.3.6. Glutathione Reductase (GSR) 

The concentration of GSR was significantly higher in the pH-T MQ than in the nH-T MQ groups 

at 35, 40, and 50 °C (p < 0.05), whereas the nH-T MQ group had higher GSR concentrations at 45 and 

55 °C. (Figure 2F). The highest concentration of GSR in the head was observed at 45, 50, and 55 °C in 

the nH-T, and at 50 °C in the pH-T MQ workers. 

2.3.7. Catalase (Cat) 

Cat concentrations did not differ significantly between the nH-T MQ and the pH-T MQ groups, 

at all stress temperatures except at 45 and 50°C (p < 0.05), where higher Cat levels were observed in 

the nH-T MQ and pH-T MQ groups, respectively (Figure 2G). The highest concentration of Cat in the 

head was detected at 50 °C in pH-T MQ workers. 
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Figure 1. The expression levels (+ Standard Deviation) in ten non-heat-treated mother queens (nH-T MQ), kept 

for 15 min at 34.5 °C and 70% relative humidity (RH), and a pre-heat-treated mother queen group (pH-T MQ), 

kept for 15 min at 41 °C and 70% RH. The assessment was done by relative quantitative Real-Time qPCR (RT-

qPCR) done on several antioxidant genes. 
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Figure 2. The expression levels in ten non-heat-treated mother queens (nH-T MQ), kept for 15 min at 34.5 °C and 

70% relative humidity (RH), and a pre-heat-treated mother queen group (pH-T MQ), kept for 15 min at 41 °C 

and 70% RH. The assessment was done by ELISA done on several antioxidant genes. 

3. Discussion 

The results of this experiment showed that the daughter workers of the pH-T MQ exhibited 

higher survival rates at elevated temperatures than those of the nH-T MQ. Accordingly, the 

prospective effects of global warming could be on the odds of the honeybees. This has been currently 

detected by the evident improvement of the basal and dynamic expression of several of the tested 
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genes on the pH-T MQ, which likely indicated a protective response against heat stress and the 

effectiveness of tissue hardening in oxidative stress and antioxidant activity response. It was also 

reported that the antioxidants and enzyme detoxification activities are significantly higher in bees 

exposed to higher temperature stress [20]. 

The current mRNA results in the nH-T MQ showed a general trend of gradual increase of 

expression levels with two peaks at 40 °C and at 55 °C in most of the enzymes studied, except in MSR 

A and TP 4 enzymes. Whereas for the pH-T MQ the mRNA showed a general trend of gradual 

increase of the expression levels with one peak at 40 °C and/or at 50 °C in most of the enzymes 

studied, except in Vg and MSR A enzymes. The first trend of increasing the expression of the enzymes 

in response to heat stress in pH-T MQ workers may be attributed to its improved thermotolerance 

responses due to the adaptive effect of heat hardening [41,42]. Later, by increasing heat stress 

temperatures the expression levels started to decrease, probably indicating a recovery pattern and 

the ability of the pH-T MQ groups to tolerate heat stress due to tissue hardening [43]. The presence 

of a second peak of increased expression in nH-T MQ may indicate cellular instability upon exposure 

to high levels of heat stress, which is supported by the decreased survival of this group at such higher 

temperatures [38]. Such decrease in enzyme expression between the peaks could be regarded as 

enzyme denaturation because of heat stress in the nH-T MQ [42]. 

The expression levels of the mRNA of Vg and MSR A enzymes followed different dynamics that 

that found in the other enzymes. The currently reported expression levels of the MsrA gene were 

approximately the same at basal temperatures for both groups, then increased at 40 °C. Later, the 

highest expression levels were recorded at 45 °C for the nH-T MQ group with subsequent decline but 

then increased again at 55°C. As noted, before, this instability of mRNA level can be related to 

temperature fluctuation as the stability of the translation of mRNA may decrease due to heat stress 

[44]. This decline of gene expression at higher temperatures can be in response to thermal stress 

sensitivity [45]. The maintained stable levels of Vg in pH-T MQ workers despite increasing stress 

temperatures may be due to different cooling mechanisms used in the heads of the honeybees [41]. 

The decreased Vg concentration levels in nH-T MQ workers has been previously linked to decreased 

stability of the Vg mRNA as a result of heat stress [44]. 

The ELISA results exhibited different dynamics of enzyme concentrations. This disagreement 

between the mRNA expression levels and the ELISA concentration can be explained by the difference 

in time intervals needed to translate the mRNA to give the protein product. The mRNA expression 

may have increased at certain temperatures but detecting the increased concentrations of the product 

enzyme at later time when bees were exposed to the higher temperatures. As discussed before, 

studies have shown that the combined results of mRNA translation, protein degradation, and mRNA 

stability depicted a high translation level of SOD 1 enzyme as a response to heat stress [46]. 

In the nH-T MQ, the concentration of the studied enzymes had one peak at 45 °C except for GSR, 

which maintained its high concentration after the peak. On the other hand, the enzyme 

concentrations in pH-T MQ peaked at 50 °C except for the peroxidase enzyme, which had almost a 

stable concentration at the different exposure temperatures. The GSR enzyme plays a major role in 

the regulation and maintenance of redox homoeostasis in the cells as it is responsible for the 

continuous supply of the reduced glutathione that has a crucial role in ROS control in the cells [47]. 

In insects’ overexpression of GSR genes under oxidative stress can be indicated as a protective 

response against ROS that may result from external or internal stress conditions [11]. 

The currently recorded changes in the expression and concentrations of enzymes incorporated 

in the mechanisms of stress tolerance may improve the thermotolerance acquisition during heat stress 

conditions and render the bees more adapted to it. Thermal manipulation of honeybees can though 

be practiced in the production fields as a protective measurement against heat waves to produce 

progenies that are more tolerant of such waves. Nonetheless, the effects of such thermal manipulation 

on morphology, reproductivity, and productivity of the mother queens and daughter workers need 

further investigation. 
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4. Materials and Methods 

4.1. Queen Rearing 

The experiment was conducted at the apiary of the Faculty of Agriculture, Jordan University of 

Science and Technology, Irbid, Jordan. All experimental queens came from the same source colony 

headed by a naturally mated Syrian honeybee (Apis mellifera L.) queen and, thus, were sisters to each 

other. All queens reared in 2020 were grafted from worker larvae in April, the prime month for open 

mating in the Jordan Valley area of Jordan [48]. A queen was confined in a queen excluding cage with 

a single frame for 12 hours to produce eggs of nearly a similar age. As the eggs began to hatch, first 

instar worker larvae were transferred to queen cups to be raised in queenless hives, following 

standard apicultural procedures [49]. 

4.2. Pre-Heat Treatment-Queen Larval Stage 

Sixty queen larvae at the age of seven days were randomly selected and divided into two 

incubation treatment groups (n = 30). The non-heat-treated mother queens (nH-T MQ) were kept for 

15 min at 34.5 °C and 70% relative humidity (RH), and the pre-heat-treated mother queens (pH-T 

MQ) group was subjected for 15 min to 41 °C and 70% RH. This temperature was chosen because 

previous research showed that exposing queens to 40 – 42 °C was the maximum tolerable 

temperature by honeybees [50,51]. After treatments, both groups were returned to their incubator 

hives, and 24 hours before hatching plastic-mesh cages were fitted over the occupied pupal queen 

cells of both groups to retain the emergence of virgin queens and to exclude any differences in 

honeybee body temperature. Emerged virgin queens of both groups were removed from the plastic 

mesh cages and introduced to queenless five-frame standard-sized mating mini hives. The hives were 

inspected two weeks later to ensure the successful introduction and the onset of oviposition. Four 

months later, the experimental colonies should become well established, and the bees should occupy 

8-10 frames. 

4.3. Rapid Heat Treatment and Heat Stress 

500 workers were collected from brood combs of each treatment group and incubated at room 

temperature (22 °C) for half an hour to exclude any differences in honeybee body temperature. The 

workers were equally divided into five groups (n=100). The worker bees in their cages were incubated 

in digitally controlled thermo-incubators (Mermmet, IPP 110, USA) for one hour at one of the 

following temperatures: 35, 40, 45, 50, and 55 °C at 70% RH. Bees had access to 50% sugar syrup (w/v) 

in water. All cages of both groups were inspected every 30 minutes to confirm the number of dead 

bees. At each temperature, 12 living workers were taken randomly and killed by placing them in a 

glass jar containing few drops of Ethyle acetate. Heads and thoraces were removed immediately, 

snap-frozen in liquid nitrogen, and stored at -80 °C for RNA and protein analyses. 

4.4. RNA Isolation and cDNA Synthesis 

Heads of bees were homogenized using a Bead Ruptor Elite-Bead Mill homogenizer (OMNI 

International, Kennesaw, GA, USA). The total RNA was extracted from the heads (n = 12) 

individually for each group using TRI Reagent® (Zymo Research, Irvine, USA). The extracted RNA 

was cleaned and concentrated by the RNA clean-up and concentration kit (Norgen Biotek, Thorold, 

Ontario, Canada). The RNA was quantified and qualified using a Biotek PowerWave XS2 

spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA), Qubit 4 fluorometer (Thermo 

Fisher Scientific, MA, USA), and 1% agarose gel. cDNA synthesis for each sample was accomplished 

using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA), 

using 2 µg of RNA for each reaction. 
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4.5. Relative Quantitative Real-Time qPCR (RT-qPCR) 

RT-qPCR was performed using a TB Green™ Premix Ex Taq™ II kit (Takara Bio Inc, Kusatsu, 

Shiga, Japan) incubated in a Rotor-Gene Q MDx 5-plex instrument (Qiagen, Hilden, Germany). All 

primers were designed using IDT PrimerQuest software 

(http://eu.idtdna.com/PrimerQuest/Home/Index). The sequences of the primers are listed in Table 1. 

The cDNA sequence used in the primer design for each gene was taken from the NCBI’s nucleotide 

database (https://www.ncbi.nlm.nih.gov/nucleotide/). Briefly, the 20 µl reaction mix was prepared 

from 10 µl of the master mix; 2 µl forward primer (2 pmol); 2 µl reverse primer (2 pmol) (Table 1); 2 

µl cDNA of the sample; and 4 µl of nuclease-free water. Cycling parameters were 95 °C for 5 min, 40 

cycles of 95 °C for 10 s followed by 30 s at 57 °C and 72 °C for 10 s, with final melting at 95 °C for 20 

s. Duplicates from each cDNA were analyzed, fluorescence emission was detected, and relative 

quantification was calculated automatically. Glyceraldehyde-3-phosphate dehydrogenase 2 

(GAPDH) and β-Actin related protein 1 (β-actin) were used as internal controls to which the fold 

changes in gene expression were normalized. The melting curve was assessed to approve the 

specificity of the single-target amplification. 

Table 1. Primer sequences for genes related to oxidative stress response in honeybees. 

Gene Forward (5’-3’) 
Product 

size 
Accession # 

atalase (Cat) 
F: ACGAAATCCTTCCGCTGACC 

R: AGCATGGACTACACGTTCCG 
106 AF436842.1 

Glycosylase Domain-

Containing Protein 4 (GLOD 

4) 

F: GGAATTTGCTGAAGGTTGCG 

R: TGAGTATCTTCTGTTCCATATCCTATC 
94 XM_625097.3 

Superoxide Dismutase 1 

(SOD 1) 

F: CGTTCCGTGTAGTCGAGAAAT 

R: GGTACTCTCCGGTTGTTCAAA  
133 NM_001178027.1 

Thioredoxin 2 (TrX 2) 
F: GGTTTACCAAATTAAGAATGCCAGT 

R: GACCACACCACATAGCAAAGA 
98 XM_003250360 

Thioredoxin Reductase 1 

(TrxR 1)  

F: CTGATTGCTGTAGGTGGTAGAC 

R: CCAGCACATTCTAAACCAATATATCC 
149 NM_001178025 

Vitellogenin (Vg)  
F: GAACCTGGAACGAACAAGAATG 

R: CGACGATTGGATGGTGAAATG 
98 NM_001011578.1 

Methionine Sulfoxide 

Reductase (MsrA) 

F: GGGCCGGTGATTGTTTATTTG 

R: CAACGACTTCTGTATGATCACCT 
113 AY329360.1 

Thioredoxin Peroxidase 4 

(Tpx 4) 

F: ACCTGGAGCATTTCCTTATCC 

R: CGCTTGTTCTGGATCATCTTTG  
103 NM_001170973.1 

Glutathione Peroxidase-like 

1 (Gtpx 1) 

F: ATGGTCAAGAACCGGGAAATAG 

R: GGATGCGCAGAATCTCCATTA  
109 NM_001178022.1 

Glyceraldehyde-3-

phosphate dehydrogenase 2 

(GAPDH) 

F: TGGCAAAGGTGCAGACTATAAA 

R: TGGCATGGTCATCACCAATAA 
131 XM_393605.7 

β-Actin related protein 1 (β-

Actin) 

F: CTAGCACCATCCACCATGAAA 

R: AGGTGGACAAAGAAGCAAGAA 
97 NM_001185146.1 

4.6. ELISA 

The activities of Gtpx 1, SOD 1, Cat, CYP450, POD, Acetylcholinesterase (AChE), and 

Glutathione reductase (GSR) were determined using commercial ELISA kits (Shanghai Future 

Industry Co, Shanghai, China). SOD 1 activity was determined using the nitrite coloration method 

with absorbance at 550 nm. Cat activity was measured using the ammonium molybdate method with 

spectrophotometric determination of absorbance at 405 nm. Gtpx 1 activity was measured at 412 nm 

by quantifying the rate of oxidation of reduced GSH to oxidized glutathione. 
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4.7. Statistical Analysis 

The survival rate of the bees was calculated after 15 min of exposure to the different 

temperatures while the sampling for molecular and ELISA analyses was performed one hour after 

exposure. All statistical analyses were performed using IBM SPSS statistics software v.25 (IBM 

Software, Chicago, USA). mRNA levels of expressed genes were presented as means ± Standard 

deviation (SD). The student’s t-test (nH-T MQ vs. pH-T MQ) followed by an all-pairs Bonferroni 

correction on the t test values was employed to compare different parameters in all treatment groups 

(35 °C vs. 40, 45, 50, and 55 °C). Parametric differences were considered statistically significant at p < 

0.05. 
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