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Abstract – How beekeepers can propagate the Varroa-resistant traits they have in their colonies depends on 
how varroa resistance, i.e. the key hygienic behavioural traits, is passed onto the next generation. This study 
investigates if the key hygienic traits are passed between workers via learning as is known to happen in bumble 
bees, or are the resistant traits encoded into the queens and thus her offspring. To test this, we re-queened known 
mite-resistant colonies with mite-naïve (susceptible) queens in both Hawaii and the UK. We also placed resist-
ant queens in susceptible colonies in the UK. After 5 months in Hawaii and 12 months in the UK, mite levels in 
adults and brood were measured. In Hawaii, mite removal and cell recapping levels were also assessed. In both 
locations, the mite levels in colonies headed by suspectable (mite-naïve) queens or their daughters significantly 
exceeded that found in colonies headed by resistant queens or their daughters. The initial presence of resistant 
or suspectable workers did not affect the result. Therefore, to propagate mite-resistant traits, beekeepers only 
need to re-queen a colony with a locally mated queen from an established resistant population, as some UK and 
Hawaiian beekeepers are already doing.
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1. INTRODUCTION

Globally, the ectoparasitic mite Varroa 
destructor remains the main pest that beekeep-
ers must regularly deal with. In Northern Hemi-
sphere countries, mite populations are usually 
controlled using a range of miticides that are 
administered by beekeepers at least annually. In 
the UK, oxalic acid, thymol, amitraz, and for-
mic acid account for 80% of the miticides used 
(Valentine and Martin 2023). In many Southern 

Hemisphere countries, mite treatments are either 
too expensive, not available, or their honey bees 
have just been left to adapt to the mite naturally. 
For example, both South Africa (Allsopp 2006) 
and Cuba (Luis et al. 2022) never used miticides 
but instead allowed V. destructor resistance to 
develop, and after several years of losses, colo-
nies developed mite resistance. Most Northern 
Hemisphere-managed colonies are now locked 
into long-term treatments to control their in-hive 
mite populations. Thus, beekeepers need a more 
controlled approach to transition towards manag-
ing mite-resistant honey bees.

Recent studies in Europe (Oddie et al. 2018), 
the UK (Hawkins and Martin 2021), South Africa 
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(Allsopp 2006), the Caribbean (Luis et al. 2022), 
and Latin America (Martin et al. 2019) all found 
that mite-resistant populations have developed 
resistance to V. destructor using the same mecha-
nism (Grindrod and Martin 2021). Briefly, resist-
ant honey bee workers can perceive that a group of  
unique compounds (ketones and acetates) found in 
cells are associated with the presence of mite off-
spring (Mondet et al. 2021). This leads to increased 
targeted removal via cannibalism of the infested 
pupae by the worker bees. Although the mother  
mite escapes, her immature offspring all perish since 
the detection and removal of mite-infested cells 
typically occurs many days before bee eclosion. 
V. destructor mites are only able to perform two to  
three reproductive cycles (Fries and Rosenkranz  
1996; Martin and Kemp 1997) due to the limited 
number of eggs they can produce (Akimov and 
Yastrebtsov 1984; Mikityuk 1979). The persistent 
loss of offspring leads to increased rates of infertil-
ity in the mites (although some virgin females can 
mate with their own son, this is rare [Häußermann 
et al. 2020]), which leads to lower mite population 
growth and therefore lower viral loads (de Souza 
et al. 2020; Mendoza et al. 2020). The increased 
detection of mite-infested brood also leads to 
increased recapping rates since recapping is spa-
tially associated with mite-infested cells (Grindrod 
and Martin 2021).

A survey of 2897 UK beekeepers in 2020 
found at least 6% of beekeepers had been manag-
ing their honey bees without any mite treatments 
for over a decade (Valentine and Martin 2023). 
In addition, around 25% of the respondents were 
trying to become treatment-free beekeepers. To 
help the beekeepers transition to treatment-free 
beekeeping, it is important to understand how 
mite resistance is passed on successfully between 
each generation of honey bees. Beekeepers can 
buy newly mated queens or packages of bees 
(workers plus the newly mated queen). Learn-
ing by observation of a new behaviour between 
workers has been shown in bumblebees (Loukola 
et al. 2017) and several other insects (Adam et al. 
2022; Leadbeater and Chittka 2007). Therefore, 
if the detection and removal of mite-infested 
worker cells is a worker-worker learnt trait, then 
packages of bees would need to be purchased, 

whereas if the key hygienic traits have become 
fixed in the queen and thus passed onto her 
workers, then the cheaper and easier option of 
selling locally mated queens derived from resist-
ant colonies would be possible. This is important 
since the raising and selling of new queens is 
an already well-established worldwide industry.

The aim of this study was to investigate the 
role of workers versus the queen in passing on 
resistant behaviours to the next generation of 
honey bees. This was achieved by re-queening 
resistant colonies with susceptible mite-naïve 
queens in both the UK and Hawaii, USA. In 
addition, in the UK, we also were able to re-
queen mite-naïve colonies with resistant queens.

2.  MATERIAL AND METHODS

2.1.  Study sites setup

Due to coronavirus and legal restrictions, 
a fully bi-directional experiment exchanging 
resistant and mite-naïve (susceptible) queens was 
not possible since it is illegal or irresponsible 
to introduce V. destructor into any established 
mite-naïve honeybee population. Therefore, the 
studies were conducted within well-established 
mite-resistant populations that had not been 
treated for over 10 (UK) or 8 (USA) years. Once 
re-queened, the existing worker population 
would be gradually replaced with the genetics 
of the new queen; thus, during that period, there 
would be an opportunity for the old workers to 
teach the new workers how to detect and remove 
infested cells. Since the environmental condi-
tions at each study site were very different (tem-
perate vs sub-tropical), the study periods were of 
different duration.

2.2.  Hawaii

In January 2022, 11 colonies were randomly 
selected from over 100 colonies in a single api-
ary on the Hawaiian Island of Oahu that had not 
been treated for at least 8 years. The 11 study 
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colonies each had their levels of recapping, mite 
brood infestation, number of phoretic mites, 
and their ability to remove mite-infested worker 
cells evaluated at the start of the study, all of 
which confirmed their resistant status. Then, six 
mite-naïve colonies from Kauai Island had their 
recapping levels measured. Due to importation 
restrictions, we moved six mated queens (with-
out attendant workers) from the Kauai apiary to 
the study apiary under license. The 11 resistant 
study colonies were ranked on brood infestation 
levels, and the six odd-ranked colonies were 
de-queened before introducing the six Kauai 
queens. Five of the queens were accepted and 
continued egg-laying. Over the next 4 months, 
the five colonies headed by Kauai queens and 
five resistant colonies were left to develop. On 
7 May 2022, the recapping levels, brood infesta-
tion, number of phoretic mites, and removal of 
mite-infested worker pupae were all re-evaluated 
in the remaining ten study colonies. Although 
one colony with a Kauai queen died in early May 
2022 due to V. destructor, as evidenced by bees 
with deformed wings, lack of bees, and high mite 
levels, despite this, we were still able to measure 
recapping levels in this colony.

2.3.  England

The UK study was conducted in Worcester-
shire, England, where a previous study (Hawkins 
and Martin 2021) had found both high recapping 
rates and low mite infestation in this resistant 
population. The beekeeper had around 70 colo-
nies in 10 different apiaries that had not been 
treated for over 10 years, confirming their resist-
ance. The apiaries covered an area of approxi-
mately 75 square miles (195  km2), but an addi-
tional survey of recapping rates in a further five 
neighbouring apiaries indicated that they were 
also very likely to be mite-resistant with recap-
ping rates of infested worker brood greater than 
55%. This extends the area of the resistant popu-
lation to around 200 square miles (500  km2).

On 2 September 2020, four mite-naïve queen-
right five-framed nuclei colonies from the V. 
destructor-free Isle of Colonsay, Scotland, plus 

two spare Colonsay queens were transported 
overnight to the Worcestershire study apiary 
that already contained six resistant queen-right 
five-framed nuclei. In early September, the six 
marked mite-naïve Colonsay queens were intro-
duced into the six nuclei containing resistant 
workers, while four marked resistant queens 
were placed into the queen-less colonies contain-
ing mite-naïve workers (Figure 1). During the 
winter, one colony headed by a Colonsay queen 
died with another Colonsay queen dying during 
summer. In spring, a Colonsay queen was split 
for swarm control and its daughter was mated 
locally, i.e. most likely with a resistant drone, 
and kept in the trial. The four nuclei contain-
ing Colonsay workers and a resistant queen all 
swarmed in early April 2021. One swarm was 
caught and re-hived. The remaining three colo-
nies raised daughter queens that were mated 
locally, i.e. with resistant drones. On 13 July 
2021, two more mite-naïve queen-right colonies 
from Colonsay were brought to Worcestershire. 
These were re-queened with resistant queens, 
and two Colonsay queens were introduced into 
the two resistant colonies that had been de-
queened, but one Colonsay queen was rejected 
and removed from the study. On 8 September 
2021, sealed brood samples (200–300 cells) were 
collected from the five colonies (four queens plus 
one daughter) headed by Colonsay queens (Q-N) 
and four resistant daughters (Q-R) that had suf-
ficient sealed brood to be sampled to calculate its 
infestation rate. After 1 year on 14 October 2021, 
all experiment colonies (five naive queens plus 
one daughter and one resistant queen plus six 
daughters) had their phoretic mite populations 
calculated since all the colonies had no or very 
little worker brood present at that time.

2.4.  Measuring rates of recapping, 
removal, and phoretic mites

The sugar shake method (Dietemann et al. 
2013) was used to estimate the number of pho-
retic mites using approximately 700 bees (UK) 
and 300 bees (Hawaii). Samples were weighed to 
determine the number of bees sampled.
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The mite removal and recapping experiments 
were only performed in Hawaii due to covid 
logistical reasons and measured in January 2022 
and again in May 2022. Measuring recapping fol-
lowed the well-established method (Oddie et al. 
2018; Martin et al. 2019). Briefly, the cell cap 
of a worker brood aged yellow thorax or older 
was carefully removed and inverted. This typi-
cally revealed the shiny silk cocoon covering the 
entire underside of the cap, indicating the normal 
untouched state of the cell cap. However, if the cell 
cap had at some point been opened and recapped, 
the central part of the silk cocoon would be miss-
ing and have been replaced by darker coloured 
wax during the recapping process. The size of 
the recapped area was estimated on a scale of 1 
to 5 mm, with 5 mm indicating the entire cell cap 
had been removed in the past. In Hawaii, 107–158 
cells were sampled per colony, due to consistently 
high recapping levels in this population. However, 

due to the low infestation rate and small number of 
cells sampled (around 120 per colony), we com-
bined the number of infested and non-infested cells 
in each group before data analysis.

The mite removal experiment was conducted by 
inserting 15 individual mites into a frame contain-
ing a recently sealed worker brood, along with 15 
sham ‘control’ openings. The mites were obtained 
from a recently sealed drone brood that was still 
in the larvae or white-eyed pupae stage, i.e. mites 
actively laying eggs. The hope was that by insert-
ing reproductive mites rather than phoretic mites, 
the removal rates would be more realistic since we 
know that honey bees detect compounds produced 
by the mite offspring and potentially not the mother 
mite (Mondet et al. 2021). Eight days later, the cells 
were assessed for removal of pupae. Due to the 
small number of mites inserted (n = 15) per colony, 
all the data was combined per group and the total 
number of cells not removed was analysed.

Figure 1.  A general summary of the experimental setup of the queen swap study in both the UK and Hawaii. Green 
represents resistant workers or queens/daughters and red V. destructor-naïve workers or queens/daughters. Q = queen, 
W = worker, N = V. destructor-naïve, and R = V. destructor-resistant. The numbers in brackets indicate the number of 
colonies.
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2.5.  Statistical analysis

As the data were not normally distributed 
a Kruskal–Wallis One-way ANOVA with Post 
Hoc Mann–Whitney U tests were used to com-
pare the infestation level of adult bees. A One-
way ANOVA with Tukey’s post hoc test was 
used to compare the recapped hole size between 
the infested and non-infested cells, since this 
data were normally distributed. To compare 
the size of the recapped hole between infested 
and non-infested cells within each colony t-tests 
were used. Chi-squared tests were used to com-
pare the number of infested versus non-infested 
worker cells, levels of recapping and mite 
removal rates between colonies with resistant 
or varroa-naïve queens.

3.  RESULTS

3.1.  Mite infestation studies

3.1.1.  Hawaii

There was an overall significant difference 
between the number of phoretic mites per 100 
workers in colonies headed by resistant queens and 
mite-naïve queens in May (H(2,17) = 7.01, p = .03). 
The post hoc Mann–Whitney U test showed no sig-
nificance change in phoretic mite numbers between 
January and May in the resistant colonies, but a 
significant increase in phoretic mites (p = .016) 
between the six resistant colonies (January and 
May) and the four remaining colonies headed by 
mite-naïve queens (Figure 2a).

Figure 2.  Significant increase in the number of phoretic mites in the colonies headed by naïve queens/daughters (red 
bars) compared to colonies headed by resistant queens (green bars) both in a Hawaii and b the UK. The same pattern 
was also seen in the V. destructor infestation levels of worker brood both in c Hawaii and d the UK over the study 
period. The numbers in the parenthesis indicate the number of colonies used to calculate the value.
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The mite-infested worker cells showed the same 
pattern as the phoretic mite numbers (Figure 2c). 
When comparing the total number of infested ver-
sus non-infested worker cells in each group, overall, 
there was a significant difference between the four 
groups (X2

[1, n=2664] = 27.26, p = .00001). Further 
comparisons showed no significant difference 
(X2

[1, n=2043] = .676, p = .41) between the January 
and May resistant groups, but a significant increase 
(X2

[1, n=1327] = 12.98, p = .0003) in the naïve queen 
group in May’s infested worker brood infestation 
levels (Figure 2c).

3.1.2.  UK

Since the removal of the mite-naïve daughter 
queen or the three additional July 2021 colonies had 
no significant effect (p < .03) on either the adult or 
brood mite infestation data (supplemental data), all 
data was used. A similar pattern was observed in 
the UK since, at the end of the study, significantly 
higher (H(1,12) = 9, p = .0027) mite infestation levels 
of adult bees were found in the six colonies headed 
by mite-naïve queens, or their daughter, compared 
to the seven colonies headed by a mite-resistant 
queen or six daughters (Figure 2b).

For the infestation level of worker brood 
(Figure 2d), there were significant differences 
between the four groups (X2

[3, n=5309] = 1171.31, 
p < .00001); further comparisons showed no sig-
nificant difference in the worker brood infesta-
tion level in the seven colonies headed by resist-
ant queens/daughters after 1 year, whereas there 
was a significant increase (p < .00001) in the 
worker brood infestation level in the six colonies 
headed by mite-naïve queens.

3.2.  Recapping: Hawaii (only)

The level of recapping in the five Kauai colo-
nies was determined by inspecting 3090 worker 
cell caps. The median and mean recapping lev-
els were 1.3% and 3.3% respectively due to a 

single colony having a recapping level of 11%. 
Total recapping levels remained consistent in the 
resistant colonies (59% in January and 60% in 
May) (Figure 3a). Although there was a large 
increase from 3% in recapping from the mite-
free colonies to 34% in mite-infested colonies, it 
was still significantly below (X2

[1, n=199] = 12.1, 
p < .0005) that found in resistant colonies (Fig-
ure 3a). Within every colony (n = 22), the per-
centage of infested cells recapped was always 
greater than that found in non-infested cells 
(Figure 3b).

The mean diameter of the recapped hole 
was consistently greater in infested brood than 
in non-infested brood (Figure 3c). Analysis of 
all the data indicated a significant difference 
between the means (f(6, 1408) = 35.9, p < .00001) 
of the seven groups. Tukey’s post hoc tests 
showed significantly larger holes in the infested 
cells of the resistant colonies in both January 
(Q = 6.65, p < .0001) and May (Q = 12.15, 
p < .00001). However, in the mite-naïve 
group, there was no significant difference in 
diameter between the infested and non-infested 
cells (Q = 3.98, p = .07), although there was a 
significant increase in hole size from January to 
May (Q = 7.21, p < .00001) (Figure 3c).

3.3.  Mite removal study: Hawaii (only)

There was no significant difference between 
the high removal rates of artificially infested cells 
in the resistant colonies between January 2022  
and May 2022 (X2

[1, n=246] = 0.188, p = .66). How-
ever, the percentage of artificially mite-infested 
cells removed in May was significantly lower 
in the mite-naïve colonies (X2

[1, n=152] = 10.33, 
p = .001) compared to resistant queen colonies. 
The number of control cells removed, dropped 
significantly (X2

[1, n=239] = 4.7, p = .03) in the 
resistant colonies between January 2022 and 
May 2022. However, there was no significant 
difference (X2

[1, n=152] = 0.59, p = 0.44) in the 
removal of control cells between the resistant 
and naïve colonies in May (Fig. 4).
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4.  DISCUSSION

Despite the environmental differences 
between the UK and Hawaii, the results from 
both locations confirmed that V. destructor lev-
els on the adult bees and in the worker brood 
increased significantly in colonies headed by 
mite-naïve queens or their daughters. In con-
trast, mite levels remained constant in colonies 
headed by a resistant queen or their daughters. 
All the colonies headed by mite-naïve queens/
daughters died, in Hawaii within 6–8 months 
or the start of the study and in the UK dur-
ing the following winter. The percentage of 
mites in both adults and worker brood in the 
UK naïve queen colonies was almost double 
that of found in Hawaii. This likely reflects the 
lack of worker brood towards the end of the UK 
season, whereas, in Hawaii, worker brood was 
produced continuously and increased through-
out the experiment. The key trait of ‘removal of 
infested cells’ in Hawaii showed a consistently 

high (70%) level in the resistant colonies, 
whereas it was significantly lower (45%) in the 
colonies headed by mite-naïve queens. This 
lower level of mite removal was similar to that 
found by Hawkins and Martin (2021) where V. 
destructor-naïve colonies from the Isle of Man 
removed 39%, 37%, 33%, and 7% of the live 
mites used to artificially infest worker cells.

All colonies headed by resistant queens sur-
vived; however, the colony dynamics differed 
between the two sites. In the UK, colonies 
headed by resistant queens swarmed, and the 
resulting six daughter colonies all survived. In 
Hawaii, the colonies headed by a resistant queen 
were healthy but had not swarmed when the 
study ended. This difference in colony dynamics 
was likely due to the length of the study periods 
and to a very unusual UK season in which sev-
eral of the colonies swarm very early in April; 
nonetheless, all the new queens mated success-
fully. The colonies headed by the naïve (Colon-
say) queens in the UK had approximately half 

Figure 3.  a The total recapping activity (yellow and red strips) in the resistant colonies remained stable between 
January and May. Whereas the workers of naïve queens increased recapping from V. destructor-free colonies (yel-
low) to those that were infested (yellow and red strips) but still significantly below the level of the resistant queens. b 
In all groups, infested cells (red) were recapped significantly more than non-infested cells (yellow). c The sizes of the 
recapped holes of infested worker cells were always significantly larger in colonies headed by resistant queens, but 
not in colonies headed by mite-naïve queens.
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the amount of brood and were not as strong as 
those headed by the resistant queens at their first 
inspection in April 2021.

The percentage of recapping in the Hawaii 
resistant control colonies remained higher than 
in the colonies headed by naïve queens. How-
ever, those colonies headed by naïve queens, and 
hence later naïve workers, showed an unexpected 
increase in the recapping of the worker-infested 
cells compared to the original levels of recap-
ping in their mite-free populations. Nevertheless, 
the comparatively lower level of infested brood 

removal by naïve workers led to significant 
increases in the mite population and ultimately 
the demise of their colony. This may suggest 
that they first developed the ability to investigate 
cells with unusual odours but had yet to fully 
develop the key behaviour of hygienic ‘removal 
via cannibalisation’ response.

Mondet et al. (2021) showed that although 
many bees can detect the ketones and acetates 
coming from an infested cell, only colonies 
with workers that can link the perceived odour 
with the presence of V. destructor have become 

Figure  4.  Removal rates of artificially inserted V. destructor mites fell in the group of colonies headed by naïve 
queens in Hawaii while the high levels found in the resistant colonies did not change. The removal rate of controls 
was consistently lower than that of artificially infested cells.
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resistant. One possible mechanism is that this 
trait could be first perceived or ‘learnt’ by 
workers and then passed onto the queen before 
becoming hardwired into her genetics. There are 
several epigenetic processes including transcrip-
tion factor binding, histone post-translational 
modifications, DNA methylation, and regulation 
by non-coding RNAs that all function in concert 
to stabilise phenotypic responses to transient 
environmental cues by inducing and maintaining 
associated gene expression patterns (Yan et al. 
2014). Whether such epigenetic modifications 
(e.g. DNA methylation) are heritable across gen-
erations in eusocial insects is still been debated 
(Sieber et al. 2021). The other option is that the 
offspring of some queens have a higher ability to 
perceive new odours and adapt their behaviour 
accordingly; further studies are needed to shed 
light on the precise mechanism.

It is unknown if some colonies or populations 
are ‘spring-loaded’, i.e. they already have a high 
level of perception among some of their workers 
so can adapt quickly to new pests. The appear-
ance of feral/wild surviving populations despite 
V. destructor across Europe and the USA (Moro 
et al. 2021), the UK (www. varro aresi stant. uk), 
and Ireland (Browne et al. 2021) all demonstrate 
that many wild and managed populations can 
become resistant once the initial devastating 
wave of mites has passed through the popula-
tion. Currently, it is unknown if some popula-
tions of colonies are pre-adapted to deal with V. 
destructor, i.e. already possess workers with a 
high level of perception, or does each colony/
population need to develop resistance to the mite 
before spreading through the population. Unlike 
in managed colonies, feral colonies are free to 
swarm, and this is known to temporarily reduce 
the mite population and may help with the devel-
opment of resistance as shown by Seeley (2017).

The role the drones play in resistance was 
not measured in this study directly. However, 
despite being locally mated, the daughter of 
the queen-naïve still had a high level of brood 
infestation (39% vs. overall mean for the naïve 
queens = 40%), and 25 phoretic mites per 100 
bees which was the same as two other naïve 
queens from the study. For the colony headed 

by the original resistant queen, the number of 
phoretic mites was five per 100 bees while the 
average of the six daughters was seven per 100 
bees. Despite the swarming in April, the aver-
age worker brood infestation level in autumn was 
7%, which is higher than the 3% measured in this 
population in 2019 (Hawkins and Martin 2021).

The key finding that a locally mated resist-
ant queen can be used to re-queen any colony 
and that the colony will become resistant is 
supported by the observations of beekeepers. 
It is now well established that beekeepers in the 
UK and the Hawaiian island of Oahu manage 
collected swarms from long-lived free-living 
colonies that have developed V. destructor 
resistance. Queens raised from this stock have 
then been used to re-queen susceptible colo-
nies to allow beekeepers to manage their bees 
without the need for miticide treatments. There 
are several case studies of this given on www. 
varro aresi stant. uk.
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