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Abstract – Hygienic behavior is a social defense mechanism against parasites and pathogens in honeybees. We
studied the genetic basis of hygienic behavior in African-derived Apis mellifera by performing RNA sequencing on
brains of individual honeybee workers observed performing hygienic behavior, in order to identify expression
changes linked with this behavior.We also used the transcriptome data to search for single nucleotide polymorphism
(SNP) variation in genes previously associated with the trait in other A. mellifera populations. The analysis revealed
49 differentially expressed genes (DEG), most of them upregulated during hygienic acts. One DEG, Apidaecin , also
showed SNP variation across samples, providing a promising candidate gene for both expression-based and
heritable variation in hygienic behavior. We also identified 27 additional SNPs in the coding regions of five
candidate genes previously linked with honeybee hygienic behavior. These results provide a useful starting place
to analyze the genetic basis of hygienic behavior in African-derived honeybees.

AHB /Marker-assisted / Disease-resistance / Selection

1. INTRODUCTION

Honeybees (Apis mellifera L.) live in colonies
with high densities of relatives and therefore are
subject to high pressure from infectious diseases
(Cremer et al. 2007; Evans and Spivak 2010;
Brosi et al. 2017). Similar to other social insects,

honeybees have collective social behavioral de-
fenses to combat these threats. This so-called so-
cial immunity can be prophylactic or activated on
demand to prevent parasite entrance, establish-
ment, and spread (Cremer et al. 2007).

Hygienic behavior is one of honeybees’ de-
fense mechanisms against pests and diseases
including the mite Varroa destructor (Spivak
and Downey 1998; Harbo and Harris 2009;
Danka et al. 2011), chalkbrood disease caused
by Ascosphaera apis (Gilliam et al. 1983;
Spivak and Downey 1998; Spivak and Reuter
2001), and American foulbrood caused by
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Paenibacillus larvae (Spivak and Reuter 1998;
Rauch et al. 2009). Hygienic behavior consists
largely of middle-age specialized workers (15–
17 days old) that detect larvae and pupae in-
fected by brood diseases and then uncap the
brood cell and remove these larvae, thereby
preventing the proliferation of infection to oth-
er individuals, which could result in colony
death (Rothenbuhler 1964; Arathi et al. 2000;
Wilson-Rich et al. 2009). Many breeding pro-
grams have focused on pest- and disease-
resistance mechanisms when developing bio-
logica l ta rge ts for ar t i f ic ia l se lec t ion
(Masterman et al. 2001; Spivak et al. 2003;
Harbo and Harris 2009; Le Conte et al. 2011;
Parker et al. 2012; Tsuruda et al. 2012; Boutin
et al. 2015; Gempe et al. 2016; Jiang et al.
2016; Guarna et al. 2017; Wagoner et al.
2018). Hygienic behavior in particular has been
of high interest to honeybee breeding programs
all over the world (Gerdts et al. 2018); this
behavior can not only improve colony survival
in the face of disease agents, but has also been
connected to propolis production and increased
honey and pollen stores (Nicodemo et al.
2013).

In this context, there has been great interest in
understanding the genetic basis of hygienic be-
havior as both an applied breeding trait and an
adaptation to social life. In 1964, Rothenbuhler
hypothesized that this behavior depends on two
recessive genes (designated u and r ), occurring in
homozygosis. The u gene determines the tenden-
cy to uncap brood and the r gene the removal of
dead larvae. More recent studies on the genetics
and evolution of loci associated with hygienic
behavior in honeybees suggest a more complex
genetic architecture of this trait (Moritz 1988) and
led to efforts to find genomic regions as QTLs
(quantitative trait loci) for this trait (Oxley et al.
2010; Spötter et al. 2012; Harpur et al. 2019).

Genomic approaches including transcriptomics
(such as RNA-sequencing, or RNA-seq) have
fueled modern efforts to identify the mechanistic
basis of hygienic behavior in bees (Ji et al. 2014a,
b; Boutin et al. 2015; Mondet et al. 2015). For
example, whole genome resequencing identified
73 candidate genes associated with hygienic be-
havior, several of which are related to neuronal

development and early axon guidance and sensory
perception (Harpur et al. 2019). Other studies
have investigated global gene expression patterns,
and how they correlate with the hygienic pheno-
type in honeybees (Navajas et al. 2008; Le Conte
et al. 2011; Gempe et al. 2012, 2016; Ji et al.
2014a, b; Boutin et al. 2015).

However, all studies conducted so far approach
populations of European honeybees (EHB) or
Apis cerana species and there are no studies
investigating gene expression with respect to hy-
gienic behavior in African-derived honeybees
(AHB, a variant of A. mellifera ). These bees,
widely distributed throughout tropical and sub-
tropical regions, including the American continent
(Harrison et al. 2006), appear to be especially
resistant to disease. It has been suggested that high
levels of hygienic behavior contribute to this trait
(Carneiro et al. 2007; Rosenkranz et al. 2010),
including other genetically determined character-
istics like higher heritability of grooming behavior
(Moretto et al. 1993), contributing to AHB’s high-
ly effective anti-parasite defensive capacity
(Moretto and Mello-Jr 1988) and suppressed
Varroa mite reproduction (Camazine 1986;
Moretto and Mello-Jr 1988), associated with the
short development time of this biotype in relation
to European-subspecies (Michelette and Soares
1993). Other traits that may contribute to parasite
and disease-resistance in AHB are high-efficiency
filtering of parasites prior to entering the gut via
the proventriculus (Peng and Marston 2008), as
well as high production of propolis, resins collect-
ed by honeybees and spread on the inside of the
hive, which that may provide additional anti-
pathogen defense (Simone-Finstrom and Spivak
2012). AHB are hybrids, resulting from decades
of introgression of European subspecies of Apis
mellifera and the African subspecies A. m.
scutellata , introduced into Brazil in 1956. Many
questions remain about the remarkably successful
biological invasion throughout much of the New
World by African-derived bees (Schneider et al.
2004).

In our study, we used transcriptional profiling
with RNA-seq to probe the genetic basis of hy-
gienic behavior in AHB. We searched for genes
actively regulated in association with the perfor-
mance of hygienic behavior (uncapping and
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removing sick or dead brood) by examining gene
expression in brains of individual bees actively
engaged in hygienic behavior and comparing
these bees to individual bees that had never been
observed performing the behavior. We also
searched for SNP variants within the AHB popu-
lation for genes identified from this and previous
studies to be associated with hygienic behavior, as
a first step towards developing marker-assisted
selection for this trait.

2. MATERIAL AND METHODS

2.1. Biological samples

We used an apiary with 60 AHB colonies
formed by mated queens received from bee-
keepers of Minas Gerais and São Paulo states
(Brazilian Southeast Region) and from the São
Paulo State Agribusiness Technology Agency
(APTA) located in Pindamonhangaba, São Paulo,
Brazil (22° 57’S, 45° 27’W, 560m of altitude).

The colonies were installed in Langstroth
hives. Sugar and protein feed were provided
weekly, and hive checks were carried out regular-
ly to monitor hive growth, with the goal of stan-
dardizing population status and productive capac-
ity of all hives. We used the pin-killing test (pink-
eyed pupae 10 to 14 days old) according to
Gramacho et al. (1999) to phenotype and classify
colonies as hygienic (those that removed an aver-
age of 80% or more of affected brood) or non-
hygienic (less than 80% of the dead brood remov-
al), 24 h after pin-killing the brood. The process
was repeated three times, consecutively.

Fifteen colonies, with hygienic scores ranging
from 83.1 to 98.7%, were selected to produce new
queens. When necessary, tie-break criteria were
adopted including low pathogenic infection load
withNosema ceranae , low infestation withVarroa
destructor , largest general population, and unbro-
ken patterns of brood sealed area. Four unmated
daughter queens from each of the 15 queens select-
ed above were reared, using standard beekeeping
“grafting” techniques (Büchler et al. 2013), and
naturally mated to free-flying drones, producing
60 new colonies (F1 generation), which were
established in the same location. This process was
repeated one more time, and combs with brood (F2

generation) from hygienic hives were collected.
Workers from those combs emerged in an incuba-
tor and were marked with colored numbered discs.

Four observation hives with entrances open to
the outdoors (through the wall of the laboratory
building housing these hives) were subjected to
the pin-killing test (pink-eyed pupae, 10 to 14
days), according Gramacho et al. (1999). These
observation hives received the emerged marked
bees in a chamber located above two colony
frames (containing honey and brood combs).
The opening between the chamber and the frames
was blocked with candy paste (confectioner’s sug-
ar and honey) to allow gradual passage of the
marked workers to the observation hives as the
paste was consumed by the bees. The hives were
observed for 7 days, 12 h per day. The focal bees
(marked) were observed continuously during this
period and collected immediately after observed
performing the behavior.

We collected 11 bees for brain RNA extraction
and RNA-seq analysis, as described below. Indi-
viduals were observed performing uncapping only
(UN) or uncapping and brood removal (RE) be-
haviors, both referred as “hygienic activity” (HA,
n = 5). Individuals not observed performing any of
these behaviors were referred to as “no hygienic
activity” (NA, n = 6). Both HA and NA bees
originated from the same three queen bees, derived
from three colonies, which overlapped between the
HA and NA groups (Supplementary Table 1).

Furthermore, we searched for viral infections that
may interfere on the gene expression analysis be-
tween hygienic and non-hygienic bees. We used the
subsequently generated RNA-seq data to search for
viral presence in colonies. For that we aligned the
paired-end, quality-controlled reads against an index
of viruses found in A. mellifera (an updated virus
sequence set from HolobeeBar at https://data.nal.
usda.gov/dataset/holobee-database-v20161) using
Hisat2 with default parameters (−1–2 -S –dta) to
show the presence/absence of different viruses and
to verify the homogeneity of viral load in colonies.

2.2. RNA extraction

We collected worker bees (aged 14 days), UN
and RE individuals (HA), as well as individuals
who showed neither behavior (NA; Table 1). The
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collection at 14 days was made for necessary
standardization in the expression analysis, al-
though for some of the bees we do noted only
uncapping or removing and uncapping before the
14 days. NA bees were not seen responding at all
for the entire week.

We analyzed UN and RE as a single group
compared with bees not observed performing the
behavior (NA). The collected individuals were
submersed immediately in liquid nitrogen and
stored in RNA later® Tissue Collection
(Ambion) at −80°C until brains were dissected
from each individual bee. RNA from bee brains
was extracted with the RNeasyMini Kit (Qiagen),
according to the manufacturer’s instructions, and
was then stored at −80°C.

2.3. Library construction and RNA
sequencing

We sequenced mRNA from 11 bee brains, be-
tween HA (n = 5) and NA (n = 6) samples. Librar-
ies were prepared with TruSeq RNA sample prep-
aration kit (Illumina), according to the manufac-
turer’s recommendations, at the Iowa State Univer-
sity DNA Facility. In brief, total RNAwas purified
to obtain mRNA, using poly-T oligo-attached

magnetic beads, and then fragmented. RNA frag-
ments primed with random hexamers were reverse
transcribed into first strand cDNA using reverse
transcriptase (SuperScript II) and random primers.
Then the cDNA was converted into double-
stranded DNA and subjected to library preparation,
according to the manufacturer’s protocol, with li-
gation of a single adenine (A) nucleotide in the 3′
ends of the blunt generated fragments to prevent
them from ligating to one another. Adapters were
ligated to the cDNA samples, then hybridized onto
a flow cell and amplified by PCR. The quality of
the libraries was checked using an Agilent Tech-
nologies 2100 Bioanalyzer with Agilent DNA-
1000 kit, following the manufacturer’s protocol.
Before sequencing, all samples were normalized
and pooled together using the adapter indices pro-
vided in the kit. Samples were sequenced in single-
end read mode (1x), with 100 bp reads, on a HiSeq
3000 machine (Illumina) at the DNA Facility at
Iowa State University. The raw data presented in
this article were deposited to NCBI Short Read
Archive (http://www.ncbi.nlm.nih.gov/sra/) and
are accessible through SRA accession number:
SUB7396440 (temporary submission ID) and
BioProject ID: PRJNA631022.

Table 1. Samples collected in observation hives and classified according to individual behavior. Individual bees
were 14 days old and classified by their behavior as performing hygienic activity (HA) or not, no hygienic activity
(NA). Bees in the HA group were further subdivided into subcategories depending on whether they were observed
uncapping only or uncapping and removing brood (however, this information was not used in any subsequent
analysis and both were grouped together as HA). Bees in the control group (NA) did not uncap or remove brood
during the entire period that they were observed (7 days, 12 h per day)

Group (age) Sample ID Observed behavior

Control: no hygienic activity
(14 days)

NA1 No hygienic activity

NA2 No hygienic activity

NA3 No hygienic activity

NA4 No hygienic activity

NA5 No hygienic activity

NA6 No hygienic activity

Behavioral: hygienic activity
(14 days)

HA1 Uncapping brood

HA2 Uncapping brood

HA3 Uncapping and removing brood

HA4 Uncapping and removing brood

HA5 Uncapping and removing brood
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2.4. Quality control and RNA-seq analysis

Quality control of each raw read data file was
initially confirmed using FastQC software v0.11.5
(http://www.bioinformatics.babraham.ac.
uk/projects/fastqc).

We performed the RNA-seq analysis with CLC
Genomics workbench 12 (Qiagen Bioinformatics).
Briefly, we mapped the reads against the bee refer-
ence genome (Amel_HAv3.1, from NCBI
database—ncbi.nlm.nih.gov; Wallberg et al. 2019
), using the default parameters: (a) maximum num-
ber of mismatches = 2, (b) minimum length and
similarity fraction = 0.8, and (c) maximum number
of hits per read = 10. Expression values were
measured as total counts. One HA sample (HA3)
resulted in a very small number of total reads and
was dropped from further analysis.

2.5. Identif ication of differential ly
expressed genes (DEGs)

Gene expression was calculated with CLC Ge-
nomics Workbench 12 (Qiagen Bioinformatics)
based on the bee genome (Wallberg et al. 2019)
a s w e l l a s t h e a n n o t a t i o n f i l e
GCF_003254395.2_Amel_HAv3.1_genomic,
downloaded from the NCBI database. For differ-
ential expression analysis, we used the “RNA-Seq
Analysis” tool in CLCGenomicsWorkbench.We
used the “Whole transcriptome RNA-Seq technol-
ogy” and “Genome annotated with genes and
transcripts” options, normalized by the TMM
(Trimmed Mean of M-values) method. In this
study, genes were considered as statistically sig-
nificantly differentially expressed when FDR
(false discovery rate) adjusted p values ≤ 0.05
and with an absolute fold change of ± 2. We
performed differential expression analysis by con-
trasting all NA versus all HA samples. Source
queen was not included as a random factor be-
cause there were too few replicates per queen
(Supplementary Table 1) to estimate the variance
associated with queen with reasonable precision.

2.6. Functional annotation of DEGs

The Database for Annotation, Visualization
and Integrated Discovery version 6.8 (DAVID,

http://david.abcc.ncifcrf.gov/; Huang et al. 2009
a, b) was used for Gene Ontology analysis (GO)
of statistically significant DEGs (FC ≥ 2; FDR p
value ≤ 0.05), considering only processes with
significant enrichment against the background
set of all genes in the transcriptome dataset at p
value < 0.05. Among GO terms, biological pro-
cess (BP), cellular component (CC), and molecu-
lar function (MF) were evaluated.

2.7. SNP analysis

We performed SNP calling with CLC Geno-
mics Workbench software (Qiagen Bioinformat-
ics) based on the mapped RNA-seq data from the
same 10 samples used in the previous DEGs
analysis, as described above. SNP detection was
performed using the “Variant Detection” method
in the software, with parameters set as minimum
quality of each read central base at 40, minimum
coverage at 10x, minimum count at 2, and mini-
mum variant frequency at 35%. SNP calling was
performed with all samples analyzed (HA and
NA) for polymorphism identification. Other filter
parameters were based on CLC Genomics Work-
bench default settings.

Because the Amel_HAv3.1 reference genome
(Wallberg et al. 2019) assembly was based on
EHB, it could introduce some biases to the AHB
analysis. To minimize this, in SNP calling, we
only considered polymorphisms with differences
in zygosity between the two studied behavioral
groups (HA and NA) as potentially informative
SNPs.

We searched specifically for SNPs within the
49 DEGs for the contrast between NA and HA
groups, focusing on those with high magnitude of
expression difference (above 40-fold over-
expressed). Moreover, based on previously pub-
lished literature (Spivak and Reuter 2001; Navajas
et al. 2008; Le Conte et al. 2011; Boutin et al.
2015; Harpur et al. 2019; Conlon et al. 2019), we
selected 32 additional genes related to hygienic
behavior in EHB and searched for SNPs in these
based on our African-derived honeybee RNA-seq
data. We then used the Linux (Linux Foundation)
command awk to search for the identified SNPs in
each sample, filtering by coverage > 7 and aver-
age quality > 40. SNPs were considered relevant
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only if they occurred in at least four samples and
were considered “potentially informative” if ho-
mozygous or heterozygous in all samples of one
group (HA or NA) and the opposite zygosity in
the other group.

3. RESULTS

3.1. Presence of viruses

We verified that the viral load of colonies was
homogeneous by aligning the paired-end, quality-
controlled reads against an index of viruses found
in A. mellifera (Ray et al. 2020). For all bee
samples (non-hygienic and hygienic), we found
the presence of viral sequences (Supplementary
Table 2). However, because there were no differ-
ences between HA and NA groups, this should
not introduce bias into our group comparisons.
Also, all colonies showed high activity and the
absence of overt symptoms related to viral infec-
tion; thus, although bees carried viruses, it is
unlikely that negative health effects of viral infec-
tion interfered with our behavioral phenotyping or
sequencing.

4. DISCUSSION

To our knowledge, this is the first study to
uncover links between hygienic behavior and dif-
ferential gene expression in AHB. This behavior
is of particular interest in AHB due to their

relatively high levels of disease-resistance com-
pared with European-derived honeybees
(Piccirillo and De Jong 2003; Hamiduzzaman
et al. 2015), and the fact that these bees are widely
distributed and utilized for beekeeping throughout
much of South, Central, and North America
(Harrison et al. 2006). Here, we used RNA-seq
transcriptional profiling as a discovery tool to
uncover gene expression and genetic differences
between hygienic and non-hygienic AHB, identi-
fying numerous differentially expressed genes
and searching for SNPs genes related with the
behavior from this and prior studies in
European-derived honeybees (Spivak and Reuter
2001; Navajas et al. 2008; Le Conte et al. 2011;
Boutin et al. 2015; Harpur et al. 2019; Conlon
et al. 2019).

Our differential expression results reveal both
previously unknown and shared genes associated
with hygienic behavior in AHB (Supplementary
Table 3). For example, our DEGs results overlap
with some genes previously identified by Boutin
et al. (2015) involved in hygienic behavior in
hybrid Italian/Buckfast honeybees. For example,
that study also found over-expression of TpnI ,
TpnT , and LOC408608 in non-hygienic honey-
bees, similar to our findings (Table 3), suggesting
shared mechanisms for hygienic behavior in dif-
ferent genetic backgrounds of honeybees.

The DEGs we identified associated with hy-
gienic activity (HA) were enriched for the biolog-
ical processes of defense response to bacteria and

Table 2.. Summary statistics of RNA-seq data and SNP information. Number of total (raw) and mapped reads and
their mapping percentage generated by RNA sequencing of AHB brains and number of totals found variants (SNPs)

Sample ID Raw reads Mapped reads Mapped reads (%) Total variant

NA1 19,966,313 16,719,361 83.84 14,495

NA2 18,885,127 14,977,009 79.37 50,860

NA3 15,446,157 14,076,286 91.24 30,443

NA4 34,388,243 28,561,311 83.24 67,435

NA5 27,422,580 24,556,659 89.79 28,864

NA6 46,114,520 43,789,262 94.99 18,692

HA1 16,477,446 12,307,143 75.63 36,367

HA2 33,968,207 20,130,112 59.41 22,153

HA4 17,450,484 14,616,955 83.84 50,036

HA5 26,737,359 23,174,114 86.96 55,450
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innate immune response (Table 4). The honeybee
innate immune system is responsible for pathogen
recognition and signaling pathways that culminate
in the expression of proteins that limit the impacts
of infection (Evans et al. 2006). Because hygienic
bees often remove diseased brood, theymay in the
process expose themselves to pathogens, which
could in turn lead to the induction of immune
response genes.

One of the DEGs, Apid1 , codes for
Apidaecin, which is an innate immune compo-
nent that defends against microbial invasion (Li
et al. 2006) and is a prominent component of
honeybee humoral defense (Xu et al. 2009). This
immune system defense is potentially important
for hygienic behavior because it depends on a set
of generally acting recognition proteins against
pathogens, culminating in the expression of pro-
teins that eliminate or reduce the pathogenic
threat through downstream signaling pathways.
We observed downregulation of Apid1 in hy-
gienic individuals (HA) compared with individ-
uals not observed to perform hygienic activity
(NA; Table 3). Although it is unclear why hy-
gienic bees would downregulate an antimicro-
bial peptide, one possibility is that the immune
systems of these bees were not actively fighting
a bacterial infection (as antimicrobial peptide
expression is often induced by an infection
(Wu et al. 2018)), allowing them to disinvest in
the expression of these peptides, perhaps
investing in other immune components such as
antifungal or antiviral activity. The fact that this
gene was differentially expressed and also

contained SNP variation between hygienic and
non-hygienic bees suggests this gene could be a
good target for marker-assisted selection.

Boutin et al. (2015) also found an association
between the Syn1 gene and hygienic colonies.We
did not find differential expression of this gene,
but we investigated the presence of SNPs in this
gene and discovered three relevant polymor-
phisms, located in exonic region, in the sampled
AHB individuals (Table 5).

Another gene of interest from our study is the
abscam gene, which codes for a cell adhesion
protein with a putative function in axon guidance.
This protein has previously been described to be
highly expressed in bee brains, decreasing with
age (0–14 days after eclosion; Funada et al. 2007).
We found this gene in our RNA-seq dataset, but it
was not statistically differentially expressed (FDR
p value = 1). Harpur et al. (2019) identified this
gene as a candidate for hygienic behavior in
European-derived honeybees, leading us to inves-
tigate whether it may contain SNPs in AHB. We
identified a large number (14) of relevant SNPs
(Table 5), including three potentially informative
SNPs: 1,638,247; 1,638,290; and 1,638,295.

Another interesting gene, Obp4 , for which we
found two SNPs, both in located in exons, corre-
sponds to a previously discovered QTL Uncap1 ,
associated with uncapping behavior in European-
derived honeybees (Oxley et al. 2010; Boutin
et al. 2015). According to Oxley et al. (2010), this
region seems to explain some phenotypic varia-
tion in hygienic activity, and, therefore, we sug-
gest it as a potential candidate marker, as this

Table 3. Genes with the highest magnitude of differential expression (above 40-fold). Region column denotes the
initial and final position of each gene on its respective chromosome (Column 2). The Fold change column shows the
fold difference in expression between African-derived honeybee brains observed performing hygienic activity (HA,
n = 4) versus no hygienic activity (NA, n = 6)

Gene Chromosome Region Fold change p Value FDR p value

TpnT 6 2,064,267..2079739 41,72 2,7E-08 6,1E-05

Melt 4 12,397,548..12399076 42,54 2,9E-06 0,002

TpnI 2 14,369,041..14397205 49,16 4,4E-10 5,0E-06

LOC406114 13 9,129,778..9132956 72,92 5,8E-08 9,3E-05

LOC408608 1 7,780,836..7781974 111,05 1,0E-05 0,005

LOC408532 15 5,753,707..5756482 728,87 2, 7E-05 0,011



locus may be predictive of whether workers per-
form uncapping behavior (Oxley et al. 2010).

The gene coding for cacophony protein (cac )
has previously been found to be highly expressed
in hygienic European-derived honeybees (Boutin
et al. 2015). The cac gene, which is involved in
neurotransmitter release via a voltage-gated pre-
synaptic Ca++ channel in Drosophila (Kuromi

et al. 2004) showed the second highest level of
relevant SNP markers, all located in intronic re-
gions. Although in less abundant levels, the RNA-
seq technique also capture intronic sequences
from pre-mRNA (Sultan et al. 2008; Gaidatzis
et al. 2015). Three of five samples that had the
marker at gene position 2,521,065 were homozy-
gous, all were NA individuals, and the other two

Table 4.GO enrichment for DEGs between African-derived Honeybee brains presenting no hygienic activity (NA,
n = 6) versus hygienic activity (HA, n = 4). BP indicates biological process, CC indicates cellular component, and
MF indicates molecular function. Category column gives the category of the enriched GO term. Term column
denotes the enriched term (in bold) and the enriched genes name below each term. Columns count and% denotes the
number of genes for each presented term and their percentage, respectively.

Category Term Count % p value Benjamini
adjusted
p value

GOTERM_BP Defense response to bacterium 2 3,8 3,70E-
02

3,80E-01
GENE NAME

Apidaecin 1 (Apid1 )

Hymenoptaecin (LOC406142 )

GOTERM_BP Innate immune response 2 3,8 4,40E-
02

2,60E-01
GENE NAME

Apidaecin 1 (Apid1 )

Hymenoptaecin (LOC406142 )

GOTERM_CC Extracellular region 4 7,5 6,90E-
03

6,10E-02
GENE NAME

Apidaecin 1 (Apid1 )

Melittin (Melt )

Orcokinin peptide (LOC726294 )

Waprin-Phi1-like (LOC408864 )

GOTERM_CC Troponin complex 2 3,8 7,20E-
03

3,20E-02
GENE NAME

Troponin I (TpnI )

Troponin T, skeletal muscle (TpnT )

GOTERM_MF Calcium ion binding 4 7,5 1,50E-
02

3,00E-01
GENE NAME

Myosin light chain alkali (LOC410058 )

Myosin regulatory light chain 2 (LOC409881 )

Troponin C type I (TpnCI )

Troponin C type IIIa (TpnCIIIa )

GOTERM_MF Copper ion binding 2 3,8 4,90E-
02

4,50E-01
GENE NAME

Lysyl oxidase homolog 4 (LOC408544 )

Phospholipase B1, membrane-associated-like
(LOC552829 )
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HA were heterozygous (Table 5). Therefore, this
is another potentially informative SNP for hygien-
ic behavior in honeybees.

In Drosophila, the cAMP-dependent protein
kinase catalytic subunit 1 is an enzyme coded by
pka-C1 gene involved in memory formation (Lee
et al. 2018). This gene was not differentially
expressed in our analysis as was observed in
Boutin et al. (2015). Nevertheless, we identified
two SNPs described in exonic region in AHB
(Table 5). This could be an interesting marker
since the complex hygienic behavior profile could
depend on neural processes including learning of
diseased brood odor cues (Goode et al. 2006).

It is important to consider that our sequenced
reads from AHB were mapped against the
Amel_HAv3.1 reference genome (Wallberg
et al. 2019), which assembly was based at EHB.
So, SNP calling analysis could reflect differences
between AHB and EHB. To minimize this bias,
we only considered as potentially informative
SNP if it presented differences in zygosity be-
tween the two studied behavioral groups (HA
and NA).

In addition to providing novel information on
possible candidate genes associated with hygienic
behavior in AHB, we also used our transcriptomic
data to explore the presence of viruses in Brazilian
AHB. Previous research demonstrated that several
common honey bee viruses are frequently found
in AHB in Brazil and that co-infection with mul-
tiple viruses is often found within colonies
(Teixeira et al. 2008). Using our transcriptomic
data, we investigated for the presence of common-
ly detected viruses within sequenced individual
bees. Our findings revealed more than one viral
sequence in some bee samples, from both the NA
and HA groups (Supplementary Table 2). Two of
these (DWV and BQCV) are among the most
prevalent viruses in the country (Teixeira et al.
2008; Guimarães-Cestaro et al. 2020b). IAPVwas
also detected, corroborating a previous study find-
ing this virus in AHB from ten apiaries located in
southeastern Sao Paolo state (Teixeira et al. 2012),
more than 600 km away, showing these viruses
may be widespread in the country. Although these
viruses were detected in our study, no overt symp-
toms were observed and all colonies appeared
active and healthy upon inspection (E. Teixeira,

personal observation). We also do not think there
is reason to suspect that differences in virus levels
between HA and NA groups biased our results,
because at least one virus was detected per bee in
each of the two groups (NA and HA; Supplemen-
tary Table 2). Although the presence of viral
pathogens in Brazilian AHB is common, observa-
tions suggest that if colonies are properly man-
aged and under good nutritional conditions, they
can tolerate infections with no observable ill ef-
fects (Guimarães-Cestaro et al. 2020a).

Overall, this study provides a useful first step
into understanding the genetic basis of hygienic
behavior in AHB. We identified 49 genes with
expression differences between individuals that
exhibited hygienic behavior and those that did
not. We called SNPs from the transcriptome data
and identified relevant and potentially informative
polymorphisms in genes differentially expressed
in hygienic African-derived honeybees or in genes
previously associated with hygienic behavior in
European-derived honeybees. These markers
have potential roles in hygienic behavior and rep-
resent good candidates for future breeding appli-
cations such as marker-assisted selection.

4.1. Differential gene expression

We assessed differential expression in bees
showing hygienic activity (observed uncapping
and removing sick or dead bees, HA) and non-
hygienic (no signs of this behavior, NA), using
high-throughput RNA sequencing. We sequenced
11 bee brain samples from individuals with HA
(n = 5) and NA (n = 6). For one HA sample, the
total number of reads generated was too low, and
this sample was dropped from further analysis.
For all other samples, we obtained ~ 19M reads/
sample, with Phred scores above 30, without no-
table contamination by adapters. Therefore, the
reads were not trimmed. The mapping statistics
reported 87% ± 6 (mean ± SD) of mapped reads
for NA samples and 76.5% ± 12 for HA samples
(Table 2). Unmapped reads were not considered
for further analysis. The A. mellifera genome
version Amel_HAv3.1 reports 13,414 genes
(Wallberg et al. 2019), and we found 12,376 of
these to be expressed in the sequenced samples.



We identified 49 differentially expressed genes
(Fold-Change (FC) ≥ 2 and false discovery rate
(FDR) p value ≤ 0.05) between brains of bees
observed performing hygienic behavior, HA
(n = 4), and the control group, NA (n = 6, Sup-
plementary Table 3 and Fig. 1). Most were signif-
icantly upregulated (90%) in NA samples com-
pared with HA (Fig. 1a). Six genes had especially
high magnitude differences in expression (above
40-fold over-expressed; Table 3). Two of these
genes, TpnT and TpnI , code for troponin T and
troponin I, respectively, proteins that are related to
muscular contraction in insects (Herranz et al.
2005). Another gene, Melt , codes for melittin,
an antimicrobial peptide with strong hemolytic
activity and antimicrobial activity (Park et al.
2014). LOC408608 codes for a disintegrin and
metalloproteinase with thrombospondin 14-like
motifs, and this protein has been linked previously
with bee hygiene (Boutin et al. 2015).

We performed gene ontology (GO) analysis to
summarize putative biological functions, molecu-
lar functions, and cellular components of the dif-
ferentially expressed genes. We found functions

related to defense response to bacterium and in-
nate immune response (GO: Biological Process)
enriched in the DEGs, examples being Apidaecin
and Hymenoptaecin (Table 4). GO Analysis also
uncovered extracellular localization and troponin
complex as important cellular components,
pointing to several differentially expressed pep-
tides including two troponins, orcokinin and
waprin-Phi1-like. Finally, there was also enrich-
ment among the DEGs for molecular functions
related to calcium ion binding and copper ion
binding.

4.2. Single nucleotide polymorphisms
(SNPs)

Variant detection analysis revealed 156,735
SNPs in the 10 individuals from our African-
derived honeybee transcriptome data (Supple-
mentary Table 4). We searched for SNPs in the
DEGs we identified from this study (NA vs HA
contrast) and also for genes that were not differ-
entially expressed in the current study, but cited in
previous literature as associated with hygienic

Fig. 1 Differential gene expression related with hygienic behavior in AHB. a The number of brain differentially
expressed genes between individual bees showing hygienic activity (HA, n = 4) versus no hygienic activity (NA,
n = 6).s b Heatmap of RNA sequencing data characterized as row-wise Z scores in CPM. Heatmap Z-scores were
calculated for each row (each gene) and each column (each sample). Heatmap displaying DEGs (FC ≥ 2; FDR p
value ≤ 0.05) between HA (n = 4) versus NA (n = 6) related to gene ontology analysis and genes with the highest
magnitude of differential expression (above 40-fold)>

É. W. Teixeira et al.



behavior in honey bees (Spivak and Reuter 2001;
Navajas et al. 2008; Le Conte et al. 2011; Boutin
et al. 2015; Harpur et al. 2019; Conlon et al.
2019). In the group of top over-expressed (> 40-
fold difference) DEGs between NA and HA sam-
ples, we did not find any SNPs. We did identify
two relevant SNPs for the differentially expressed
Apid1 gene, both G↔A transitions (Table 5).
These SNPs are located in the 3′ untranslated
region of the transcript (Table 5).

Among genes previously described as linked
with hygienic behavior in European-derived sub-
species of honeybees (Spivak and Reuter 2001;
Navajas et al. 2008; Le Conte et al. 2011; Boutin
et al. 2015; Harpur et al. 2019; Conlon et al.
2019), we found relevant SNPs in five within
our African-derived honeybee dataset, Abscam ,
cac , Syn1 , Pka-C1 andObp4 . The Abscam gene
showed the largest number of SNPs, with 14
(Table 5). Three SNPs (positions: 1,638,247;
1,638,290; and 1,638,295) are potentially infor-
mative in relation to hygienic behavior, as these
three SNPs were all heterozygous for HA bees
(1,638,247: G/A; 1,638,290 and 1,638,295: C/T)
and homozygous for NA bees (1,638,247: A/A;
1,638,290 and 1,638,295: T/T) and are located in
the mRNA region of the transcript. Another two
SNPs (1,639,810 and 1,639,819) were observed
in all 10 samples, they are in the 3’UTR and have
no apparent relationship to HA and NA pheno-
types, since they were all homozygous (Table 5).
The cac gene had six SNPs, all in intronic region,
with one potentially informative polymorphism
(position 2,521,065), which was homozygous
(A/A) for the NA group and heterozygous for
HA samples (T/A; Table 5).

For Syn1 , we observed three SNPs, two of
them in nine samples. Pka-C1 and Obp4 genes
had two SNPs each (Table 5). All the markers of
these genes are located in exons (Table 5).
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