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Abstract
The infestation of honey bees by the endoparasitic tracheal mite Acarapis woodi was first discovered in Apis mellifera on the 
Isle of Wight, England, and the mite has since spread to all continents except Australia. Since 2010, this tracheal mite has 
spread rapidly in the Japanese honey bee, Apis cerana japonica, of mainland Japan, causing considerable colony mortality. In 
contrast, infestations by the mites in the imported and managed European honey bee, A. mellifera, have rarely been observed 
in Japan. A previous laboratory experiment revealed a difference in susceptibility by demonstrating that the tracheal mite 
more frequently enters tracheae of A. cerana than those of A. mellifera. In this study, we compared autogrooming responses 
of A. cerana and A. mellifera by depositing a mite on each honey bee’s mesoscutum, and we then assessed the efficacy of 
autogrooming to remove the mite. The bees that received mites more frequently showed an autogrooming response compared 
to unchallenged bees in both bee species. However, a significantly greater proportion of A. mellifera individuals autogroomed 
compared to A. cerana. In addition, when bees autogroomed, A. mellifera removed the tracheal mite more effectively than A. 
cerana. When considering all bees in the mite-deposited group, the proportion of mite removal in A. mellifera was almost 
twice as high as that in A. cerana. Thus, the difference in susceptibility to the tracheal mite between these two bee species is 
attributed to the difference in the behavioral response threshold to mites and the effectiveness of mite removal by grooming.
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Abbreviations
EIDs	� Emerging infectious diseases
LT	� Local time
AIC	� Akaike information criterion

Introduction

Emerging infectious diseases (EIDs) are defined as diseases 
that have recently increased in incidence, geographical 
range, or host range; have changed pathogenesis; or have 
been discovered or newly recognized (Lederberg et al. 1992; 
Morse 1993; Daszak et al. 2000). A majority of EIDs are 
caused by a change in host–parasite ecology. A so-called 
host–parasite evolutionary arms race has been found in many 
biological systems: parasites adapt to increase their success 
rate of parasitism, whereas hosts adapt to prevent parasitism 
or reduce pathogenicity (Forfert et al. 2015). Under the cur-
rent trends of globalization, however, more and more exotic 
species are being introduced into new locations via numer-
ous transport networks (Banks et al. 2015), which allows 
parasites or pathogens to encounter novel hosts (Daszak 
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et al. 2001). Such introductions have a particularly great 
impact because the new hosts do not have effective coun-
termeasures to prevent parasitism or reduce pathogenicity.

In honey bees, many EIDs involve interactions between 
naïve hosts and introduced parasites, because international 
trade in domesticated bees and bee products has increased 
over the past several decades (Mutinelli 2011). For instance, 
the ectoparasitic mites Varroa destructor and Tropilae-
laps mercedesae native to Asia and the small hive beetle 
Aethina tumida native to Africa are harmful to subspecies 
of the European honey bee, Apis mellifera (Neumann and 
Ellis 2008; Nazzi and Le Conte 2016; Chantawannakul 
et al. 2018). These EIDs are some of the factors behind the 
decline of honey bee populations seen mainly in northwest-
ern Europe and North America, which is in turn causing a 
decline in pollination service (Fürst et al. 2014; Dicks et al. 
2016).

The infestation of honey bees by the endoparasitic tra-
cheal mite Acarapis woodi was first associated with a 
condition that caused considerable colony mortality in A. 
mellifera on the Isle of Wight, England, in the early 1900s 
(Rennie 1921), and the mite has since spread to all conti-
nents except Australia (Sammataro et al. 2000). The tracheal 
mite is approximately 125–175 μm in length (Delfinado-
Baker and Baker 1982) and spends its life in a trachea of 
a single host (Sammataro and Needham 1996). Both lar-
val and adult mites pierce the honey bee’s tracheal walls to 
feed on the hemolymph (Pettis and Wilson 1996). Mated 
females leave the trachea and migrate to a trachea of a newly 
emerged bee to start reproducing (Sammataro and Needham 
1996). The mite’s population size and prevalence increase 
in winter, probably because of increased longevity of bees 
during this season and increased clustering with cooler tem-
peratures (Otis and Scott-Dupree 1992). Colonies heavily 
infested with A. woodi show greater mortality (Bailey and 
Lee 1959), low honey production (Eischen et al. 1989), and 
thermoregulatory disorder in cool climates (Eischen 1987; 
McMullan and Brown 2009), due to damage of the bees’ 
tracheal systems.

Acarapis woodi was first recorded in Japan in 2010 (Min-
istry of Agriculture, Forestry and Fisheries 2019). In Japan, 
there are two Apis species, the native Japanese honey bee, 
Apis cerana japonica, and the European honey bee, A. mel-
lifera, which is a non-native and managed species. The mite 
has spread rapidly in A. cerana over a wide range of the 
country (37 of 47 prefectures, totaled from Maeda 2015; 
Maeda and Sakamoto 2016; Ministry of Agriculture, For-
estry and Fisheries 2019) and brought about heavy dam-
age in winter (Maeda and Sakamoto 2016). In contrast, A. 
woodi has been observed in only a few colonies of A. mel-
lifera in Japan (Kojima et al. 2011; Ministry of Agriculture, 
Forestry and Fisheries 2019; Maeda, unpublished data). 
That difference of susceptibility between Apis species was 

demonstrated by laboratory experiments showing that tra-
cheal mites more frequently enter tracheae of A. cerana than 
those of A. mellifera (Sakamoto et al. 2016). Some research-
ers have proposed that the infestation rate decreases if honey 
bees sufficiently remove the tracheal mite before it migrates 
into a new host and that autogrooming is involved in mite 
removal (Danka and Villa 2003; Sakamoto et al. 2016). 
Autogrooming with the pro- and/or mesothoracic legs ena-
bles bees to remove ectoparasites (Boecking and Spivak 
1999; Danka and Villa 2005).

In this study, we conducted an experiment to compare 
autogrooming responses of A. cerana and A. mellifera 
by depositing a mite on the mesoscutum of adult worker 
bees and then assessing the efficacy of autogrooming to 
remove the mite. In addition, we examined which factors 
are involved in the success of mite removal. Based on our 
observations, we discuss why only A. cerana suffers from 
heavy infestation of the tracheal mite in Japan.

Materials and methods

Honey bee colonies

We utilized three colonies of A. cerana japonica and three 
colonies of A. mellifera. The colonies of A. cerana were cap-
tured as swarms from the field in the spring of that year. The 
colonies of A. mellifera were unrelated and were a crossbred 
race derived mainly from A. m. ligustica. First- and second-
year queens were mixed in the A. mellifera colonies. Apis 
mellifera colonies were kept in Langstroth hives, whereas A. 
cerana were kept in smaller movable-frame (205 × 215 mm) 
hives similar to Langstroth hives to allow for the removal of 
frames containing emerging bees for this study. All colonies 
were kept at our institutes in Tsukuba City, Ibaraki Prefec-
ture, Japan. To eliminate the effects of acaricides on tracheal 
mites, no treatments for varroa mites were administered for 
at least 6 months before starting the experiments in all colo-
nies used in this study, although such treatments are ordinar-
ily administered in colonies of A. mellifera in Japan.

Preparation for the experiment

The experiment was prepared and conducted at our labora-
tory in October and November 2015. Brood combs were 
cut into small pieces, and each was placed in a 480-ml clear 
plastic cup and kept in a dark incubator to allow for adult 
bee emergence (35 °C, 55% RH). Emerged bees (0–24 h 
old) were removed from combs at 14:00 local time (LT). 
They were placed individually in a 120-ml clear plastic 
cup (64 mm in diameter at the bottom) with a filter paper 
on the bottom. The bees were provided with cotton wool 
kept saturated with 50% sucrose solution (v/v) via a 1.5-ml 
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microcentrifuge tube. CO2 narcosis was not used because it 
induces autogrooming behaviors in honey bees when they 
recover from narcosis (personal observation). When we 
found varroa mites on a bee, we removed them with forceps 
because they induce grooming behaviors. The separated bees 
were kept in another dark incubator (25 °C, 55% RH) until 
the start of the experiment the next day. A total of 713 bees 
(71, 142, and 131 from each colony of A. cerana, 186, 35, 
and 148 from each colony of A. mellifera) were observed 
throughout the experiment.

Depositing mites on mesoscutum of adult honey 
bees and behavioral observations

Tracheal mites used for the experiment were provided from 
three highly infested A. cerana colonies kept by a bee keeper 
or caught from the field in Tsukuba City. Foraging bees were 
caught at the entrance of a hive and kept in a cage at 25 °C 
in our laboratory. Infested tracheae used on the day of an 
experiment were removed from bees and deposited on a 
glass slide on moist filter paper in a Petri dish, so as not 
to dry out the tracheae. Just before starting an observation, 
a mite was removed from a trachea on the tip of a human 
eyelash mounted on a stick. Only female mites were used 
for the experiment.

We conducted the experiment between 08:00 and 18:00 
LT. At this time, the average bee’s age was approximately 
35 h (range 18–52 h). Based on observations that young bees 
aggregate and seem to show thermotaxis, the plastic cup 
with a focal bee was placed on a slide warmer held at 35 °C 
in the 25 °C laboratory. This method encourages bees to stay 
at the bottom of the cup (floor-heating method, Figs. S1, S2). 
Bees that were not stationary were not used for the experi-
ment because it was too difficult to deposit mites on the bees.

A mite was deposited on either the left or right side of 
the bee’s mesoscutum with the eyelash brush. Whether to 
deposit a mite on the left or right side was randomly deter-
mined by throwing a die each time. Control bees were sim-
ply stimulated by stroking once on the mesoscutum with the 
brush. Separate brushes were used for the mite-deposited 
and control groups. After depositing a tracheal mite, we 
observed the bee’s responses for 7 min, within which auto-
grooming responses to mites were sufficiently observed and 
mites did not enter spiracles, based on preliminary observa-
tions (Danka and Villa 2003). Moving a mesothoracic leg 
anteriorly across the mesoscutum was regarded as groom-
ing behavior in this experiment (hereafter “GR”; Movie 
1). We recorded the number of GR attempts, time to initial 
GR, and the positions (i.e., treated or untreated side). The 
performance of a grooming invitation dance by a worker 
rapidly shaking her abdomen, which attracts the attention 
of nestmates (Ruttner and Hänel 1992), was also recorded. 
After the observation period, we held the bee’s body and 

wings by inserting forceps between the thorax and abdomen 
to prevent the mite from falling as the bee flapped its wings 
and confirmed whether the mite was removed or not under a 
microscope. Bees were not re-used in another assay.

Statistical analyses

The proportions of bees that showed GR (hereafter “GR 
bee”) and the proportions of mite removal were compared 
using the Tukey-type multiple comparison test for propor-
tions (Zar 1999). The number of GR attempts was compared 
between the treated and untreated sides by a Wilcoxon rank 
sum test to investigate whether bees respond to the position 
of a mite. Factors associated with successful mite removal 
were estimated with generalized linear models (McCullagh 
and Nelder 1989) in GR individuals. These models assumed 
a binomial distribution and used a logistic link function. The 
response variable was presence of the mite on the body at the 
end of an experiment, and the explanatory variables were the 
time to initial GR (s) on the treated side, the number of GR 
attempts on the treated side, bee species (dummy variable), 
and their interactions. The model with the lowest Akaike’s 
information criterion (AIC) was chosen as the final model.

Results

GR response to the tracheal mite

In each control group of A. cerana and A. mellifera, the pro-
portion of GR bees was approximately 20% (Fig. 1, p > 0.05, 
Tukey-type multiple comparison test for proportions). The 

Fig. 1   Proportions of honey bees grooming their mesoscutum with 
their mesothoracic leg (GR) in control and mite-deposited groups of 
Apis cerana and Apis mellifera. Proportions followed by the same let-
ter are not significantly different by the Tukey-type multiple compari-
son test (p > 0.05)
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proportion of GR bees in the mite-deposited group was sig-
nificantly greater than those of the control group in both bee 
species, and the proportion of GR bees in A. mellifera (69%) 
was greater than that in A. cerana (45%) (Fig. 1; p < 0.05, 
Tukey-type multiple comparison test for proportions). In the 
mite-deposited group, the grooming invitation dance was 
observed only in A. cerana (5.7%). In the control group, the 
dance was not observed in either bee species.

Recognition of the mite’s position

In each control group of A. cerana and A. mellifera, there 
was no difference in the number of GR attempts between the 
treated and untreated sides (p > 0.05, Wilcoxon rank sum 
test; Fig. 2). In the mite-deposited group, the number of GR 
attempts on the treated side was significantly higher than 
that on the untreated side in both A. cerana and A. mellifera 
(p < 0.001, Wilcoxon rank sum test).

Effectiveness of GR to remove the tracheal mite

Compared to those not showing GR, when bees in the mite-
deposited group showed GR on the treated side, the propor-
tions of mite removal increased in both bee species (Fig. 3). 
However, the proportion of mite removal in A. mellifera 
(77%) was significantly higher than that in A. cerana (57%) 
in GR individuals (p < 0.05, Tukey-type multiple compari-
son test for proportions). When considering all bees in the 

mite-deposited group (i.e., both GR and not GR), the propor-
tion of mite removal in A. mellifera (59%) was almost twice 
as high as that in A. cerana (33%) (p < 0.001, Chi-squared 
test, χ2 = 32.67, df = 1).

Factors associated with the removal of tracheal 
mites

According to the generalized linear model with the lowest 
AIC value, the explanatory variables time to initial GR, bee 
species, and no interactions were selected (Fig. S3); short 
time to initial GR and A. mellifera affected the success of 
mite removal (Table 1). The models with the 10 lowest AIC 
values were close, and all of them included bee species (Fig. 
S3).

Discussion

Difference in response behaviors between A. cerana 
and A. mellifera

A tracheal mite placed on the mesoscutum induced GR in 
both A. cerana and A. mellifera, indicating that bees of both 
species were able to recognize the presence of the mite. 
However, the proportion of GR bees in A. mellifera was sig-
nificantly greater than that in A. cerana (Fig. 3), suggesting 
that the behavioral response threshold of A. mellifera to the 

Fig. 2   Number of grooming 
attempts of honey bees during 
the experiment on treated and 
untreated sides in control and 
mite-deposited groups of Apis 
cerana and Apis mellifera. Box 
plots present the lower quartile, 
median, and upper quartile, and 
whiskers represent 1.5 times the 
interquartile range. Differences 
were compared by Wilcoxon 
rank sum test
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mite was lower than that of A. cerana. When exposed to a 
tracheal mite, both bee species groomed intensively on the 
side of their mesoscutum on which the mite was deposited. 
One explanation of this behavior is that the bees responded 
to the physical stimulus of the tracheal mite. A chemical 
stimulus is also a possible explanation, however, as both bee 
species have been shown to detect varroa mites by chemi-
cal signals and remove them from brood cells (Martin et al. 
2002).

Difference in proportions of mites removed 
between A. cerana and A. mellifera

In both species, tracheal mites were absent from approxi-
mately 60 to 80% after the 7-min assay when bees showed 
GR, indicating that autogrooming on the mesoscutum was 

an effective way to remove tracheal mites (Fig. 3). This 
finding was also reported by Danka and Villa (1998), who 
showed that the midleg of A. mellifera plays an important 
role in removing tracheal mites. The lower stimulus thresh-
old for behavioral responses of A. mellifera may facilitate its 
ability to detect and remove the tracheal mite rapidly from 
the body. Our results also demonstrated that GR individuals 
of A. mellifera removed tracheal mites significantly more 
effectively than those of A. cerana.

The best model indicated that the time to initial GR and 
bee species are significant factors in the effectiveness of 
GR. With regard to time to initial GR, the earlier that a bee 
detects and grooms tracheal mites, the higher the proportion 
of mites removed. With a time delay, it is likely to become 
difficult to remove a mite if it hides deep within the bee’s 
hairs or in the groove at the edge of the mesoscutum. How-
ever, the effect of early detection did not differ between bee 
species. The number of GR attempts was not selected as a 
factor in the best model. The result could be attributed to two 
opposite aspects of this factor: mite removal is facilitated by 
increasing the number of GR attempts, whereas the number 
of GR attempts increases if the mite is not removed. Bee 
species definitely affected the removal efficacy because the 
models with the 10 lowest AIC values all included bee spe-
cies. Apis mellifera can remove tracheal mites more effec-
tively than A. cerana by some behavioral differences that 

Fig. 3   In the mite-deposited group, proportions of honey bees on 
whose mesoscutum a tracheal mite was removed in Apis cerana and 
Apis mellifera (a) when bees groomed (GR) or did not groom (not 
GR) and b in total. In a, proportions followed by the same letter are 

not significantly different by the Tukey-type multiple comparison test 
(p > 0.05). In b, the Chi-squared test demonstrated a significant differ-
ence (p < 0.001)

Table 1   Result for the best generalized linear model examining the 
effects of bee species and time to initial GR on the presence of a tra-
cheal mite after the end of experiment

*p < 0.05, **p < 0.01

Variable Estimate SE z value p

Intercept − 0.798
Bee species, A. mellifera − 0.842 0.282 − 2.982 0.003**
Time to initial GR (s) 0.003 0.001 2.473 0.013*
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were not reflected in time and number of GRs and/or some 
morphological differences between the bee species.

What is happening in the natural environment?

In the present experiment, there was no difference in GR 
response between A. cerana and A. mellifera without mites. 
Unlike the experimental conditions with a single worker bee, 
there are nestmates in the natural environment of the hive. 
Danka and Villa (2003) reported that 46–52% of A. mellifera 
individuals with their nestmates autogroomed on their mes-
oscutum compared to 26% without nestmates in the present 
experiment when a tracheal mite was not deposited. This 
finding indicates that the presence of nestmates may also 
trigger bees to autogroom. Moreover, in our previous col-
ony-level assay (Sakamoto et al. 2016), the frequency of GR 
was higher in A. mellifera than A. cerana without tracheal 
mites. Although the presence of nestmates may increase the 
frequency of autogrooming, the threshold of A. mellifera was 
lower than that of A. cerana, so we infer that the frequency 
of autogrooming would be higher in A. mellifera than in A. 
cerana in the natural environment.

Honey bees also can be helped by their nestmates to 
remove mites from their bodies. Such allogrooming nor-
mally involves a dancing bee and a bee that responds to 
the dance by grooming the dancer (Milum 1955). Pettis 
and Pankiw (1998) showed that frequencies of the groom-
ing invitation dance and allogrooming were higher in colo-
nies with larger tracheal mite infestations. In the present 
study, the grooming invitation dance was observed in only 
A. cerana. It is unclear whether allogrooming is effective 
at removing tracheal mites, but this conspecific behavioral 
difference may be another factor related to tracheal mite 
infestation. Further work is needed to explore this question 
in more detail.

Why does the behavioral difference occur?

To discuss the behavioral differences seen in the current 
study, we refer to the relationship between V. destructor and 
honey bees. The varroa mite was originally an ectoparasitic 
mite of the Asian honey bee, A. cerana. However, A. mel-
lifera colonies became infested by the varroa mite from A. 
cerana in the 1950s, and subsequently the mite has spread 
rapidly to A. mellifera by transporting productive colonies. 
The varroa mite does not cause significant problems in the 
original host A. cerana, but it can infest the new host A. mel-
lifera at higher density and has become a global pandemic. 
This susceptibility difference is partly related to the behav-
ioral difference between the two bee species. Apis cerana 
damages varroa mites with autogrooming and allogrooming 
and in so doing frequently removes them (Peng et al. 1987; 

Büchler et al. 1992). By contrast, similar behavior has rarely 
been seen in A. mellifera (Pritchard 2016).

Why were damages by the tracheal mite not observed in 
A. mellifera in Japan? Based on our results, we conclude 
that the pathogenicity of the tracheal mite to A. mellifera is 
lower than that to A. cerana because A. mellifera more fre-
quently responds to the mite than does A. cerana and more 
effectively removes it. In fact, little infestation of the tracheal 
mite in A. mellifera outside the laboratory has been reported 
in Japan except for a few colonies (Maeda and Sakamoto 
2016, unpublished data). We speculate that resistant colo-
nies of A. mellifera have been distributed across a wide area 
of Japan since at least 2010. The tracheal mite has spread 
worldwide and brought severe problems to A. mellifera in 
the new locales, but significant declines in the incidence of 
the tracheal mite in the decades since introduction have been 
observed in Britain (Morison et al. 1965), the United States 
(Moore et al. 2015), and elsewhere. The declines likely 
reflect the selection of some genetically resistant strains 
(Page and Gary 1990; Lin et al. 1996; Danka 2001; van 
Engelsdorp and Otis 2001; Danka and Villa 2003; Bourgeois 
et al. 2015).

Japan has imported A. mellifera colonies from other 
countries including Australia (Fig. S4). A large number 
of resistant strains are considered to have been imported 
into Japan through those regions, although the main routes 
are unknown. This may explain why there are few obser-
vations of the mite infestation in A. mellifera in Japan. In 
contrast, A. cerana japonica does not have sufficiently effec-
tive grooming behavior at this time. Although the origin 
of tracheal mites found in Japan is debatable, some genetic 
analyses (Kojima et al. 2011; Sakamoto et al. unpublished 
data) and the year of discovery imply that the tracheal mites 
were introduced from overseas. Colonies of A. mellifera 
with low infestation rates of the tracheal mites could have 
passed through quarantine. Artificial movement of honey 
bee colonies has changed the host–parasite relationship and 
caused the EID in A. cerana. In the future, A. cerana may 
be able to overcome the damage of the tracheal mite as has 
been seen in A. mellifera. However, the acquisition of resist-
ance may be affected by, for example, some species-specific 
morphological differences associated with mite removal and 
the presence or absence of artificial effects such as man-
aged or wild bees. We plan to further analyze factors related 
to susceptibility to the tracheal mite that will help predict 
the future consequence of tracheal mite introduction to A. 
cerana.
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