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Varroa destructor is arguably the most important threat to Apis mellifera honey bees. Despite the recentness of the inva-
sion of Varroa, A. mellifera colonies naturally resistant to the mite are being observed in a growing number of popula-
tions across Europe, South Africa and Brazil. Appearing in concert with this resistance is an increase in the ability of
workers to detect mite-infested cells, which is closely associated with the recapping of such cells. However, many non-
infested cells are also uncapped and then recapped which would appear to be a waste of time and energy. In this study
we looked at the spatial patterns of recapping and its association with Varroa infestation to understand in what way the
uncapping of non-infested cells occurs. We found that recapping occurred in clusters consisting of infested cells and
their surrounding non-infested cells. This helped explain our finding that a significant positive correlation existed
between levels of recapped infested and non-infested cells. Furthermore, we found that bees responded to an artificial
increase in the mite infestation level by increasing their recapping behavior. We confirmed that the recapped area of
non-infested cells was significantly smaller, relative to the holes made in the infested cells. Given these findings we pro-
pose that recapping behavior is stimulated either by a diffuse signal emanating from the infested cell or that cursory

checks are conducted in the vicinity of an infested cell.
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Introduction

The Western honey bee, Apis mellifera, is a highly abun-
dant and important pollinator (Hung et al., 2018).
However, populations are currently experiencing pres-
sure from multiple stressors both natural and man-
made. The increasing global trade of honey bees has led
to the spread of devastating pests and pathogens, one
of the most prolific being the ectoparasitic mite, Varroa
destructor commonly referred to as Varroa (Rosenkranz
et al,, 2010). Varroa feeds on the fat body of the adult
and pupal stages of bees (Ramsey et al., 2019), depleting
them of nutrients and transmitting viruses (Martin,
2001). A virus they are commonly associated with is
the [flavirus, Deformed Wing Virus (DWYV) (Highfield
et al, 2009; Martin et al, 2012; Wilfert et al., 2016).
Bees infected with DWYV as pupae emerge as smaller
adults with severely shortened lifespans and reduced
productivity (Mockel et al,, 201 1). If a colony has a high
mite burden then DWYV viral loads will be high, which
will ultimately lead to an unbalanced workforce and col-
ony collapse (Martin, 2001).

A key part of colony health is the social immune sys-
tem which is comprised of innate behaviors directed
towards protecting the colony as a whole (Cremer
et al, 2007). Hygienic behavior is an integral part of

this, in which bees detect, uncap and remove dead or
diseased brood (Spivak & Gilliam, 1998). It is effective
against many brood diseases such as the American foul-
brood bacteria (Rothenbuhler, 1964; Woodrow & Holst,
1942) and the fungal disease chalkbrood (Gilliam et al.,
1983; Spivak & Reuter, 2001). Hygienic behavior also acts
as a defense against Varroa in its original host, Apis cerana
(Rath & Drescher, 1990). Indeed, it is thought that differ-
ent subsets of worker bees within a colony can be more
sensitive to the presence of Varroa and thus detect and
remove mite-infested pupae (Scannapieco et al, 2016).
However, to A. mellifera, Varroa is a relatively new para-
site having only jumped species during the first half of the
twentieth century (Oldroyd, 1999). Furthermore, the add-
ition of miticides and other chemicals used to control the
Varroa population reduces the selective pressure that
allows the bees to adapt to this new challenge (Neumann
& Blacquiere, 2017).

Despite this, naturally Varroa-resistant (NVR) colo-
nies are being observed in an increasing number of
regions including Africa, Latin America (Martin et al,
2020), mainland Europe (Oddie et al., 2018) and the UK
(Hawkins, 2020). NVR colonies are those which have
survived without treatment for more than five years
and have similar traits. Typically, each case of resistance
appears to have been preceded by an initial period of

*Corresponding author. Email: i.r.grindrod@edu.salford.ac.uk

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/
licenses/by-nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not

altered, transformed, or built upon in any way.


http://crossmark.crossref.org/dialog/?doi=10.1080/00218839.2021.1890419&domain=pdf&date_stamp=2021-05-06
http://orcid.org/0000-0002-9666-7760
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1080/00218839.2021.1890419
http://www.tandfonline.com

2 [ Grindrod and S. J. Martin

high colony losses. This suggests that resistance takes
time to develop and the ability to resist the mite may
initially be found in only a small part of the population.
A key factor associated with the majority of incidences
of resistance is the reduction of the reproductive suc-
cess of the mite (Locke et al, 2012; Mondet et al.,
2020). Reduced reproductive success seems likely to be
caused by the interruption of the mites’ reproductive
cycle when infested brood cells are emptied or
recapped (Harbo & Harris, 2005; Kirrane et al., 2011).
However, there has also been some indication that the
brood themselves are able to negatively impact Varroa
mites’ reproductive ability (Broeckx et al., 2019; Conlon
et al,, 2019; Frey et al., 2013).

A behavior that has become of particular interest is
‘recapping’ in which workers repeatedly create and
reseal holes in the cell capping of worker pupae (Oddie
et al., 2018). Recapping appears to be an innate behav-
ior of bees frequently seen in association with wax
moth larva (Galleriinae) that burrow through the
capped cells (Villegas & Villa, 2006). However, it is
apparent that it can be co-opted for defense against
Varroa, since recapping rates are the lowest in Varroa
naive colonies and highest in NVR populations
(Hawkins, 2020; Martin et al., 2020). Precisely why they
make these holes, some which are only | mm in size, is
unknown but it may be to improve the detection of
olfactory cues/signals that trigger hygienic behavior. At
present, many studies seem to agree that the cues
come from the brood and that these cues are likely to
consist of cuticular hydrocarbons (CHC) (Mondet et al.,
2016; Nazzi et al., 2004; Salvy et al., 2001; Schoning
et al, 2012; Wagoner et al, 2019; Wagoner et al.,
2020). Indeed, Varroa and DWYV have been found to
cause changes in the expression of components of the
CHC profile, which in turn elicit a hygienic response
(Baracchi et al., 2012; Wagoner et al,, 2019). In particu-
lar the CHCs, (Z)-6-pentadecene and (Z)-10-tritriacon-
tene are associated with Varroa and DWV stressed
brood, respectively (Wagoner et al.,, 2020). The ability
to pinpoint the source of such cues may be aided by
creating a small hole in the thick wax capping. If no cue
or secondary cue is detected after creating the hole, it
can easily be resealed (Martin et al., 2020). In this con-
text recapping would be highly beneficial for colonies to
prevent the loss of erroneously uncapped, healthy
brood while maximizing the surveillance of suspicious
cells. Importantly, the different potential stages of
hygienic behavior (uncapping, removal and recapping)
are undertaken by different bees within the colony
(Scannapieco et al,, 2016). The presence of highly sensi-
tive ‘uncappers’ is thought to be offset by ‘recapper’
bees with a lower level of sensitivity. This may also
explain the erroneous recapping of infested cells
(Martin et al., 2020). Recapping correlates with the
removal of infested cells and so may be considered a
good proxy for removal behavior (Martin et al., 2020).

To measure removal behavior one would normally be
required to artificially infest brood cells and then check
for removal at a later date. Checking for recapping is
comparatively easier and less time consuming.

It appears that all A. mellifera honeybee colonies have
the ability to detect mite-infested cells as both suscep-
tible and NVR colonies locate and recap a greater num-
ber of infested cells than non-infested cells (Oddie
et al,, 2018; Martin et al., 2020). However, NVR popula-
tions that are thought to be more sensitive to mites
actually recap a greater proportion of non-infested cells
than susceptible populations (Hawkins, 2020; Martin
et al., 2020). This uncapping and recapping of non-
infested brood cells would appear to be an unnecessary
expenditure of energy, especially since it occurs several
times during the development of worker pupae (per-
sonal observation, and personal communication Marla
Spivak). Therefore, the aims of this study are to investi-
gate in what way the uncapping and recapping of non-
infested cells occurs and to determine if there is a spa-
tial pattern associated with recapping behavior.
Specifically, we tested the hypotheses that the recapping
of non-infested brood cells is triggered by the proximity
of infested brood and that the spatial distribution of
recapped cells is not random. We predicted that 1) all
bees (Varroa naive, susceptible or NVR) have the ability
to detect mite infested cells, 2) recapping would occur
in a clustered pattern, 3) the clusters would contain
recapped infested cells, 4) infested cells would have
larger recap sizes than non-infested cells, 5) the predi-
lection of bees to recap non-infested cells would correl-
ate with their ability to recap infested cells and 6) NVR
bees would recap more infested cells than suscep-
tible bees.

Materials and methods

Direct effect of Varroa on recapping of
non-infested cells

The initial study conducted in 2019 involved testing the
effect of Varroa on recapping rates of nearby cells. We
used four Varroa naive colonies from the Isle of Man,
UK and five hygienic colonies with low (<0.5%) levels
of mite infestation in brood, due to previous acaricide
treatment, from the University of Minnesota research
apiary, US. First, we measured the recapping levels in
one frame from each colony based on opening 150-300
cells. Recapping was measured following the protocol
outlined in previous studies (Boecking & Spivak, 1999;
Harris et al.,, 2012). The cap of each cell was carefully
peeled back using fine forceps to check for signs of
recapping, which can be seen when the silk cocoon has
been removed and filled in with a matte disc of wax
particles (Martin et al, 2020). We then inserted 30
(UK) or 50 (US) live Varroa mites into newly capped
worker brood. Mites for this artificial infestation were
sourced from live A. mellifera drone pupae from
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Figure |. Recapping rates of non-infested cells in the five US
effectively Varroa free colonies (before mite introduction colo-
nies had brood infestation levels of 0% except for colonies
H126 and L142 which had 0.4% and 0.3%, respectively), along
with three Varroa naive isle of Man colonies The recapping lev-
els before mite introduction (blue) and after mite introduc-
tion (green).

Anglesey for the Isle of Man colonies and from a single
untreated colony in the Minnesota University apiary for
the US colonies. After a period of tendays the infested
cells and the cells adjacent to the infested cells were
checked for recapping. A Mann-Whitney U-test was
conducted to compare the recapping values before
Varroa introduction and afterwards.

Spatial distribution of recapped cells

For the spatial analysis, frames containing worker sealed
brood that had been capped for between four and ten
days were removed from a mixture of NVR and suscep-
tible colonies across England and Wales during August
2019 and stored at —20°C. Susceptible colonies were
those that received acaricide treatment at least once
per year. NVR colonies were those that beekeepers
stated had been surviving without acaricide treatment
for at least five years. Additional data from three frames
of NVR colonies from Hawaii that were created from
feral, untreated populations were collected in
November 2019. The Hawaiian bees were caught in the
forest and maintained treatment free for several years
(Martin, 2020). NVR and susceptible colonies were
chosen so that there would be a greater variation in
infestation rates which may affect any spatial patterning.
The two groups also allowed for the comparison of
recapping ability between NVR and susceptible colonies.
Each frame was examined under a x|6 binocular micro-
scope using a bright cold light source. Individual cell
caps were checked for recapping in line with the afore-
mentioned method. If recapped, the diameter of the
recapping (matte wax circle) was recorded to the near-
est millimeter, then the brood was removed to deter-
mine if the cell was infested or not. Infestation was
based upon observation of mites, mite frass or mite
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exuviae in the cell. The data was transferred into an
Excel spreadsheet which was designed to spatially rep-
resent a honey comb. To achieve this, pairs of cells in
each row were merged and each alternate row was off-
set by one cell.

Data analysis

For each frame, coordinates of the recapped cells were
generated in Excel and imported into R version 3.6.2
(R Core Team, 2019). A distance matrix was generated
from the coordinates, with each data point representing
the center of a recapped cell. The distance matrix was
then analyzed using the cluster detection algorithm
DBSCAN (Density-based spatial clustering of applica-
tions with noise) (Ester et al., 1996; Hahsler et al,
2019) (for code see Fig SI). DBSCAN searches spatial
data points for clusters of a user defined minimum size
(MinPts) within a user defined maximum search radius
(eps). The minimum cluster size is the smallest number
of points (recapped cells) that DBSCAN will consider a
cluster. The search radius is the area in which
DBSCAN will look for a recapped cell from the starting
cell. Potential values of these parameters were first
decided from observation of patterns in brood combs.
In this case radii needed to be in multiples of 5mm to
allow the measure from one cell center (data point) to
another (cells are approximately 5mm). For example,
with a2 maximum of |0mm, the scan will look for
recapped cells within a two- cell radius. If recapped cells
are in this radius, the search moves to that cell (or
cells), and this continues until a recapped cell cannot be
found within the radius. All the cells the program has
searched are recorded as a cluster if the number is
above the minimum cluster size. If it is below this size
then no cluster is reported and it moves on to the next
search. Cells that do not fit the requirement, ie., do
not have at least two other recapped cells within a
[0mm radius are considered outside of the clusters.
The investigated parameters were radius sizes of 5mm,
10 mm and |5 mm with minimum cluster sizes of 2, 3, 4
and 5 cells. Each permutation (5mm with 2, [0mm
with 2, etc) was run in DBSCAN, which provides a vis-
ual output. The final parameters were decided based on
whether the clusters could be considered realistic given
the DBSCAN output and the natural spacing of cells.
After preliminary runs a search radius of |10 mm (eps =
10) and a minimum cluster size of three cells (MinPts =
3) were chosen, as the two key DBSCAN variables.
The resulting clusters were manually transferred onto
the Excel spreadsheet.

To address our second and third predictions, the
number of clusters per frame; total number of cells per
cluster; number of infested cells per cluster; number of
non-infested cells per cluster; and the recapping values
of infested and non-infested cells within clusters were
tabulated (Table ). Statistical analyses were conducted
using Minitab ® version 18 (Minitab Statistical Software,
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2017). To address our prediction that the clusters
would contain recapped infested cells we used Mann-
Whitney U-tests to compare the numbers of non-
infested and infested clusters per frame, the sizes of
non-infested and infested clusters and the proportions
of recapped infested and non-infested cells that occur
within clusters. We defined an infested cluster as one
that contained at least one recapped infested cell. One
frame (Colony name Wal, frame number 11) was
excluded from any cluster analysis and Table | as it
contained too few recapped cells, i.e., no clusters, while
another frame (Colony name Rhona, frame 2, side 2)
was removed from comparisons of mean recap sizes of
cells in infested and non-infested clusters and the num-
ber of infested and non-infested clusters per frame. This
is because it contained no recapped infested cells. In
line with our fourth prediction we used a Mann-
Whitney U-test to assess whether there was a signifi-
cant difference in the size of the recapped areas of
infested and non-infested cells.

Relationship between the recapping of infested and
non-infested cells

To address our fifth and sixth predictions we pooled
our UK and Hawaiian data with recapping data from
Oddie et al. (2018), Martin et al. (2020), Hawkins
(2020) and from unpublished data provided by Marla
Spivak. The data comes from a variety of locations; this
range was chosen to provide a good variation in data.
The Oddie et al. (2018) data is from NVR and suscep-
tible populations in Avignon and Sarthe, France. Martin
et al. (2020) includes data on NVR populations from
South Africa (Apis mellifera scutellata and Apis mellifera
capensis) and Brazil (Africanized honey bees). Marla
Spivak’s unpublished data is from bees of the Minnesota
hygiene line. Hawkins (2020) includes NVR and suscep-
tible colonies from the UK.

A Spearman’s Rho test was used to determine
whether there was a correlation between the percent-
age of infested cells recapped and the percentage of
non-infested cells recapped and the strength of such
correlation. A scatter diagram was created to illustrate
the relationship. Spearman’s Rho tests were also used
to assess whether this correlation was present in data if
separated by colony type (susceptible and NVR). A
Mann-Whitney U-test was used to determine whether
there was a significant difference in the percentage of
infested cells and non-infested cells recapped by NVR
colonies and susceptible colonies.

Results

Direct effect of Varroa on recapping of non-
infested cells

The addition of mites consistently and significantly
(U=16, p=0.034) increased the level of recapping of
non-infested cells on that frame in both the US and UK

Table |. Summary of frame and recapping data alongside the subsequent DBSCAN generated cluster data for each frame. If the second side of the frame has been analysed, the prefix

s2’ was used. The images of each frame and their predicted clusters are provided in the supplementary data (Figure S2).
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Figure 2. Cell map showing DBSCAN predicted clusters on two frames both with around 5% infestation level but with a A) high

(63%) and B) lower (29%) level of recapping.

colonies (Figure 1.). In one Isle of Man colony, zero
recapping was recorded irrespective of the mites’ pres-
ence or not.

Spatial distribution of recapped cells

A total of 8661 cells was mapped across |5 frames:
nine from six NVR colonies and six from three

susceptible colonies. The DBSCAN algorithm found
that recapped cells form clusters associated with
infested cells (Figure 2A, Table 1). High levels of recap-
ping, typically due to higher infestation levels, resulted
in fewer, larger clusters. The clearer cluster patterns
were seen when sealed brood infestation levels were
below 10% and when efficient targeting of the infested
cells occurred (Figure 2B).
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Figure 3. The colony level relationship between the percentages of infested recapped cells against percentages of non-infested
recapped cells across several studies, Red circles = Europe (Oddie et al., 2018), green triangles = Brazil/Africa (Martin et al., 2020),
blue diamonds =UK (Hawkins, 2020) and this study orange squares =Minnesota (M. Spivak unpublished data), and purple

hexagons = Hawaii (this study).

The percentage of infested and non-infested cells
located within clusters was 85% and 88%, respectively.
This indicates that the majority of recapped cells occur
within clusters of three cells or more rather than as
single points. Furthermore, clusters containing infested
cells were significantly greater in size than those com-
prised of just non-infested cells (U=604, p=0.002).
This finding remains significant even when all clusters
greater than 50 cells are removed (U =604, p = 0.048).
Additionally, the number of infested clusters per frame
was significantly greater than the number of non-
infested clusters (U=52.5, p=0.038). The size of the
recapped area of the infested cells, median 3.07 mm,
was significantly greater than those found on non-
infested cells, median 2.15mm, (U=57.5, p=0.024).
Including all the cells of the frames in Table | a signifi-
cantly greater percentage of the infested cells was
recapped than the non-infested cells (U=150, p=0.01).

Relationship between the recapping of infested and
non-infested cells

When data from this study was combined with data
from all previous studies, we found a significant positive
correlation between the percentage of infested cells
recapped and the number of non-infested cells recapped
(r=0.754, p<0.0001) (Figure 3). This correlation was
stronger for susceptible colonies (r=0.818, p <0.001)
than NVR colonies (r=0.677, p <0.001). NVR colonies
also recapped a significantly greater percentage of
infested cells, 58% versus 32% (U= 1563, p<0.0001)
and non-infested cells, 27% versus 16% (U=189I,
p =0.0024), than susceptible colonies.

Discussion

Ultimately this study shows that the uncapping and
recapping of non-infested cells is being driven by the
presence of mite infested cells. We found, in agreement
with our initial predictions, that Varroa naive, suscep-
tible and NVR bees all have the ability to detect mite
infested cells (Figure I, 3), that the recapping of non-
infested cells occurs in clusters associated with infested
cells (Figure 2) and that the recapping of non-infested
cells increases alongside the recapping of infested cells
(Figure 3). These findings are important as they suggest
first that all colonies have the ability to detect and thus
potentially to remove mite infested brood, and secondly
that whether a cell is checked for Varroa is influenced
by the infestation status of its surrounding cells. We
also found that NVR colonies recapped a greater per-
centage of infested and non-infested cells than suscep-
tible colonies, which could suggest that NVR bees have
an enhanced sensitivity to cues and/or a heightened abil-
ity to recognize potential areas of infestation based on
the location of known infested cells.

Cursory checking of the cells surrounding infested
cells may explain why we found recapping to occur in
clusters. This could be a reflection of the natural clus-
tered brood infestation pattern that has been observed
in Varroa (Fuchs, 1988; Kim et al., 2018). Bees may
instinctively check around an infested cell if Varroa are
more likely to infest in a clustered fashion (Kim et al,
2018). The clustering of infestation patterns has been
disputed by some studies such as (Salvy et al, 1999);
however, this may be because it varies depending on
the severity of infestation (Kim et al, 2018).
Additionally, the instinctive checking of cells may explain



why the recapped areas of non-infested cell are signifi-
cantly smaller than those of infested cells. Cells that are
being checked on instinct may only be opened slightly
as, should the instinct be wrong, the hole is easier to
repair and requires less wax. On the other hand, it is
also plausible that the smaller holes are created because
these cells carry a weak chemical stimulus that has
drifted from an infested cell. This diffusion of cues from
an infested cell to its surrounding non-infested cells
could also explain why recapping occurs in clusters.
However, it is important to note that the explanations
of cue diffusion and cursory checking are not mutually
exclusive and so may operate alongside one another. In
contrast to cursory checking, cue diffusion would
appear to be an unintended consequence of the infest-
ation signaling system. Cues need to be volatile in order
to escape the cell and attract a hygienic worker but this
volatility may also mean that they drift over neighboring
cells causing the cells to appear suspicious. If each cell
that was tainted in such a way was emptied then many
healthy pupae would be wasted. Therefore, bees may
create small holes in the caps of suspicious cells which
could enhance the diffusion of cues out of the cell, if it
is infested, increasing the accuracy in pinpointing
the source.

Interestingly, it may be that the accuracy of this sys-
tem is reinforced through the use of both low and high
volatility cues (VWagoner et al, 2019). A highly volatile
cue such as (Z)-6-pentadecene would elicit attention
through the cap and direct a bee towards the infested
cell (Nazzi et al., 2004). Once the bee bites into the
infested cell a second, low volatility cue such as hepta-
cosene or tritriacontane, which is normally stifled by
the cap, may become detectable allowing confirmation
of the infestation (Wagoner et al, 2019). If a non-
infested cell is opened then no secondary cue will be
present meaning the cell can be resealed. This second-
ary cue would not be diffuse and so could increase the
accuracy of brood removal and reduce the chances of
healthy brood being removed. However, if the cue was
only of a low volatility it may be insufficient to direct
the attention of bees towards the infestation. This sys-
tem is not just proposed for Varroa infestation but also
for more general hygienic behavior. McAfee et al.
(2018) suggest hygienic behavior is triggered by the
blend of the volatile food begging cue beta-ocimene and
the death pheromone oleic acid. The ability of beta-oci-
mene to elicit workers’ attention could be co-opted to
direct them towards an infested cell which they will
then bite into and gain access to the non-volatile cue,
oleic acid. The secondary signal oleic acid would trigger
the enlargement of the cell and removal of the pupa. In
its absence, the small hole can easily be resealed with-
out harm to the pupa. For Varroa infestation this com-
bination is unlikely as infested pupae usually do not die
and thus do not emit oleic acid. However, as the ability
to remove Varroa infested brood stems from hygienic
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behavior then the same dual cue process may occur but
with different cues (Nazzi et al, 2004; Wagoner et al.,
2019). It seems that the second cue in this process is
fairly prone to error as in NVR colonies a high number
of infested cells are erroneously recapped. In specula-
tion, this may be due to the lower olfactory sensitivities
of ‘recapper’ bees in comparison to ‘uncapper’ bees
(Gramacho & Spivak, 2003). Although it is also import-
ant to note that evaluating recapping provides a snap
shot in time and so we can only speculate on the fate
of recapped infested cells, it may be that they will be
uncapped and removed at a later time. Indeed, cells can
be uncapped and recapped many times during the
sealed stage.

The ‘uncapper’ bees are those that take part in the
initial detection and opening of suspicious cell caps
(Gramacho & Spivak, 2003). As these bees start the
behavior it seems reasonable to assume that the higher
recapping rates of NVR colonies may be because their
‘uncapper’ bees have a higher sensitivity to cues or are
present in a greater number than in susceptible colo-
nies. Exposure to Varroa may allow individual bees to
learn to recognize the cues involved in infestation
(Gronenberg et al, 2014). This could explain why
Varroa naive colonies and colonies with very low infest-
ation levels had low levels of recapping until after sub-
stantial exposure to Varroa. Repeated exposure may
increase the numbers of sensitive bees, enhance their
sensitivity or lower the bees’ threshold of response to
cells that carry cue traces (Masterman et al, 2001;
Mondet et al, 2015). Indeed, the positive correlation
between the recapping of infested cells and non-infested
cells suggests that individuals in colonies that are more
able to detect Varroa are also more likely to investigate
non-infested cells. Experience dependent behavior like
this has been observed in another eusocial insect spe-
cies, the clonal ant Platythyrea punctata (Westhus et al.,
2014). Adult ants that had more frequently encountered
fungus-exposed (Metarhizium robertsii) larvae groomed
exposed larvae for longer and more effectively
(removed more fungal conidiospores). Similarly recap-
ping, a form of social hygiene like grooming is enhanced
(in frequency rather than duration) after naive bees are
exposed to Varroa (Figure 3). While this explanation
may be undermined by the presence of non-infested
clusters it is important to note that one cannot exclude
the possibility that these non-infested clusters at some
point contained an infested cell that was removed.

Encouraging the prevalence of resistance traits
appears to be a sustainable solution to the Varroa prob-
lem. However, the complexity of linking genetic traits
to observable phenotypes confounds screening and
breeding efforts (Beaurepaire et al., 2019; Mondet et al,,
2020). The recapping trait has been observed in NVR
colonies and is an example of the way colonies are
adapting to the Varroa threat (Martin et al., 2020;
Oddie et al., 2018). Recapping may provide a useful
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marker for resistance (Martin et al., 2020). We found
that the recapping of non-infested and infested cells was
positively correlated, suggesting recapping (of both cell
types) is a trait of more hygienic colonies or those with
more sensitive ‘uncappers’. Additionally, both potential
explanations for recapping non-infested cells, i.e., check-
ing areas around infested cells or a diffuse signal, could
suggest the influence of experience on the performance
of social hygiene be it through learning patterns (Gould,
1986), becoming sensitive to cues (Masterman et al,
2001; Mondet et al., 2015) or a combination of both.
Hygienic behavior has been shown to have a genetic
basis (Boecking et al., 2000; Harbo & Harris, 1999).
However, it is thought that the underlying gene set is
somewhat limited and behavioral differences may rely
on changes in regulation patterns (Boutin et al., 2015).
Indeed, Mondet et al. (2015) found that olfactory genes
were upregulated in the antenna of bees that could
detect mites. It may thus be worth exploring whether
the environment can influence the behavior - for
example, whether bees can become sensitized to (or
learn) certain cue odors over time, priming them for
recapping and brood removal.
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