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Grooming behavior is one of the mechanisms of social immunity in Apis

mellifera. This behavior has been proposed as an active strategy of honey bees

to restrain the population growth of the ectoparasitic mite Varroa destructor in

honey bee colonies. The characterization of honey bee stocks with high

grooming behavior is of utmost importance for honey bee breeding programs

to set the background for mite resistance biomarker-based selection. In this

study, we analyzed the expression level of 11 candidate genes putatively involved

in grooming and hygiene behaviors in adult workers from mite-resistant (R) and

mite-susceptible (S) honey bee stocks. Heads and bodies of worker bees from

both stocks, previously tested for grooming response to two treatments (mite

infestation and a paintbrush touch control stimulus) were assessed by qPCR. In

the head, R bees exposed to mite infestation showed higher levels of Nrx1 and

Dop2 and lower levels of Obp3 than S bees. At the body level, R and S bees

differed in the expression levels of Nrx1, Oa1, Obp4, Obp14, Obp16, Obp18,

Spf45, CYP9Q3, with no stimulus-specific pattern. Overall, our results suggest

the involvement of some of the analyzed genes in the specific response to mite

infestation, possibly related to the sensitivity and specificity of the R bee to this

stimulus at the head level, while other genes would be involved in the non-

specific motor response to irritants at the body level. The present study provides

new insights into the characterization of the grooming behavior in a selected

honey bee stock and increases the available information on its underlying

molecular mechanisms. We discuss the putative functions and use of the

assessed genes as potential tools for biomarker-assisted selection and

improvement of Varroa mite control strategies in honey bee colonies.
KEYWORDS

Apis mellifera, Varroa-resistance, grooming, gene expression, honey bee stocks,
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Introduction

Honey bees (Apis mellifera Linnaeus 1758) are essential for

efficient agricultural production, ensuring the pollination of

numerous plant species in the ecosystem (Burgett, 2004). In recent

decades, this insect species has faced global threats of declining health

and colony loss (Evans and Chen, 2021; French et al., 2024). The

ectoparasitic mite Varroa destructor Anderson and Trueman 2000

has been proposed as the most important contributor to honey bee

health problems and colony losses (Le Conte et al., 2010; Nazzi and

Le Conte, 2016). V. destructorweakens host fitness directly by feeding

on brood and adult bees and indirectly by transmitting viruses

(Di Prisco et al., 2016; Ramsey et al., 2019).

Managed honey bee colonies are often treated with synthetic

acaricides to control V. destructor, a practice that leads to the

development of mite resistance to these chemicals (Conlon et al.,

2019; Hernández-Rodrıǵuez et al., 2021; McGruddy et al., 2023),

contaminates hive products (Mullin et al., 2010; Kast and

Kilchenmann, 2022), and hampers natural selection for resistance

against the mite in honey bee colonies (Rinkevich, 2020). An

alternative approach to reduce dependence on chemical treatment

in colonies involves using Varroa-resistant honey bee stocks for

apiculture (reviewed by Mondet et al., 2020). This could be

achieved through natural selection or by breeding honey bee

colonies with sanitary traits associated with mite resistance

(Rinderer et al., 2010; Guzmán-Novoa et al., 2012; Hunt et al.,

2016). Among mite-resistance traits, grooming behavior involves

the removal and injury of adult mites from the bodies of adult bees

(Peng et al., 1987). Through this behavior, adult bees clean their

bodies by grooming themselves (“auto-grooming”) and by being

groomed by other bees (“allo-grooming”) (reviewed by Pritchard,

2016; van Alphen and Fernhout, 2020). Grooming againstVarroa has

been associated with higher proportions of mutilated fallen mites and

lower infestation levels at the colony level (Mondragón et al., 2005;

Arechavaleta-Velasco et al., 2012; Russo et al., 2020). Given that

grooming has been reported to be a heritable trait (Moretto et al.,

1993; Page and Guzmán-Novoa, 1997), selection for grooming

behavior is being incorporated into several bee breeding programs

because of its beneficial effects on reducing mite loads and promoting

honey bee health and colony survival for sustainable long-term

mite management (Rinderer et al., 2010; Hunt et al., 2016;

Russo et al., 2020; reviewed by Guichard et al., 2020).

A pioneering study on the genetic mechanisms underlying

grooming behavior was conducted by Arechavaleta-Velasco et al.

(2012), using quantitative trait loci (QTL) mapping. These authors

identified a genomic region associated with the time to initiate

grooming behavior in worker honey bees. Within this region, they

proposed candidate genes [atlastin, ataxin, neurexin-1 (Nrx1)]

associa ted with neuronal development and behavior

(Arechavaleta-Velasco et al., 2012). Recently, Morfin et al. (2020)

found that the expression of Nrx1 was significantly higher in honey

bee colonies with high grooming behavior compared to control

colonies and positively correlated with the proportion of damaged

mites at the colony level. Similarly, Hamiduzzaman et al. (2017)

detected a correlation between the expression level of Nrx1 and the

intensity of grooming behavior, and proposed other candidate
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genes that may be associated with this trait, including the enzyme

of the P450 complex cytochrome P450 9e2 (CYP9Q3) and the

splicing factor 45 (Spf45).

This study aimed to characterize the grooming behavior of

selected honey bee material at the gene expression level. We

proposed to evaluate the expression profiles of particular genes

potentially associated with grooming behavior and with hygiene

traits in general, such as those encoding for neuromodulator

receptors (Mustard et al., 2010; Scannapieco et al., 2017; Bilodeau

and Beaman, 2022), odorant-binding proteins (OBPs)

(Chandrasekaran et al., 2011; Gebremedhn et al., 2023), and

general physiological functions associated with RNA processing

and detoxification pathways (Hamiduzzaman et al., 2017). We

specifically assessed the expression profiles of 11 selected

candidate genes in the head and body of honey bees from a

Varroa-resistant (R stock) and a mite-susceptible stock (S stock)

that exhibited differential precocity and intensity in grooming

responses to two different stimuli (the presence of a Varroa mite

or a paintbrush touch) (Russo et al., 2022; Russo, 2023). Our results

significantly contribute to the understanding of the molecular

mechanisms underpinning behavioral immune responses of A.

mellifera specifically associated with Varroa resistance and

provide valuable tools for selective breeding to pursue sustainable

mite control strategies in commercial honey bee colonies.
Materials and methods

Worker bees for gene expression analyses

Worker honey bees from colonies of two genetic stocks were

analyzed: (1) a V. destructor-resistant honey bee population that

exhibited high levels of grooming behavior at the colony and

individual levels (R stock); and (2) a mite-susceptible honey bee

population that showed low levels of grooming behavior (S stock)

(Russo et al., 2020, 2022). R is a natural mite-surviving stock that

has been selected for low V. destructor levels (phoretic Varroa) for

more than 10 years and S is a non-selected commercial stock that

requires acaricide treatments twice a year (Russo et al., 2020). These

stocks are maintained at the experimental apiary located at the

Estación Experimental Agropecuaria Reconquista (hereafter EEA

Reconquista, 29°15′31.8″S 59°44′36.0″W) of the Instituto Nacional

de Tecnologia Agropecuaria (INTA). Worker bees from three

colonies of each stock (R and S), which exhibited contrasting

grooming phenotypes at the individual level according to Russo

et al. (2022), were used for gene expression analysis in this study.

Briefly, the previous assay in experimental arenas consisted of focal

observations of the grooming performance of 6-, 10-, and 14-day-

old worker bees in response to two treatments in the bee thorax

(artificial infestation with a Varroa mite and a paintbrush touch

representing a control stimulus) (Russo et al., 2022). Three-minute

focal observations were performed on worker bees exposed to the

mentioned treatments, and the following variables were recorded

on each bee: time of first grooming attempt, number of grooming

attempts, and number of legs involved in grooming attempts (Russo

et al., 2022). At the end of the grooming assays, worker bees were
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placed in 1.5 mL tubes and immediately stored in a −70°C

ultrafreezer (Ultrafreezer RIGHI, model UF386-86LV, Buenos

Aires, Argentina). After the statistical analysis of grooming

responses (Russo et al., 2022), 10 six-day-old worker bees

(biological replicates) from each stock (R, S) exposed to each

treatment (Varroa artificial infestation, control stimulus) were

randomly selected for the gene expression analysis. Data analysis

of grooming behavior variables of these selected bees are shown in

Supplementary Figure 1.
Selection of candidate genes

We selected 11 candidate genes putatively associated with

hygiene behaviors or response of honey bees to Varroa

parasitism, to investigate their potential role in the behavioral

differences previously observed between mite-resistant bees from

R stock and susceptible bees from S stock. Four candidate genes that

were previously proposed to be involved in grooming behavior

expression response in QTL (Arechavaleta-Velasco et al., 2012) or

gene expression studies (Hamiduzzaman et al., 2017; Morfin et al.,

2020) were selected: the presynaptic protein neurexin-1 (Nrx1), the

enzyme of the P450 complex cytochrome P450 9e2 (CYP9Q3), the

splicing factor 45 (Spf45), and the GTPase atlastin (atl1). In

addition, we selected two neuromodulator receptors: the

octopamine receptor (Oa1) and the dopamine receptor (Dop2).

Octopamine acts as a neuromodulator in the honey bee brain,

playing an important role in olfactory learning and memory

formation and influencing complex behavioral responses, such as

hygienic behavior (Menzel, 1999; Schulz and Robinson, 2001;

Spivak et al., 2003; Verlinden et al., 2010; Rein et al., 2013;

Scannapieco et al., 2017). Dopamine serves as a neurohormone,

neuromodulator, and neurotransmitter with key roles in olfaction,

learning, memory, and motor functions in honey bees (Scheiner

et al., 2006; Raza and Su, 2020; Raza, 2023). In addition, we selected

five genes encoding odorant-binding proteins (OBP) that have been

proposed as candidate markers of behavioral hygiene in honey bees

in initial QTL studies and recent transcriptome analyses (Oxley and

Oldroyd, 2010; Tsuruda et al., 2012; Boutin et al., 2015; Guarna

et al., 2015; Mondet et al., 2015; Kaskinova et al., 2020; Gebremedhn

et al., 2023; Morfin et al., 2023): odorant-binding protein 3 (obp3),

odorant-binding protein 4 (obp4), odorant-binding protein 14

(obp14), odorant-binding protein 16 (obp16), and odorant-

binding protein 18 (obp18).
RNA isolation and cDNA synthesis

Total RNA was isolated from the head (including the antennae)

and the rest of the body (hereafter “body”) of individual honey bees.

The choice of the “head” was based on previous literature since

most studies on the expression of candidate genes associated with

social immunity have detected differences in bee brains and

antennae (Le Conte et al., 2011; Mondet et al., 2015; Scannapieco

et al., 2017; Morfin et al., 2020; 2023). Additionally, we proposed to

analyze the “body” to evaluate whether the expression of the
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body) was individually homogenized using a TissueLyser at 30Hz

(Qiagen, Hilden, Germany). Tubes containing the sample, 500 mL of
Trizol® (Thermo Fisher Scientific, Waltham, MA, USA), and 3 mm

stainless steel beads (Qiagen, Courtaboeuf, France) were prepared.

After 5 min-incubation at room temperature, 150 mL of chloroform

was added. Tubes were shaken vigorously for 15 s and then

incubated for 3 min at room temperature. Subsequently, the tubes

were centrifuged at 14,000 rpm for 20 min at 4°C. The supernatant

phase was carefully transferred to a clean tube containing 300 mL of

isopropanol and 1 mL of glycogen (20 mg/mL) (Thermo Fisher

Scientific). Each tube was gently inverted to mix the contents and

incubated for 20 min at room temperature to facilitate RNA

precipitation. The tubes were then centrifuged at 14,000 rpm for

20 min at 4°C. The resulting supernatant was discarded, and 400 mL
of cold 70% ethanol was added to each tube. After another round of

centrifugation at 14,000 rpm for 20 min at 4°C, the ethanol was

carefully removed. This ethanol washing step was repeated to

improve RNA purification. Finally, the ethanol was completely

removed, and the samples were allowed to dry in a laminar flow

hood. After drying, the samples were resuspended in 20 mL of DEPC
water (Thermo Fisher Scientific) and incubated on a shaker at room

temperature for 10 min. The purity and concentration of the

extracted RNA were measured using a NanoDrop low-volume

spectrophotometer (Thermo Fisher Scientific, Wilmington, DE,

USA), while its integrity and quality were assessed by agarose gel

electrophoresis (1%W/V) with formamide. All samples were stored

at −70°C.
Transcript quantification by RT-qPCR

For each sample, 1 mg of total RNA was reverse transcribed

using ImProm-II Reverse Transcriptase (Promega, Madison, WI,

USA) and Oligo (dT) primers (Promega), according to the

manufacturer’s protocol. The resultant cDNA was diluted 1/10

for further use in Real-Time quantitative PCR (qPCR)

experiments. The qPCR assays were conducted using a

LightCycler 96 system (Roche Diagnostics, Indianapolis, IN,

USA). Specific primers were used to amplify candidate and

reference genes (Supplementary Table 1). Some of the primers

were obtained from previous literature, while others were designed

using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-

blast) and subsequently analyzed with IDT’s Oligo Analyzer

(https://www.idtdna.com/pages/tools/oligoanalyzer).

Each qPCR reaction was performed in a final volume of 10 mL,
containing 5 mL of Fast Start Essential DNA Green Master (Roche

Diagnostics, Indianapolis, IN, USA), 0.25 mL (50 mM) of each

primer (forward and reverse), 4 mL of dH2O, and 0.5 mL of cDNA

template. The cycling parameters consisted of an initial

denaturation step at 95°C for 5 min, followed by 40 cycles of

denaturation at 95°C for 10 s, annealing at 60°C for 45 s, and an

extension step to obtain the melting curves. All qPCR reactions

were carried out in duplicate (i.e., two technical replicates).

The expression of genes encoding the elongation factor (EF-1)

and the enzyme glyceraldehyde 3-phosphate dehydrogenase 2
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(GAPD2) was used to normalize the expression of candidate genes.

Although these genes were previously described as stable expression

genes in A. mellifera (Lourenço et al., 2008; Jeon et al., 2020), their

stability and suitability in the obtained samples were evaluated

using the RefFinder tool (Xie et al., 2012).
Statistical analysis

To analyze the expression profiles of the candidate genes, we

employed the NRQmodel, which involves transforming the number of

quantification cycle (Ct) values into normalized relative quantities

(NRQ). This method accounts for variations in qPCR efficiency

among amplicons (Pfaffl, 2001) and normalizes the data using

multiple reference genes (Hellemans et al., 2007). Relative quantities

and normalized data were obtained using the formulas described in

Hellemans et al. (2007). For each candidate gene and body-part

analyzed (head, body), we applied a generalized least squares (GLS)

model with the VarIdent function to assess differences in log 2 (NRQ)

between stocks (mite-susceptible and resistant bees) and treatments

(artificial Varroa infestation and paintbrush stimulation as a control),

considering both as fixed factors. All statistical analyses were performed
Frontiers in Bee Science 04
using the R version 4.3.1 (R Core Team, 2023) package “nlme” as

described by Pinheiro et al. (2012).
Results

Bee head

The expression analysis of the Nrx1 transcript in the bee head

revealed a significant interaction between the considered factors:

treatment (Varroa infestation vs. control stimulus) and bee stock (R

vs. S) (Table 1; Figure 1A). Specifically, worker bees from R colonies

expressed higher levels of Nrx1 than S bees, when subjected to the

Varroa infestation treatment (Figure 1A). Significant differences in

the expression level of Nrx1 were detected between treatments for R

bees, with bees subjected to the Varroa infestation treatment

exhibiting higher expression levels than those exposed to the

control stimulus. S bees showed non-significant differences in the

Nrx1 expression level between treatments (Figure 1A).

The expression analysis of the gene coding for the octopamine

receptor (Oa1) showed no significant differences between stocks or

treatments (Table 1; Figure 1B).
TABLE 1 Statistical analysis (generalized least squares, GLS) of the gene expression profiles of each candidate gene in the head and body of mite-
resistant (R) and mite-susceptible (S) bees for each treatment: artificial Varroa infestation (Varroa) and control stimulus (Control).

Gene Source
Head Body

d.f. F P-value d.f. F P-value

Nrx1

Treatment 1, 33 0.56 0.4585 1, 31 1.96 0.1714

Stock 1, 33 1.72 0.1988 1, 31 10.98 0.0023

Treatment x Stock 1, 33 4.82 0.0353 1, 31 0.65 0.4261

Oa1

Treatment 1, 34 0.17 0.6861 1, 32 7.43 0.0103

Stock 1, 34 1.21 0.7910 1, 32 7.05 0.0122

Treatment x Stock 1, 34 2.18 0.1490 1, 32 1.81 0.1877

Dop2

Treatment 1, 31 17.07 0.0003 1, 33 0.49 0.4867

Stock 1, 31 5.05 0.0032 1, 33 1.35 0.2528

Treatment x Stock 1, 31 5.78 0.0224 1, 33 1.92 0.1755

Obp3

Treatment 1, 35 0.0013 0.9716 1, 33 1.12 0.2976

Stock 1, 35 7.74 0.0086 1, 33 2.65 0.1128

Treatment x Stock 1, 35 1.17 0.2867 1, 33 2.09 0.1577

Obp4

Treatment 1, 29 0.08 0.7754 1, 31 0.03 0.8676

Stock 1, 29 0.94 0.3391 1, 31 4.31 0.0464

Treatment x Stock 1, 29 0.03 0.8584 1, 31 0.68 0.4146

Obp14

Treatment 1, 28 0.85 0.3633 1, 33 5.04 0.0316

Stock 1, 28 1.43 0.2418 1, 33 26.98 0.0001

Treatment x Stock 1, 28 0.24 0.6278 1, 33 2.98 0.0937

Obp16 Treatment 1, 32 0.80 0.3781 1, 34 2.90 0.0975

(Continued)
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The analysis of Dop2 gene expression revealed a significant

interaction between the analyzed factors (Table 1; Figure 1C). This

transcript was overexpressed in R bees compared to S bees under

the Varroa infestation treatment (Figure 1C). We found no

significant differences in the expression level of the Dop2

transcript between treatments for bees from the S stock.

Conversely, bees from the R stock expressed higher levels of this

transcript in the presence of Varroa compared to the control

treatment (Figure 1C).

We detected significant effects of bee stock on the expression level

of Obp3 (Table 1; Figure 1D). Specifically, the expression level of this

transcript was significantly higher in bees from the S stock compared

to R bees under both treatments (Figure 1D). The expression levels of

Obp4, Obp14, Obp16 and Obp18 were not significantly different

between stocks or treatments in bee head (Table 1; Figures 1E–H).

Similarly, the expression level of the CYP9Q3 transcript did not differ

between stocks or treatments (Table 1; Figure 1I). The comparison of

CYP9Q3 expression level between stocks showed a trend towards

higher expression of the transcript in R bees than in S bees for the

Varroa treatment; nevertheless, this difference was not statistically

significant (Figure 1I).

Positive amplification of the Spf45 and atl1 transcripts in head

samples was not observed, with the analyzed samples presenting Ct

values greater than 37.
Bee body

TheNrx1 expression in the bee body showed significant differences

between stocks (Table 1; Figure 2A). Specifically, the expression level of

this transcript was higher in the R bees compared to the S bees for both
Frontiers in Bee Science 05
the Varroa infestation and the control treatment (Figure 2A). No

significant differences were observed between the treatments for the

bees of either stock; that is, the expression level ofNrx1 in the bee body

did not vary according to the stimuli applied.

Regarding Oa1, significant differences were found in the

expression level of this transcript between both treatments and

stocks (Table 1; Figure 2B). Specifically, bees from R stock exhibited

higher Oa1 levels when treated with Varroa compared to bees from

S stock. However, no differences were found in Oa1 expression

levels between stocks when the control stimulus was applied

(Figure 2B). Interestingly, bees from S stock displayed

underexpression of Oa1 under Varroa infestation compared to

the control treatment (Figure 2B).

The expression analysis of Dop2 showed no differences between

stocks or treatments (Table 1), although S bees tended to show

higher expression levels than R bees in the Varroa infestation

treatment (Figure 2C).

We found no significant differences in Obp3 expression level in

bee bodies between stocks or treatments (Table 1; Figure 2D).

In the case of Obp4, a statistically significant difference in the

expression levels of the transcript was detected between stocks

(Table 1; Figure 2E). Specifically, R bees had higherObp4 expression

levels than S bees, regardless of the treatment (Figure 2E).

The analysis of Obp14 gene expression revealed significant

differences between stocks and treatments (Table 1; Figure 2F).

Bees from the R stock expressed higher levels of Obp14 than S bees

in response to the Varroa stimulus. No differences were found

between stocks under the control treatment. Regarding treatment

comparisons, S bees expressed higher levels of theObp14 gene in the

control treatment than in the Varroa treatment, a pattern not

observed for R bees (Figure 2G).
TABLE 1 Continued

Gene Source
Head Body

d.f. F P-value d.f. F P-value

Stock 1, 32 0.63 0.4332 1, 34 8.20 0.0071

Treatment x Stock 1, 32 0.02 0.2132 1, 34 1.85 0.1824

Obp18

Treatment 1, 35 0.47 0.4997 1, 35 0.01 0.9199

Stock 1, 35 1.61 0.2132 1, 35 4.22 0.0400

Treatment x Stock 1, 35 0.000048 0.9945 1, 35 0.60 0.4384

CYP9Q3

Treatment 1, 34 0.03 0.8529 1, 32 8.29 0.0071

Stock 1, 34 1.18 0.2847 1, 32 4.60 0.0497

Treatment x Stock 1, 34 1.27 0.2670 1, 32 2.24 0.1441

Spf45

Treatment NA NA NA 1, 35 14.72 0.0005

Stock NA NA NA 1, 35 6.50 0.0153

Treatment x Stock NA NA NA 1, 35 6.34 0.0166

atl1

Treatment NA NA NA 1, 23 6.27 0.0198

Stock NA NA NA 1, 23 0.75 0.3958

Treatment x Stock NA NA NA 1, 23 7.14 0.0136
d.f., degrees of freedom. Bold values denote statistical significance at the p < 0.05 level.
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We found significant differences in the expression levels of Obp16

between stocks (Table 1; Figure 2G). Specifically, R bees expressed

higher levels of the Obp16 than S bees in the presence of Varroa. This

pattern is similar when the control treatment is considered, but no

statistically significant differences were found in this case (Figure 2G).

Significant differences between stocks for Obp18 level

expression were observed (Table 1; Figure 2H). In the Varroa

treatment, the expression level of the Obp18 gene was similar

between both stocks. In contrast, in the control treatment, R

worker bees overexpressed the transcript compared to bees from

the S stock. S bees expressed higher levels of the Obp18 gene in the

presence of Varroa compared to the control treatment (Figure 2H).

The results obtained from the analysis of the CYP9Q3 transcript

expression indicated significant differences between both

treatments and stocks (Table 1; Figure 2I). When comparing
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stocks, we observed that the expression level was higher in bees of

S origin than in those of R origin only in the case of the Varroa

infestation treatment (Figure 2I). The level of gene expression in

bees from R stock was similar in both treatments (Figure 2I). A

different pattern was observed in bees from S stock, which showed

higher expression of the gene in the infestation treatment than in

the control treatment (Figure 2I).

Regarding the analysis of Spf45 expression, a significant interaction

was detected between stock and treatment factors (Table 1; Figure 2J).

When comparing stocks, bees from the R colonies expressed higher

expression levels of Spf45 compared to bees from the S colonies, only in

the Varroa treatment (Figure 2J). The comparison between treatments

showed that bees from the R colonies expressed similar levels of this

transcript against both stimuli (Figure 2J). Conversely, significant

differences in transcript levels of Spf45 were found between
A B

D E F

G IH

C

FIGURE 1

Expression profiles of the candidate genes Nrx1 (A), Oa1 (B), Dop2 (C), Obp3 (D), Obp4 (E), Obp14 (F), Obp16 (G), Obp18 (H) and CYP9Q3 (I)
obtained from the head tissue of A. mellifera worker bees. Mean values of relative gene expression levels (NRQ) are shown for mite-resistant bees
with intense grooming behavior (R, in black) and mite-susceptible bees with light grooming behavior (S, gray) against two treatments: artificial Varroa
infestation (Varroa) and control stimulus (Control). The bars correspond to standard deviation (S.D.). Elongation factor (EF-1) and the enzyme
glyceraldehyde 3-phosphate dehydrogenase 2 (GAPD2) were used as reference genes. Significant comparisons (P<0.05) are indicated with
different letters.
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treatments for S bees (Figure 2J). Specifically, bees from this stock

showed underexpression of Spf45 under Varroa infestation compared

to the control treatment (Figure 2J).

The expression analysis of atl1 revealed a significant interaction

between stock and treatment factors (Table 1; Figure 2K). The

comparison between stocks indicated no significant differences

between R and S bees when exposed to the Varroa infestation
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treatment. However, R bees exhibited a higher expression level of

the atl1 gene than S bees in the control treatment (Figure 2K). The

comparison between treatments revealed that bees from the R

colonies showed a similar expression pattern of the gene against

both treatments (Figure 2K). In contrast, bees from S stock exhibited

a higher expression level of atl1 when subjected to the Varroa

infestation treatment compared to the control treatment (Figure 2K).
A B

D E F

G IH

J K

C

FIGURE 2

Expression profiles of candidate genes Nrx1 (A), Oa1 (B), Dop2 (C), Obp3 (D), Obp4 (E), Obp14 (F), Obp16 (G), Obp18(H), CYP9Q3 (I), Spf45 (J) and
Atl1 (K) obtained from the body tissue of A. mellifera workers. Mean values of relative gene expression levels (NRQ) are shown for mite-resistant
bees with intense grooming behavior (R, black) and mite-susceptible bees with light grooming behavior (S, gray) against two treatments: artificial
Varroa infestation (Varroa) and control stimulus (Control). The bars correspond to standard deviation (S.D.). Elongation factor (EF-1) and the enzyme
glyceraldehyde 3-phosphate dehydrogenase 2 (GAPD2) were used as reference genes. Significant comparisons (P<0.05) are indicated with
different letters.
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Discussion

In this study, we analyzed the expression profiles of 11

candidate genes previously described to be associated with

behavioral hygiene traits in A. mellifera. We compared worker

bees from V. destructor resistant (R) and susceptible (S) stocks

that differed in their grooming response against mite infestation

and a control stimulus previously evaluated in experimental

arenas (Russo et al., 2022). Overall, we found differences in the

expression levels of several of the genes analyzed between bee

stocks, suggesting that these genes could partially explain the

observed differences in the precocity and intensity of grooming

behavior at the individual level. Moreover, our results indicate

that the expression of these genes might be body-part (head/

body) and stimulus-specific. While we observed a specific

response to Varroa infestation in the head of R bees, the gene

expression patterns in the body showed an apparently nonspecific

response to stimuli, suggesting a major irritability of R compared

to S bees. To compare the results obtained and propose potential

biomarkers for the selection of honey bee stocks in the frame of

breeding programs, we discuss first the candidate genes which

showed statistical significance between Varroa-resistant (R) and

Varroa-susceptible (S) stocks or presented a gene expression

pattern of interest to the characterization of the Varroa-

resistant honey bees.

The results of the Nrx1 gene expression analysis showed

significant differences between bee stocks. Specifically, we found

that bees from the Varroa-resistant (R) stock exposed to mite

infestation expressed higher levels of this transcript than bees

from the Varroa-susceptible (S) stock, both at the head and body

levels. Varroa-resistant bees (exhibiting intense grooming behavior)

may have a higher sensitivity to the mite (e.g., through rapid sensory

recognition), leading to an increased expression of genes involved in

the formation and maintenance of synapses, such as Nrx1. Our

results are in line with those previously obtained by Hamiduzzaman

et al. (2017). These authors analyzed colonies exhibiting high

grooming behavior and observed higher expression levels of Nrx1

in bees with intense grooming behavior compared to bees with light

grooming behavior against V. destructor. Similarly, Morfin et al.

(2020) detected higher expression of this gene in pools of bee heads

from selected colonies (population selected for high mite damage

due to “biting behavior”) compared to bees from mite-susceptible

colonies. In addition to the observed differences in the expression

pattern of the Nrx1 between stocks, we found that specifically in the

heads of R bees, Varroa infestation induced higher expression of

this transcript than the control treatment. These results

demonstrate that the expression of Nrx1 is stimulus-specific,

particularly in the case of R bees. Biswas et al. (2010) reported

that the expression of this gene, and its counterpart neuroligin, is

influenced by the sensory experience of bees, which could play a

role in the development of synaptic connections and influence

learning and the expression of behavioral traits in this species.

Based on this prior information and our results, we conclude that

the Nrx1 gene plays an important role in the display of grooming

behavior in worker bees and that the regulation of its expression

could be involved in Varroa-resistance.
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Dopamine acts as a neurotransmitter and neuromodulator in

invertebrates (Raza, 2023) and shows widespread distribution

throughout the honey bee brain (Beggs et al., 2005; Bilodeau and

Beaman, 2022). In this study, we found that R bees exposed to

Varroa infestation significantly overexpressed Dop2 in the head

compared to S bees. This result is in line with a recent study by

Bilodeau and Beaman (2022), who found upregulation of Dop1,

Dop2, and Dop3 in Pol-line (Varroa Sensitive Hygiene – VSH-line)

compared to an Italian bee stock after exposing worker bees to

infested brood. The variation observed in the expression level of

dopamine receptors in response to Varroa-infested brood in VSH

bees (Bilodeau and Beaman, 2022) and to mite infestation in

intensively grooming bees (present study) suggests a role for the

dopaminergic system in both hygienic behavior and grooming

behavior against Varroa. In fact, Mustard et al. (2010) showed

that dopamine signaling is important in determining the behavioral

profile of the honey bee and found that increases in dopamine levels

lead to a reduction in walking but an increase in other active

behaviors such as fanning and grooming. Similarly, the

administration of both octopamine and dopamine in flies

stimulates locomotion and grooming behaviors, among other

behavioral responses (Yellman et al., 1997; Gowda et al., 2023). It

is interesting to note that our R bees showed higher Dop2

expression levels in the head than S bees only when subjected to

the Varroa treatment. This would indicate that the irritant stimulus

caused by the mite may specifically increase Dop2 level in the head

of R bees, triggering a more rapid and intense grooming behavior

than in S bees.

Odor-binding proteins (OBPs) are small, soluble proteins found

in high concentrations in the chemo-sensilla lymph of insect

antennae (Vogt, 2005; Leal, 2013; Rihani et al., 2021). These

proteins assist in the capture and transport of odorants and

pheromones to the receptors (Vogt et al., 1985; Pelosi and Maida,

1990). In the present study, we found that R bees exposed to artificial

Varroa infestation exhibited lower expression levels of Obp3 in their

heads. Accordingly, previous findings evidenced underexpression of

this gene in the heads of hygienic bees (Scannapieco et al., 2017) and

bees selected for VSH (Le Conte et al., 2011), suggesting a role for this

OBP in the regulation of both hygienic and grooming behaviors. In

the bee body, we found a general pattern of higher expression levels of

several Obp transcripts (Obp4, Obp14, and Obp16) in intensively

grooming R bees compared to S bees when exposed to the Varroa

infestation treatment. In the case of Obp18, we also found that R bees

expressed significantly higher levels of this transcript than S bees, but

only under the control treatment. Previous studies proposed the

involvement ofObp4 in hygienic behavior (Oxley and Oldroyd, 2010;

Boutin et al., 2015) and demonstrated an overexpression of this

transcript in heads of non-hygienic bees compared to hygienic bees

(Scannapieco et al., 2017). Similarly, Gebremedhn et al. (2023) found

high gene expression levels of Obp14 in the antennae of Ethiopian

honey bees exhibiting high VSH. In addition, previous findings

demonstrated that Obp16 and Obp18 are highly correlated with

hygienic behavior (Guarna et al., 2015). Recently, Morfin et al.

(2023) found several Obp genes to be differentially expressed in bee

heads among selected colonies with low and high V. destructor

population growth. They proposed that grooming behavior in
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particular, and mite resistance in general, may be associated with bee

sensitivity and speed of reaction, as previously suggested by

Arechavaleta-Velasco et al. (2012), De la Mora et al. (2020), and

Russo et al. (2022). It is possible that grooming R bees can efficiently

perceive the stimulus of the mite not only with their antennae but also

with their legs and other taste appendages, and that OBPs might be

involved in this detection process possibly inducing expression

changes of these genes in the body. In fact, the spatial expression

patterns of insect OBPs revealed that they are expressed in both

olfactory and taste appendages or in either chemosensory system,

being several OBPs exclusively identified in olfactory tissues, while

others in taste appendages such as proboscis and legs (reviewed by

Rihani et al., 2021). Specifically in A. mellifera, Calvello et al. (2005)

revealed that OBPs show a complex pattern of expression and are

differentially expressed in different parts of the bee body, according to

sex, caste and age, further supporting the idea that their presence in

specific organs is important for some yet undefined function, and

under physiological control. Further studies involving next-

generation sequencing are needed to test the possible involvement

of induced expression of Obp genes in the perception of irritants in

the body, which would trigger a rapid grooming response in Varroa-

resistant bees.

In line with these findings, other genes in our study also showed

differential expression patterns between R and S bees and were found

to be associated with general nonspecific irritability, mainly in the

body of R bees. This is the case of the octopamine receptor (Oa1),

which was previously associated with the processing of sensory

stimuli and antennal motor responses with effectors in the brain,

thoracic ganglion, and neuromuscular junctions (Linn et al., 1994;

Kutsukake et al., 2000; Nagaya et al., 2002) and also with a variety of

social behaviors (Schulz and Robinson, 1999; Giray et al., 2007;

Scannapieco et al., 2017). With similar expression patterns in R bees,

we detected a gene involved in detoxification metabolic pathways,

CYP9Q3, previously associated with the processing of various types of

chemicals or nutritional stress (Mao et al., 2011; Macri et al., 2021), as

well as cleaning activities such as hygienic behavior and the

identification of Varroa parasitized foragers (Boutin et al., 2015;

Cappa et al., 2016). Another gene assessed in our study, the splicing

factor 45 gene (Spf45), showed a differential nonspecific response in

the body of R bees, while no expression of this transcript was

evidenced in the head. This gene plays an important regulatory role

in pre-mRNA splicing and DNA repair (Chaouki and Salz, 2006) and

it has been associated with honey bee grooming behavior and Varroa

parasitism (Hamiduzzaman et al., 2017; Koleoglu et al., 2017). The

non-detected expression of Spf45 in the head of the bees evaluated in

this study suggests that this gene is expressed in the effector tissue

(body). This induced gene expression pattern could be potentially

associated with the physiological requirement to display specific

activities/behaviors by worker bees (in this study, the cleaning

response or irritability of R bees). This kind of gene expression

regulation has been previously reported by Ma et al. (2018) and

references therein that describe the complexity of the regulation

mechanisms adjusted to a required task of worker bees in the colony.

The last gene evaluated in our study, atlastin (alt1), showed a similar

expression pattern in the body of R and S bees, without amplification

at the head level. This gene is an integral membrane protein
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belonging to the dynamin GTPase family and is involved in the

formation of axonal and tubular networks and endocytosis, among

other physiological functions (Hu et al., 2009; Pawar et al., 2017;

Ibacache Chıá, 2018). The fact that highly grooming R bees express

the same amount of atl1 transcript, regardless of the stimulus, and

that this level is similar to the expression observed in light grooming S

bees only when treated with the mite, suggests a higher level of basal

reactivity and motor deployment in response to stimuli in R bees,

irrespective of their nature.
Conclusion

The expression analyses of the candidate genes assessed, along with

background information on their associated hygiene behaviors and

potential biological functions, enabled us to explore the underlying

molecular pathways of A. mellifera grooming behavior. The primary

functions potentially associated with this behavior in the R stock

include those involved in neuronal transmission and modulation,

and regulation of protein expression. These functions could drive

both motor and physiological responses, such as those related to the

immediate response to chemo and mechano-sensory stimuli of the

mite, as well as other non-specific responses, associated with irritability,

locomotion, and movement, which characterize these highly grooming

and Varroa-resistant honey bees (R stock). Measuring mite damage at

the colony level required for large-scale selection is challenging.

Therefore, the identification and characterization of the expression

patterns of a set of genes related to grooming contribute to the

development of marker-assisted selection of colonies resistant to

Varroa, complementing the information previously generated by

other authors (Grozinger and Robinson, 2015; Guarna et al., 2017;

Mondet et al., 2020; Morfin et al., 2023). In this regard, our results,

although preliminary, provide significant insights into the genetic basis

of grooming behavior specifically displayed against V. destructor. In

addition, this study contributes to the identification and

characterization of Argentinean Varroa-resistant honey bee stocks

with desirable traits for the development of regional/local apiculture.
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SUPPLEMENTARY FIGURE 1

Grooming behavior of the selected bees used in the gene-expression
analysis. (A) Mean time ± standard error (S.E.) (s) of first grooming response,

(B) Mean number of grooming attempts (± S.E.) and (C) Probability of the use
of all legs in the first grooming attempt performed by worker bees in response

to artificial Varroa infestation (Varroa) and control stimulus (Control). Values
are shown for the susceptible (S) and resistant (R) bees. Data from Russo

et al. (2022).
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a la varroosis. PhD Thesis. Facultad de Agronomıá. Universidad de Buenos Aires,
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