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Abstract — Varroa -specific hygienic behavior is a hereditary trait of honey bee (Apis mellifera), which supports
resistance to Varroa destructor. This study investigated the response of Apis mellifera scutellata to Varroa -infested
worker brood cells in Kenya, East Africa. Uncapping, removal of the brood, and disappearance of the introduced
mite were recorded in a total of 690 cells into which live mites were introduced. We recorded a high proportion of
untouched cells in controls (median, 80%) compared to manipulated cells in which mites had been introduced
(median, 12.5%) with a significant difference (GLMM, p < 0.001). Mites were removed and cells were recapped in
about 26% of the artificially infested brood cells. When ten, eight, and five mites were singly introduced in closely
neighboring brood cells, hygienic bees were more responsive in the high mite density regime of eight and ten mites,
an indication of a possibility that chemicals play a role in identification of Varroa -infested brood cells.

Apis mellifera scutellata | artificially infested brood cells / Varroa -specific hygienic behavior

1. INTRODUCTION

Bee keeping globally has shown a significant
trend of colony increase of more than 60% over the
past 50 years from 1961 to 2013 (Moritz and Erler
2016). However, localized colony losses have been
reported in some countries, especially on the
Northern hemisphere (Neumann and Carreck
2010), contributed majorly by global honey trade
and societal transition (Aizen and Harder 2009;
Moritz and Erler 2016) among other factors such
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as pathogens, pests, diseases, pesticides, and cli-
mate change, which have substantially contributed
to the losses of honey bee colonies (Vanengelsdorp
et al. 2008; Potts et al. 2010).

The hemophagous honey bee mite Varroa
destructor is considered one of the major ectopar-
asites of honey bees of great economic importance
to beekeepers (Neumann and Carreck 2010;
Rosenkranz et al. 2010). Especially, the associa-
tion of the mite with viruses and their transmission
to bees are crucial factors causing harm to bees
(Martin et al. 2012; Wilfert et al. 2016). V.
destructor is a host-specific parasite whose
growth and development entirely depends on hon-
ey bee brood to reproduce (Rosenkranz et al.
2010). Varroa mites enter cells with developing
brood, where they suck hemolymph, which is a
pre-requisite for developing ovaries (Garedew
et al. 2004). Approximately 70 h after the cell
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capping, the first egg is laid (Ifantidis 1983) and
the mites produce offspring, which will engage in
brother-sister mating in fecal accumulation site
(Donze et al. 1996), while the cell is still capped.

Different behavioral mechanisms acting to re-
duce Varroa destructor infestation in honey bees
have been identified (Boecking and Spivak 1999;
Nganso et al. 2017). Reduced mite reproductive
success has been observed in several honey bee
populations exposed to natural selection for sur-
vival under heavy mite infestation rates (Locke
2016). The best studied population is a population
on Gotland, Sweden, for which the genetic basis
of this adaptation has been studied as well
(Lattorff et al. 2015; Locke 2016).

Another mechanism to reduce mite population
growth is hygienic behavior. Counter attack be-
havioral mechanisms against brood discases are
known for a long time and are based on uncapping
and removing behavior performed by individual
hygienic bees (Arathi et al. 2000; Xonis et al.
2015). First detected for bees infected with Amer-
ican foulbrood, it has been proposed to be based
on a two-locus genetic model with one locus for
uncapping the brood and one locus responsible for
removing diseased brood (Rothenbuhler 1964).
However, this model has been challenged to be
based at least on three loci (Moritz 1988) and by a
QTL mapping study identifying at least six dis-
tinct genes (Oxley et al. 2010).

Varroa -specific hygienic (VSH) behavior acts
to reduce the negative effects of this ectoparasitic
mite (Evans and Spivak 2010). VSH behavior is
the refined ability of honey bees to detect, uncap,
and remove mite-infested brood leading to high
mite infertility (Harbo and Harris 2005; Ibrahim
and Spivak 2006). It is a heritable and highly
variable trait which has been used in programs to
breed strain of honey bees of European origin,
resulting in diverse honey bee populations that
are desirable for bee keeping (Guerra Jr. et al.
2000; Vandame et al. 2002; Ibrahim and Spivak
2006; Harris 2007). Hygienic bees remove affect-
ed brood most likely by detecting odor cues em-
anating from infested hosts, when these cues ex-
ceed the response threshold of the bees within the
colony (Masterman et al. 2001; Martin et al.
2002). Indeed, the transcriptional response in
antennal-specific genes suggests a key role for

@ Springer

S. K. Cheruiyot et al.

chemical discrimination of mite infested cells
(Mondet et al. 2015). A detailed description of
chemicals involved in the interaction between
mites and honey bees has been given by Nazzi
and Le Conte (2016). The VSH trait interferes
with mite reproduction (Villa et al. 2009) as
Varroa -specific hygienic reactions involves re-
peated uncapping and recapping of mite infested
brood cells (Aumeier et al. 2000; Arathi et al.
2006; Harris 2007), leading to limited mite popu-
lation growth, prolonged phoresy or even the
death of the mites (Moritz 1985; Fries et al.
1994; Harris et al. 2010; Rosenkranz et al. 2010).
These hygienic reactions towards Varroa
destructor in capped brood cells can contribute
to the colony’s resistance (Boecking and Spivak
1999; Aumeier and Rosenkranz 2001). Resistance
in the original host, Apis cerana (Eastern honey
bee), has been reported to be due to limited repro-
duction of the mite on this honey bee species and
behavioral mechanisms of defense that involves
grooming and hygienic behaviors’ (Peng et al.
1987). PaulPage et al. 2016 also documented that
development of V. destructor is delayed in A.
cerana as compared to A . mellifera due to higher
susceptibility of mite-infested brood of the original
host which leads to more efficient hygienic behav-
ior, thereby providing a basis for honey bee colony
survival to parasitism. Damage to these honey bee
colonies is rarely experienced since a stable host-
parasite relationship has been established (Rath
1999). Nganso et al. (2017) reported that hygienic
and grooming behaviors’ are better expressed in
A. m. scutellata than those in A. mellifera hy-
brids of European origin. Furthermore, in spite of
hosting most parasites, A . m . scutellata colonies
appear healthier (Strauss et al. 2013). African hon-
ey bees also have more developed removal behav-
ior to pin-killed brood as compared to Africanized
bees (Fries and Raina 2003), a factor which may
be contributing to its greater mite tolerance
(Frazier et al. 2009). A. m. scutellata is known
to exhibit general hygienic behavior, but its
Varroa -specific hygienic behavior has not been
investigated. East African population of A. m.
scutellata has been reported to survive Varroa
mite parasitism, requiring no chemical treatment
even when coexisting with other pathogens re-
sponsible for the losses of colonies in Europe
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and North America (Frazier et al. 2009; Muli et al.
2014). It is unknown whether resistance (the abil-
ity to limit the fitness of the mite) in A. m.
scutellata honey bees is associated with VSH
behavior or other resistant mechanisms such as
suppression of mite reproductive success and/or
lower viral prevalence within African honey bee
colonies. In this paper, we report the first results of
investigations regarding the response of A. m.
scutellata colonies to worker brood cells artificial-
ly infested with Varroa mites. The hypothesis of
this study was that African honey bees would
highly express VSH trait as it has been reported
to be resistant to V. destructor.

2. MATERIALS AND METHODS
2.1. Establishment of honey bee colonies

The research study was conducted using 20
colonies of African bees (Apis mellifera
scutellata ), headed by naturally mated queens
from the experimental apiary of the International
Centre of Insect Physiology and Ecology (ICIPE)
located in Karura forest (1.23442° S; 36.8347° E),
Nairobi county, Kenya, between the period of June
and September 2016. Colonies were housed in
standard Langstroth hives containing eight—ten
brood combs and were placed on stands protected
by oil-filled cans to prevent ants from climbing and
entering the hives and causing absconding of bees
(Kinati et al. 2012). Sugar roll assay was done to
obtain mites that were used for artificial infestation
(Macedo et al. 2002; Dietemann et al. 2013).

2.2. Hygienic behavior of Apis mellifera
scutellata to pin-killed brood

We screened 20 randomly selected colonies in
the apiary using pin-killing brood assay, a com-
mon assay used to elicit hygienic behavior
(Newton and Ostasiewski 1986; Palacio et al.
2010) to identify ten colonies that express high
levels of general hygienic behavior (Fig. S1).
Sugar roll assay was also done in these colonies
to quantify the number of mites and correlated
with general hygienic behavior (Fig. S2). Artifi-
cial killing of the brood to measure general hy-
gienic behavior (GHB) response is an indication
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of the willingness of the colony to remove mite-
infested brood (Boecking and Spivak 1999). A
brood frame containing capped worker brood
was selected and removed from each colony, bees
shaken off and a few cells were uncapped to
confirm the developmental stage (purple-eyed pu-
pae). Each brood frame was placed on a flat
surface and an open-ended PVC tube (7.62 cm
in diameter) was pressed into a frame containing
purple-eyed pupae; this area corresponds to ap-
proximately 207 cells of naturally drawn African
honey bee comb (Muli et al. 2014). The brood
cells were then pin killed using a sterilized needle
and each brood frame was returned into its colony.
After 24 h, GHB of a colony was calculated as
follows:

%GHB = (&> x 100
Nit—N uncap

with N o, number of fully and/or partially re-
moved pupae; N, total number of cells (in A.
m . scutellata, this corresponds to 207); and N
uncaps UMber of originally uncapped or emptied
cells.

Ten colonies that removed more than 85% of
the pin-killed worker brood were considered to
show high levels of general hygienic behavior
(Gramacho and Goncalves 2009; Pereira et al.
2013) and hence, were used to evaluate Varroa-
specific hygienic behavior.

2.3. Varroa -specific hygienic behavior of
Apis mellifera scutellata

Varroa -specific hygienic behavior was deter-
mined using the method of Aumeier et al. (2000).
The experiment was designed to detect VSH be-
havior in non-reproducing mites introduced in
patches of closely neighboring brood cells.
Frames containing worker brood cells with eggs
were identified in each hygienic colony, marked,
and followed up until capping. A frame of worker
brood cells, 24 h after cell capping, was removed
from each of the ten hygienic colonies. Worker
brood cells were opened at one edge using solvent
(ethanol)-washed forceps. Female phoretic mites
were carefully introduced into the brood cells
using a tip of a sterilized needle. All target mites
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were placed on the ventral side of the prepupa
without harming the host and the cells were re-
capped with a drop of melted beeswax. On each
experimental day, ten closely neighboring brood
cells were singly introduced with one mite in the
first colony, eight mites singly introduced in the
second colony, and five mites singly introduced
into the third colony. The same procedure was
repeated for the other remaining seven colonies.
At the end of the study period, each colony had
been singly introduced with a total of 69 live mites
(Tab. S1). Six hundred and ninety control cells (69
brood cells per colony) were sham manipulated
(opened and recapped without inserting mites) on
the other side of the same brood frame where the
mites were introduced. Immediately after han-
dling, combs were returned into their original
colonies. Cells were marked and identified by
using a transparent plastic sheet for subsequent
recording of the number of brood cells that were
emptied by the bees. Seventy-two hours later, the
manipulated cells were carefully examined and
recorded as follows: untouched cells (UC), cell
cap opened (or partially opened) (CO), brood and
mite removed (BR), and introduced mite removed
but brood still present and recapped (MR). Un-
touched capped brood cells were carefully exam-
ined to verify the presence of the introduced mites.

2.4. Statistical analysis

We used Generalized Linear Mixed Effects
Models (GLMM) along with the logit link func-
tion to account for non-normal distribution of the
data for analysis of effects of the insertion of
mites’ vs the control, the effect of the category
of Varroa -specific hygienic behavior and the
number of mites introduced and for the effect of
the number of mites introduced and the time point
of manipulation within each of the categories of
Varroa -specific hygienic behavior. Colony was
used as a random factor in each of the models.
The response variable was the percentage of cells
within a category of a specific hygienic behavior.
For the comparison treatment vs control, we used
the category UC only, while for all other compar-
isons, all categories were used (UC, CO, BR,
MR). We set-up a null model, which was tested
against the full model using an ANOVA and the
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Akaike Information Criterion (AIC). When the
full model was significantly different from the null
model and had a higher explanatory power
(AAIC of >2), we used stepwise removal of
interactions or factors as model simplification.
Simplified models were tested against former,
more complex models by means of an ANOVA
and AIC. For all statistical tests, we used R ver-
sion 3.3.1 (R Core Team 2016). More detailed
description of statistical methodology is given in
the supplementary material.

3. RESULTS

Artificial introduction of mites provoked
Varroa -specific hygienic behavior in Apis
mellifera scutellata at varying frequencies. Apis
mellifera scutellata worker bees responded highly
to manipulated brood cells artificially infested with
mites as compared to control cells (GLMM,
p <0.001). The percentage of untouched cells
was high in controls (median, 80%, first quartile
80%, third quartile 90%) and significantly different
from treatments where mites had been introduced
(median, 12.5%, first quartile 0%, third quartile
40%) (Figure 1). We observed four categories of
behavior, of which three represent typical hygienic
behavior. The categories untouched cells (UC), cell
caps opened (CO), brood removed (BR), and mite
removed and cell recapped (MR) showed a signif-
icant interaction effect with the number of mites
introduced (GLMM, behavior category x number
of mites, p >0.001). When categories were ar-
ranged according to their relationship to classical
categories of Varroa -specific hygienic behavior,
uncapping (CO, BR, MR) and removing (BR,
MR), their expression showed a dependency on
the number of mites introduced. Five mites singly
introduced into closely neighboring cells evoked
less uncapping and less removing.

As there is no way to determine single effects
under a significant interaction term in complex-
generalized linear models when used with link
functions, we studied all behavioral categories
(UC, CO, BR, MR) separately (Figure 2). There
was no significant effect of time of mite introduc-
tion; however, there was a significant effect of the
number of mites. The percentage of untouched
cells, when singly infested with five, eight, or
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Figure 1. Percentage of untouched cells by Apis mellifera scutellata in manipulated cells artificially infested with
mites (n = 110) and controls (n =579). Shown is the median (line), first and third quartile (box), first and third incl.
1.5 *interquartile range (IQR) (whisker), and outliers (dots).

ten Varroa mites, varied significantly (GLMM,
p <0.001). Similarly, cells from which mites were
removed and brood cells were recapped were
significantly affected by the number of mites in-
troduced (GLMM, p <0.001). The percentage of
cell caps opened and brood and mite removed did
not differ between different numbers of mites
introduced (GLMM, p >0.05). In fact, for cell
caps opened, the null model was the one with
highest explanatory power according to the AIC
(see model selection and simplification in Tab.
S2). In all cases with a significant effect of the
number of mites, the time point of introduction
and the interaction term (number of mites x -time
point) were removed from the models after step-
wise removal (Tab. S2).

Post-hoc tests (Tukey HSD) were used to infer
which pairwise differences for the factor number
of cells singly introduced with mites (five, eight,
or ten) were significant (Figure 2). Our results
indicated that for the untouched cells, there was
significant difference between five vs eight cells
singly infested with mites (p <0.001) and five vs
ten cells singly infested with mites (p <0.001),
while there was no significant trend for eight vs
ten cells singly infested with mites (p =0.07)

(Figure 2a). The percentage of introduced mites
removed but brood still present and recapped
showed significant difference when five vs eight
(p <0.001) and five vs ten singly infested cells
(p <0.001) were considered, but no significant
difference between eight vs ten singly infested
cells (p =0.435) (Figure 2d). Overall, the effect
sizes were considerably large with 7* = 0.662 for
untouched cells and »*=0.333 for mite removed
and cell recapped.

In this study, A . m . scutellata bees responded
towards artificially infested brood cells within a
relatively short period. Maximal rates of manip-
ulation were already recorded after 72 h. This
result confirms previous observations that bees
usually react to Varroa- infested brood cells with-
in a few days following infestation (Aumeier
et al. 2000; Guerra Jr. et al. 2000; Aumeier and
Rosenkranz 2001; Harris 2007). The live mites
were removed in 178 of 690 (25.8%) manipulat-
ed brood cells, and the cells had been properly
recapped by the VSH bees, while only in a
minor fraction of cases, 43 of 690 (6%) cells
were found completely emptied (BR) with no
recordings of the other hygienic behavioral com-
ponents (UC, CO, MR).
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Figure 2. Percentage response of Apis mellifera scutellata to manipulated cells introduced with mites. a untouched
cells (n =110), b cells cap opened (n =171), ¢ brood and mite were removed (n =231), d mite was removed but
brood is still present and recapped (n = 178). Vector number of mites were significant fora, ¢, and d (GLMM, p <
0.001) and b was not significant (GLMM, p > 0.05). Different letters in a and d indicate significant difference in
Tukey post-hoc test. Shown is the median (line), first and third quartile (box), first and third incl. 1.5 *IQR (whisker),

and outliers (dots).

4. DISCUSSION

Our study strongly indicates a more com-
plex combination of Varroa -specific hygienic
behavioral components in Apis mellifera
scutellata colonies. Of the 690 brood cells
(69 brood cells per colony) artificially intro-
duced with mites, Apis mellifera scutellata
bees were able to uncap, remove the mite and
recap 25.8% of the brood cells (178 of 690
manipulated cells) and removed 33.5% of the
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infested pupae together with the mite (231 of
690 manipulated cells). This is comparable to
previous studies that compared to Africanized
bees and Carniolan bees reported that 10% of
the infested pupae had been removed by VSH
bees and in about one third of the manipulated
cells the mite had been removed (Aumeier
et al. 2000; Aumeier and Rosenkranz 2001).
Aumeier and Rosenkranz (2001) further noted
that Africanized bees were able to express
hygienic behavior of between 24 and 44%
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(summing up all behavioral components) in
cells artificially infested with dead mites.
Guerra Jr. et al. (2000) documented that Afri-
canized bees expressed hygienic behavior with
a mean of 51% of the total artificially mite-
infested brood in experiments that compared
them with Italian honey bees. Panziera et al.
(2017) also reported that VSH bees are able to
remove up to 40% of mite infested brood cells
in naturally selected Varroa resistance honey
bees of European origin. Our results indicated
that the percentage of artificially infested
brood cells which were subject to Varroa -spe-
cific hygienic behavior (CO, BR, MR) was
84.1% (580 cells out of 690 manipulated cells
with mites) when at least cell opening is con-
sidered. In 59.3% of all cases (409 of 690
cells), the mite was removed (BR, MR). How-
ever, there was a strong effect of the number of
mites introduced, with treatments where ten
mites were singly introduced in a patch of
closely neighboring brood cells showing
highest levels of uncapping (95.7%) and re-
moval (70.3%). These findings suggest that
there is higher expression of Varroa -specific
hygienic behavior in Apis mellifera scutellata
as compared to Africanized bees and strain of
honey bees of European origin. However, the
expression of hygienic behavior is strongly
influenced by environmental factors (nectar
flow and strength of honey bee colonies) and
by the percentage of bees in the colony capa-
ble of performing the task (Momot and
Rothenbuhler 1971; Arathi and Spivak 2001).

VSH behavior in our study was estimated in
the first 72 h after introduction suggesting that
it measures the ability to recognize and elimi-
nate mites as such before (severe) damage to
the pupae occurs. A study by Frey et al. (2013)
revealed that within the first few hours after
cell capping, honey bee worker larvae provide
the signals for the activation of the Varroa
reproduction and therefore increased chances
of mites’ removal during this period. Our
study demonstrates that bees continuously
seek to clean brood 24 h after cell capping,
an indication that other factors are involved in
eliciting VSH behavior. Though reproducing
mites are removed at a higher rate by VSH
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bees leading to higher percentage of infertile
mites (Harbo and Harris 2005), the high VSH
behavior observed in our study was signifi-
cantly contributed by mites’ introduction in
patches of closely neighboring brood cells.
Furthermore, the studies of the American
groups of Harbo and Spivak used selected
lines of honey bees of European origin, while
we have studied the behavior in a natural pop-
ulation of honey bees of African origin. The
origin of bees might also explain differences in
the mechanistic basis of VSH behavior.

Another environmental factor might be a form
of adaptation of the colony in form of learning
over time. This was not evident in our experiment,
which was performed over a total time period of
4 months. The factor time never had an effect on
the outcome of VSH behavior indicating that
learning might not play any significant role. Pre-
sumably, workers perform the tasks of hygienic
behavior only during a restricted time of their
lifetime and hence, learning is not possible over
longer time periods. Furthermore, a colony is
genetically diverse hence, the activity of individ-
ual hygienic bees is not sufficient to meet the
increased demand for task performance (Arathi
et al. 2006). Studies have shown that olfaction
plays a role in hygienic behavior (Masterman
et al. 2000; Plettner et al. 2017) and that the origin
of VSH behavior is at least partly related to shifts
in antennal gene expression (Mondet et al. 2015),
therefore, olfactory cues might have played a crit-
ical role in the expression of VSH behavior in this
study. Worker bees may have detected the pres-
ence of different densities of mites in brood cells
using these cues other than the previously known
fertility signals and the response to these chemical
signals seem to be additive as highest removal
rates were observed for eight or ten mites com-
pared to five mites singly introduced in closely
neighboring brood cells.

Moreover, our results indicate that the expres-
sion of Varroa-specific hygienic behavior is
strongly dependent on the density of mites at a
certain region/patch of neighboring brood cells
infesting the colony. We observed a strong and
highly significant effect of the number of mites
that were introduced for the total number of cells
that were left untouched by the bees and for the
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number of cells which were opened, mite was
removed, and the cell was recapped. The two
variables were shown to be strongly dependent
on the number of mites introduced, an effect that
was not seen for the number of cells which were
opened only and from which brood and mite
were removed. The strong effect of the number
of mites on the expression of hygienic behavior
is an indicator for the involvement of chemicals
in the recognition of mites infesting cells (Nazzi
and Le Conte 2016; Plettner et al. 2017). VSH
bees were more responsive to manipulated brood
cells singly introduced with ten mites in a patch
of neighboring brood cells as compared to those
singly introduced with five mites in a patch of
neighboring brood cells probably because the
chemical signals that triggers hygienic behavior
are less concentrated and harder to detect in
brood with low infestation rate (Masterman
et al. 2001; Martin et al. 2002). However, it
might be that hygienic bees that uncap and re-
move mites have a specific internal threshold
(Theraulaz et al. 1998) for performing that task
and under low infestation levels only a minority,
those with a low threshold for the odorant cue
performs the task. With increasing numbers of
mites more workers will become involved, as
those having a higher threshold will also perform
the task. Though the experiment was done using
low mite infestations, VSH behavior plays an
important role in Varroa resistance at the level
of the colony as this behavior might get signif-
icant at high mite infestation levels, after a brood
less period (the starting small capped brood
cluster in a colony), and just before a new brood
less period (the last small concentration of
capped brood). Furthermore, the placement of
controls on the other sides of the brood combs
may have had an effect in our study. However,
the difference in VSH behavior among the dif-
ferent densities indicates that the bees clearly
exhibited VSH behavior. Though removal of
mite infested brood has been confirmed in most
research studies (reviewed in Boecking and
Spivak 1999), it is not clear whether the mech-
anisms for the detection of dead brood are the
same as for the detection of mite-infested cells
and whether there is sufficient correlation be-
tween “killed brood” and “removal of mite
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infested brood cells” (Boecking et al. 2000).
Despite this, “Mite-only removal” behavior can
be considered an adaptive behavioral mechanism
that reflects the specific response of hygienic
bees to mite-infested brood cells leading to re-
duced fitness of the Varroa mite.

In this study, we confirmed that Apis mellifera
scutellata bees are able to remove introduced
mites and recap the brood cells; therefore, Varroa -
specific hygienic behavior is triggered by high
infestation rates in patches of closely neighboring
brood cells. Our recommendation is that future
research should focus on VSH behavior between
subspecies of African bees and European bees.
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