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The ectoparasitic honey bee mite Varroa destructor was originally confined to the Eastern honey bee Apis
cerana. After a shift to the new host Apis mellifera during the first half of the last century, the parasite dis-
persed world wide and is currently considered the major threat for apiculture. The damage caused by
Varroosis is thought to be a crucial driver for the periodical colony losses in Europe and the USA and reg-
ular Varroa treatments are essential in these countries. Therefore, Varroa research not only deals with a
fascinating host–parasite relationship but also has a responsibility to find sustainable solutions for the
beekeeping.

This review provides a survey of the current knowledge in the main fields of Varroa research including
the biology of the mite, damage to the host, host tolerance, tolerance breeding and Varroa treatment. We
first present a general view on the functional morphology and on the biology of the Varroa mite with spe-
cial emphasis on host–parasite interactions during reproduction of the female mite. The pathology sec-
tion describes host damage at the individual and colony level including the problem of transmission of
secondary infections by the mite. Knowledge of both the biology and the pathology of Varroa mites is
essential for understanding possible tolerance mechanisms in the honey bee host. We comment on the
few examples of natural tolerance in A. mellifera and evaluate recent approaches to the selection of Varroa
tolerant honey bees. Finally, an extensive listing and critical evaluation of chemical and biological meth-
ods of Varroa treatments is given.

This compilation of present-day knowledge on Varroa honey bee interactions emphasizes that we are
still far from a solution for Varroa infestation and that, therefore, further research on mite biology, toler-
ance breeding, and Varroa treatment is urgently needed.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The hemophagous honey bee mite Varroa destructor is still the
greatest threat for apiculture. No other pathogen has had a compa-
rable impact on both beekeeping and honey bee research during
the long history of apiculture. There are several reasons for this un-
ique status of Varroa mites:

(1) V. destructor is a new parasite of the honey bee A. mellifera.
Therefore, a balanced host–parasite relationship is lacking
and beekeepers do not have long-term experience in dealing
with this pest.

(2) V. destructor has spread almost worldwide within a short
time period and it may now be difficult to find a ‘‘Varroa
free” honey bee colony anywhere, other than in Australia.

(3) Without periodic treatment, most of the honey bee colonies in
temperate climates would collapse within a 2–3 year period.
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(4) Regular treatments increase the costs for beekeeping and the
risk of chemical residues in bee products.

(5) The Varroa mite is considered a crucial factor in the decreas-
ing numbers of beekeepers and honey bee colonies in Eur-
ope; together with the worldwide decline of natural
pollinators, the Varroa mite may exacerbate future problems
for pollination (De la Rua et al., 2009).

Therefore, Varroa research is a challenge for all scientists work-
ing in the fields of apiculture, insect pathology and acarology. We
will present a general view on the biology of the Varroa mite with
special emphasis on recent results on host–parasite interactions,
breeding honey bees for tolerance, and treatment for Varroa
infestation.
2. Taxonomy, morphology and geographical distribution

The mite which is responsible for the clinical symptoms of ‘‘Var-
roosis” in A. mellifera belongs to the species V. destructor, which
was assumed to be Varroa jacobsoni until the year 2000 (Anderson

http://dx.doi.org/10.1016/j.jip.2009.07.016
mailto:peter.rosenkranz@uni-hohenheim.de
http://www.sciencedirect.com/science/journal/00222011
http://www.elsevier.com/locate/jip


Table 1
Species and haplotypes of the genus Varroa parasitizing on honey bees. Only Varroa
destructor with two haplotypes on Apis mellifera is of economic importance.

Parasite Host Haplotypes Pathogenicity

Varroa destructor Apis mellifera Japan/Thailand +
Korea ++
China �
Korea �

Apis cerana Japan/Thailand �
Nepal �
Vietnam �

Varroa jacobsoni Apis cerana Ambon �
Bali �
Borneo �
Flores �
Java �
Lombok �
Sumatra �
Sumbawa �
Malaysia �

P. Rosenkranz et al. / Journal of Invertebrate Pathology 103 (2010) S96–S119 S97
and Trueman, 2000). Therefore, all Varroa articles from the last
century refer to V. jacobsoni although in nearly all cases V. destruc-
tor was the research subject.

The Genus Varroa is currently represented by at least four spe-
cies of obligate ectoparasitic mites (Table 1):

� Varroa jacobsoni Oudemans was first described as a natural
ectoparasitic mite of the Eastern honey bee A. cerana in Java
(Oudemans, 1904) and has a wide distribution on this bee
throughout Asia (Koeniger et al., 1981) and Apis nigrocincta in
Indonesia (Anderson and Trueman, 2000; Hadisoesilo and Otis,
1998).

� Varroa underwoodi was first described from A. cerana in Nepal
(Delfinado-Baker and Aggarwal, 1987).

� Varroa rindereri was described from Apis koschevnikovi in Borneo
(De Guzman and Delfinado-Baker, 1996).

� V. destructor was described both from A. cerana (original host)
and A. mellifera (new host), formerly erroneously also classified
as V. jacobsoni (Anderson, 2000; Anderson and Trueman, 2000).

2.1. V. jacobsoni and V. destructor: redefinition and worldwide spread

Although Varroa mites from different populations are physically
alike, their virulence toward A. mellifera is not uniform. The great-
est variation is associated with V. jacobsoni of Javanese origin, from
which the species was first described (Oudemans, 1904). These
mites completely lack the ability to reproduce on A. mellifera
(Anderson, 1994; Anderson and Sukarsih, 1996) and their mito-
chondrial DNA (mtDNA) cytochrome oxidase I (CO-I) gene se-
quences differ from those of phenotypically similar mites that
reproduce on A. mellifera in Europe (Anderson and Fuchs, 1998).
Other reports confirm the variation among V. jacobsoni populations
(De Guzman et al., 1998; De Guzman and Rinderer, 1999; Kraus
and Hunt, 1995) and, therefore, it was suggested that V. jacobsoni
may be more than one species (Table 1). This hypothesis was later
confirmed by Anderson and Trueman (2000):

(1) V. jacobsoni is a species complex with two distinct sibling
species and was redefined by body size and mtDNA gene
sequences (GenBank database; V. jacobsoni: AF106902–
AF106910; V. destructor: AF106897–AF106901). The mean
body length and body width is 1063.0 lm (±26.4 lm) and
1506.8 lm (±36.0 lm), respectively. The mtDNA CO-I gene
sequences differ by 6.7% from those of V. destructor (Ander-
son and Fuchs, 1998). At least 9 haplotypes are described
(Anderson and Trueman, 2000; Warrit et al., 2006), all para-
sitizing A. cerana. V. jacobsoni is only a vagrant guest on A.
mellifera.

(2) V. destructor, the new species, is represented by mites of the
Japan/Thailand-Vietnam clade. Mites of Korean haplotype
parasitize A. mellifera worldwide, and are significantly larger
and reproductively isolated from the V. jacobsoni haplotypes
(Anderson and Trueman, 2000). At least six other haplotypes
are described, of which only the Japanese/Thailand haplo-
type also infests and reproduces on A. mellifera. However,
this haplotype has a more restricted distribution than the
Korean haplotype and is considered less virulent (De Guz-
man and Rinderer, 1999). The Korean type has worldwide
spread on A. melllifera, while the Japanese/Thailand type
has only been reported from A. mellifera colonies in Japan,
Thailand and North- and South-America (Anderson and Tru-
eman, 2000; De Guzman et al., 1998; Garrido et al., 2003;
Muñoz et al., 2008). By the use of microsatellites, Solignac
et al. (2003, 2005) found almost no polymorphism within
the two haplotypes and considered them a quasi clonal pop-
ulation structure.

Therefore, the only mite of economic importance is V. destructor,
which successfully shifted from the original host, A. cerana to the
Western honey bee, A. mellifera. It is not surprising that the new
host lacks features which obviously established a stable host–par-
asite relationship in A. cerana during a long period of coevolution
(Rath, 1999). The details of the host shift are unclear. Most likely
this shift occurred when A. mellifera colonies were transported to
Eastern Russia or the Far East in the first half of the past century
which led to a sympatric distribution of both honey bee species
(Oldroyd, 1999) and might have allowed the parasite to infest
the new host. Varroa mites were found in the eastern coastal region
of the USSR (1952), in Pakistan (1955), Japan (1958), China (1959),
Bulgaria (1967), South-America (Paraguay, 1971), Germany (1977:
Ruttner and Ritter, 1980) and the first record for the United States
originates from 1987 (De Guzman and Rinderer, 1999). Today, V.
destructor is almost cosmopolitan, but has not yet been found in
Australia (AQIS, Australian Government: http://www.daff.gov.au/
aqis/quarantine/pests-diseases/honeybees).

2.2. Morphology

In relation to the biology of V. destructor, the genital system and
the sensory organs of the parasite are of particular interest. The fol-
lowing overview will, therefore, focus on these two aspects of mite
morphology.

Varroa mites show a distinct sexual dimorphism (Ifantidis, 1983)
with many morphological adaptations to their host (Fig. 1). A com-
mon feature of both sexes is the division of the body into two well-
defined parts, the idiosoma and the gnathosoma. The idiosoma com-
prises the larger part and one dorsal shield and different ventral
shields. The female mites have a flattened, ellipsoidal idiosoma with
greater width than length. The legs of the female are short and
strong, and show specialized structures, the apoteles, for adherence
to the host (De Ruijter and Kaas, 1983). The dorsal and ventral
shields are highly sclerotised and show a reddish-brown coloration.
Thin and flexible membranes between the shields enable the mite to
dilate during feeding and egg formation. The male body is pear
shaped and shows only weak sclerotisation, which is mainly present
in the legs and the dorsal shield. Males are clearly smaller than fe-
males in all developmental stages. The legs of the males are longer
in relation to the body size than the legs of females.

The gnathosoma is situated anteroventrally, forming the
mouthparts which consist of two sensory pedipalps and two che-
licerae. The chelicerae are formed by three segments, the basal,
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Fig. 1. The normal composition of a ‘‘Varroa family” within a honey bee worker
brood cell, approximately 11 days after the capping of the brood cell. Upper row
from left to right: Protonymph, deutonymph, deutochrysalis. Lower row from left to
right: freshly moulted young female, mother mite, adult male.
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Fig. 2. Simplified life cycle of the Varroa mite. Varroa females switch between a
phoretic phase on adult bees and a reproductive phase within the sealed honey bee
brood cells. The nymphal stages and the males are short lived without a phoretic
phase outside the brood cells.

S98 P. Rosenkranz et al. / Journal of Invertebrate Pathology 103 (2010) S96–S119
the middle and the distal digit. The last digit is movable in females
and has two small teeth. In males the movable digit is transformed
into a spermatodactyl, a cannula-like structure that allows the
transfer of sperm into the female genital tract.

The female genitalia are divided into two systems: the first one
is formed by an ovary, a uterus and a vagina, which leads to the
genital orifice through which the eggs are released. The genital
opening is situated between the second pair of legs. The second
part of the genital system permits the reception and maturing of
sperm. It is formed by a pair of pores, the solenostomes, which
are located on each side between coxae III and IV. The solenosto-
mes open up into tubuli followed by the rami. The rami coalesce
in the center of the female body and pass into the sperm duct.
The sperm duct leads to the spermatheca, a large sac-like organ
(Alberti and Hänel, 1986), which serves as a reservoir for the sper-
matozoa until the fertilization of eggs. The camera spermatica
forms the connection between the ovary, the spermatheca and
the uterus. The ovary with the two lyrate organs is located ventral
to the spermatheca (De Ruijter and Kaas, 1983). Later, the oocytes
develop within the ovary, while the lyrate organ has a nutritional
function (Alberti and Zeck-Kapp, 1986).

The male genital system is formed by a single testis in the rear
of the body. From the testis, two vasa deferentia emerge and coa-
lesce to the unpaired ejaculatory duct which opens at the edge of
the sternal plate between the second pair of legs. The sperms be-
long to the ribbon type (Alberti, 1980a, 1980b), and pass through
eight stages of maturation, six in the body of the male and two
after mating in the inseminated female.

The sensory organs of Varroa females are reviewed in detail in
Dillier et al. (2006). The whole body, including legs and mouth-
parts, is covered with different types of hairs; at least some have
mechano- and chemoreceptive functions (Milani and Nannelli,
1988). The front legs are rarely used for movement but are fre-
quently raised in the air like the antennae of insects (Rickli et al.,
1992). On the tarsi of the front legs is a sensory pit organ (Ramm
and Böckeler, 1989) that consists of nine internal sensilla with nine
longer hair sensilla surrounding the organ, similar to the Haller’s
organ in ticks. Some of the sensilla are wall pore sensilla (Ramm
and Böckeler, 1989) and bear similarity to the olfactory sensilla
of other arthropods, presumably for the perception of volatiles.
Other sensilla are non-pore sensilla and serve as hygro- and ther-
mo-receptors, whereas the morphology of a third type indicates
a gustatory function. The sensilla surrounding the pit are divided
in two groups. The first group shows characteristics of contact che-
mo-receptors indicating a gustatory role; the second group has
structures similar to sensilla, which in arthropods serve as che-
mo-receptors with an additional thermoperceptive function. Che-
moreceptive sensilla were also described on he palptarsus (Liu
and Peng, 1990) with large setae on the palptarsus of the same
type as the gustatory sensilla in the tarsal pit organ, and smaller
setae which may have an olfactory function. The olfactory sensilla
allow the reception of a broad range of chemicals. In electrophys-
iological approaches, for instance, salicylaldehyde, methylsalicy-
late, and benzaldehyde – a known volatile in royal jelly – elicited
an electrophysiological response in the sensilla (Endris and Baker,
1993).

3. Mite biology and behavior

The host finding and reproductive behavior of V. destructor is
essential for understanding the population dynamics of the para-
site, but it is also of particular significance for the beekeeping prac-
tice. Certain cues for the orientation of the mites could be used for
development of biological control methods such as traps, repel-
lents or mating disruption by certain pheromones. The control of
reproduction of a parasite is, in general, a crucial point for the sta-
bility of a host–parasite relationship (Walter and Procter, 1999),
which, obviously, is also the case in the honey bee-Varroa arms
race (Fries et al., 1994). Therefore, knowledge of factors that trigger
the mite’s reproduction might help for selective breeding of toler-
ant honey bees.

3.1. Life cycle

V. destructor is closely linked to its honey bee host and lacks a
free living stage. There are two distinct phases in the life cycle of
V. destructor females: A phoretic phase on adult bees and a repro-
ductive phase within the sealed drone and worker brood cells (Figs.
2–4). Males and nymphal stages of the mite are short lived and can
only be found within the sealed brood cells. On the adult bees the
Varroa females are transported to brood cells for their reproduction
or spread by foraging and swarming bees (Kuenen and Calderone,
1997). On the adult bees the Varroa female usually is hidden under
the sternites of the bee (Fernández et al., 1993). The mites suck
substantial amounts of hemolymph from both the adult bees and
from the preimaginal host stages within the sealed brood cells



Fig. 3. A phoretic female Varroa mite on the thorax of a hive bee.
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(De D’Aubeterre et al., 1999; Donzé and Guerin, 1994; Garedew
et al., 2004; Tewarson and Engels, 1982).

3.2. Orientation and host finding

Except for distribution by swarms or foragers the Varroa mites
spend their whole life within the dark honey bee nest, preferably
within sealed brood cells (Boot et al., 1993). Varroa mites are able
to perceive light and vibration (Kirchner, 1993). However, there are
no indications that these senses are used for orientation or host
finding. This may also be true for sensitivity to temperature.
Depending on the test system Varroa mites prefer temperatures
between 26 and 33 �C (Le Conte and Arnold, 1987, 1988; Pätzold
and Ritter, 1989; Rosenkranz, 1988), which are significantly lower
than the normal temperature in the brood nest of approximately
34.5–35 �C (Becher and Moritz, 2009; Rosenkranz and Engels,
1994). Varroa mites are able to discriminate temperature differ-
ences of about 1 �C (Le Conte and Arnold, 1987). It was assumed
that Varroa females preferably invade colder brood cells at the
periphery of the brood nest; however, there is no solid evidence
for this hypothesis and the preference for low temperature may,
at least in part, be due to the artificial test conditions in a labora-
tory temperature gradient (Dillier et al., 2006).

Without doubt, chemical orientation plays the crucial role dur-
ing all parts of the Varroa life cycle. This becomes obvious in the
preference behavior of female mites for certain host stages. As a
parasite without a free living phase, the Varroa mite sticks either
to the adult bees or stays within a brood cell. For the reproductive
eegg 
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Fig. 4. The reproductive cycle of Varroa destructor within the sealed honey bee worker
enters the brood cell shortly before capping; approximately 3 days later the first male eg
one or two mature daughter mites will leave the brood cell together with the mother mi
capping.
success of the Varroa females, two host stages are of crucial impor-
tance: the suitable adult bee which transports the mite to non-
sealed brood cells and the 5th instar larvae in brood cells shortly
before cell capping.

In the case of adult bees Varroa females are obviously able to
recognize the age and/or function of the adult bee. Shortly after
leaving the brood cell on a young bee, the mites preferentially in-
fest nurse bees for transport to the brood cells (Kraus, 1993; Kue-
nen and Calderone, 1997). Freshly hatched infested bees are less
attractive than older ones and the middle age nurse bees are the
most infested group of adult bees in breeding colonies (Kraus
et al., 1986; Steiner, 1993). This may be an adaptive strategy for
the Varroa females to increase their reproductive success. It is as-
sumed that age and/or task specific patterns of cuticular hydrocar-
bons of the adult bee are used for the selection of the optimal host.
Age dependent patterns have been described for drones (Wakonigg
et al., 2000) and workers (Chiroudi et al., 1997). However, confir-
mation that mites use the hydrocarbon pattern of the bee’s cuticle
for host selection is lacking.

Additional details concerning the recognition of a suitable larval
host are known: A long established phenomenon is the 8–10-fold
higher infestation rates of drone brood compared to worker brood
(Boot et al., 1995b; Calderone and Kuenen, 2001; Fuchs 1990). Sev-
eral reasons for this unequal distribution have been discussed.
Within the honey bee colony, worker larvae are infested 15–20 h
prior to cell capping, and drone brood 40–50 h (Boot et al., 1992;
Ifantidis et al., 1988), which may be one of the reasons for the high-
er invasion rate into drone brood cells. Another fact that contrib-
utes to the higher infestation of drone larvae is a more frequent
and intensive tending of the drone larvae with the consequence
that mites on nurse bees have a significantly more opportunity
to reach a 5th instar drone brood cell than a worker cell (Calderone
and Kuenen 2003; Fuchs 1990).

The attraction of Varroa females to several fractions of the ex-
tract from the larval cuticle has been confirmed in different bioas-
says. Le Conte et al. (1989) first described a kairomonal effect of
three methyl- and ethyl esters in an olfactometer, which was con-
firmed by further experiments (Le Conte et al., 1994; Trouiller
et al., 1992). These esters of straight-chain fatty acids also act as
brood pheromones and elicit the capping behavior in hive bees
(Le Conte et al., 1990). The secretion of the esters by the honey
bee larvae shows a clear ontogenetic pattern with a distinct max-
imum at the 5th instar during the time of cell capping (Trouiller
et al. 1991). Drone larvae produce slightly higher quantities over
a longer time period, which also supports the preferred infestation
of drone brood (Calderone and Lin, 2001; Le Conte et al., 1989).
However, the pheromonal effect of these substances is more appar-
ent than the kairomonal effect. After application of the esters to
gg 
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dummies, Zetlmeisl and Rosenkranz (1994) confirmed the phero-
monal but not the kairomonal effect. By the use of a servosphere,
which measures the specific movements of the mites during the
application of volatile substances, Rickli et al. (1994) found only
weak reactions of mites toward methyl palmitate, but a strong re-
sponse toward palmitic acid. Using another approach, even simple
odd-numbered hydrocarbons from C-19 to C-29, the major part of
the non-polar fraction of the cuticle extract, induced strong arrest-
ment behavior of the mites when applied on a running surface
(Rickli et al., 1994). Salvy et al. (2001) revealed differences in the
cuticular hydrocarbon profile between parasitized and non-para-
sitized hosts but could not answer the question of whether these
differences are the reason for the infestation or the effect of the
parasitation. Aumeier et al. (2002) confirmed that the hydrocarbon
pattern of 4th and 5th instar larvae differ significantly and could,
therefore, also be used for the chemotactic recognition of the suit-
able host stage.

Not only the larva itself but also semiochemicals from the co-
coon and larval food have some attractiveness to Varroa females.
Aliphatic alcohols and aldehydes with chain lengths from C17 to
C22, extracted from the larval cocoon, elicited strong arrestment
behavior in the mites (Calderone and Lin, 2001; Donzé et al.,
1998). Nazzi et al. (2001) could prove the attractiveness of larval
food using a different bioassay, where larvae and/or treated dum-
mies are offered in a choice test in a closed arena (Rosenkranz,
1993). The attractive components were analyzed as several carbox-
ylic acids with low molecular weight. One of these compounds, 2-
hydroxyhexanoic acid, even had a significant attractive effect on
mites when applied to brood cells in the colony (Nazzi et al. 2004).

Obviously, there are also natural compounds within the honey
bee brood nest which show a repellent effect on Varroa females.
Queen larvae and extracts of queen larvae were significantly less
attractive than worker and drone larvae, and the royal jelly of
the queen larvae even had a repellent effect (Calderone and Lin,
2001; Calderone et al., 2002; Trouiller et al., 1994). Nazzi et al.
(2009) confirmed these results for octanoic acid, which is present
in higher quantities in royal jelly than in the food of worker or
drone larvae. This may at least in part explain the extraordinary
low infestation rate of queen cells (Harizanis, 1991).

However, the invasion of Varroa females is also influenced by
some additional non-chemical factors. A strong effect has been
demonstrated for the size, height and age of the brood cell itself.
Shortened brood cells, i.e. brood cells with a shorter distance be-
tween the larva and the cell rim, are more frequently infested than
artificially elongated brood cells. This effect was confirmed by the
use of different methods with manipulated brood cells inside the
honey bee colony (Boot et al., 1995a; De Ruijter and Calis, 1988;
Goetz and Koeniger, 1993; Kuenen and Calderone, 2000). Also the
size of the cell and the relative larval size to cell size affect the inva-
sion behavior of the mites. Brood cells of European honey bees are,
in general more highly infested than slightly smaller brood cells of
Africanized bees within the same colony (Message and Gonçalves,
1995; Piccirillo and De Jong, 2003). However, drone brood cells con-
taining smaller worker larvae are less infected than normal worker
brood cells, probably an effect of too much space between the larva
and cell wall (Calderone and Kuenen, 2001). Older brood cells con-
taining cocoons from several brood cycles are also more highly in-
fested than newly built comb (Piccirillo and De Jong, 2004). In this
case, the somewhat smaller size of the old cells is presumably com-
pensated by the stronger smell of the cocoons.

We can summarize, that the host-finding behavior of Varroa fe-
males is triggered by a variety of factors including physical param-
eters, but the suitable host stage is finally recognized by chemical
volatile signals of the host larva and the adult bee. The biological
activity of many chemical blends has been demonstrated in labora-
tory bioassays including compounds of several fractions from the
extracts of larval cuticle and larval food. However, we still have
not identified the real ‘‘host odor” of the 5th instar larva of the honey
bee: not a single experiment succeeded in luring the Varroa female
from the adult bees to a dummy containing a certain blend, neither
in the laboratory (Kraus, 1994) nor within the colony (reviewed in
Dillier et al., 2006). In all experimental setups, adult bees were al-
ways more attractive than any larval stage (LeDoux et al., 2000;
Zetlmeisl and Rosenkranz, 1994). This contradicts the natural situ-
ation in the honey bee colony, where generally significantly more
mites are within sealed brood cells than on adult bees (Boot et al.,
1993; Martin et al., 1998). During the summer, up to 90% of the mite
population can be within the brood (Rosenkranz and Renz, 2003).

We must conclude that as long as Varroa research fails to elicit
the shift of Varroa females from bees to brood under controlled
conditions, the development of a Varroa trap seems unrealistic.

3.3. Reproduction

After entering a brood cell with a 5th instar larva the Varroa fe-
male passes between the larva and the cell wall to the bottom of
the cell and becomes stuck within the larval food. This behavior
may be an adaptation of the mite to avoid detection and removal
by hygienic bees. Respiration takes place by the peritreme, the
common respiratory organ of Gamasid mites (Richard et al.,
1990). Approximately 5 h after cell capping the larvae has con-
sumed the rest of the larval food (Ifantidis et al., 1988) and the
mite sucks hemolymph from the larva. Within a few hours oogen-
esis starts, followed by vitellogenesis (Garrido et al., 2000; Steiner
et al., 1994, 1995) and approximately 70 h after the cell capping
the first egg is laid (Ifantidis, 1983; Steiner et al., 1994).

This first egg is normally unfertilized and due to the haplo-dip-
loid sex determination system it develops into a haploid male,
while subsequent female eggs are fertilized and laid in 30 h inter-
vals (Ifantidis, 1990; Martin, 1994; Rehm and Ritter, 1989). Up to
five eggs in worker brood and up to six eggs in drone brood are
considered as the normal ‘‘reproductive program” (Garrido and
Rosenkranz, 2003; Martin, 1994, 1995a). The normal sequence of
a reproductive cycle is shown in Fig. 4.

The mite larva develops within the egg during the first hours
after oviposition (Nannelli, 1985). From hatching out of the egg un-
til the adult molt the mite offspring pass through proto- and deu-
tonymph stages; the developmental time is about 5.8 and 6.6 days
for female and male mites, respectively (Donzé and Guerin, 1994;
Ifantidis, 1990; Martin, 1994; Rehm and Ritter, 1989). Both nym-
phal stages are divided into a mobile and an immobile pharate
phase just before the molt (Donzé and Guerin, 1994; Ifantidis,
1983; Laurent and Santas, 1987). The immobile stages are called
proto- and deutochrysalis (Fig. 1). Varroa mites display a clear sex-
ual dimorphism (Ifantidis, 1983). Males are smaller than females
throughout the whole ontogenetic development and have longer
legs in relation to the body size. The female mites change during
their development from an oblong to a transversely elliptical body
shape; the deutochrysalis already exhibiting the final body shape.
In the deutochrysalis stage the coloration starts on the periphery
of the opisthosoma and shifts to a reddish-brown color after the
molt of the female. In contrast, the male’s definite body shape is
triangular with a light yellow color (Fig. 1).

The mother mite creates a hole in the cuticle of the pupa for the
nymphs to feed through. This single ‘‘feeding zone” is generally lo-
cated on the 5th segment on the bee pupa and near to the so called
‘‘fecal accumulation site” (Donzé and Guerin, 1994; Kanbar and
Engels, 2003). This behavior is part of ‘‘parental care” and neces-
sary because the soft chelicerae of the nymphal stages can not per-
forate the pupal cuticle and the male’s chelicerae are modified for
sperm transfer. After feeding, the mites return to the fecal accumu-
lation site (Donzé and Guerin, 1994).



Fig. 5. Recently capped drone brood cells with 5th instar larvae multiply infested
by Varroa mites.
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Varroa mites become sexually mature immediately after the last
molt. Males reach maturity before the females and stay at the fecal
accumulation site, waiting for the first adult female which molts to
adulthood some 20 h later. As reproduction can only occur inside
the brood cell, males start mating as soon as the female arrives
(Donzé et al., 1996).

Before copulation starts the male cleans his chelicerae. At the
beginning of the mating, the male touches the female with his first
pair of legs and ascend her dorsum. He then examines the frontal
margin of the female’s dorsum and slips to the ventral side. Young
females facilitate this action by lifting their bodies. In the venter-
to-venter position the male searches for the gonopores (which
are separated from the genital opening where the eggs are deliv-
ered) of the female which are located transversely between the
third and fourth pair of legs (Alberti and Hänel, 1986; De Ruijter
and Kaas, 1983). Then he takes the spermatophore out of his gen-
ital opening and transfers it into the gonopore of the female by
means of the chelicerae. Within 2 days after insemination, the
roundish prospermatozoa migrate into the spermatheca and
change to a fusiform shape.

Multiple mating is common until the next daughter female is
mature and arrives on the fecal accumulation site. To fill the sper-
matheca with up to 35 spermatozoa several matings are needed
(Donzé and Guerin, 1994; Donzé et al., 1996). The mating behavior
is initiated by female sex pheromones (Ziegelmann et al., 2008).
Due to these volatile pheromones, young freshly molted females
are significantly more attractive than older females or deutochrys-
alis (Fahle and Rosenkranz, 2005), which ensures that the male
copulates with the youngest female until the next deutochrysalis
molts to the adult stage.

3.3.1. Infertility and low reproductive rates of Varroa females
It is difficult to measure the real reproductive rate (=number of

viable adult offspring per mother mite), which among other things
depends on mite fertility (reproduction, yes or no) and fecundity
(=number of offspring per reproductive cycle) under natural condi-
tions. Martin (1994, 1995b) calculated the reproduction rate of 1.3–
1.45 in single infested worker brood and, due to the longer capping
period, 2.2–2.6 in drone brood. An example for the maturation of
two female daughter mites is given in Fig. 4. During her life time a
Varroa female can perform up to 7 reproductive cycles under labo-
ratory conditions (De Ruijter, 1987); under field conditions an aver-
age number between two and three reproductive cycles can be
expected (Fries and Rosenkranz, 1996; Martin and Kemp, 1997).

In the original host A. cerana the reproduction of Varroa mites
(V. jacobsoni and V. destructor) is limited to drone brood for yet un-
known reasons (Anderson, 2000; Boot et al., 1996; Garrido, 2004;
Rath, 1999). This phenomenon is considered a crucial point for
the balanced host–parasite relationship in A. cerana (Rath, 1999).
The two haplotypes of V. destructor that are capable of reproducing
on A. mellifera (Muñoz et al., 2008) can reproduce in both, drone
and worker brood. However, a certain percentage of Varroa females
which have entered a drone or worker brood cell do not lay any egg
at all. This percentage of non-reproducing mites is slightly variable
according to the species or subspecies of the host and climatic con-
ditions and might, therefore, contribute to differences in the host
tolerance of European bees (Fries et al., 1994; Martin, 1998;
Rosenkranz, 1999). In European honey bee subspecies about 5–
20 % of the mites remain infertile after invading worker or drone
brood cells (Al Aattal et al., 2006; Garrido et al., 2003; Martin,
1994, 1995a; Martin et al., 1997; Rosenkranz, 1999; Rosenkranz
and Engels, 1994a). A long-term example of higher infertility rates
in A. mellifera is confined to the Africanized honey bees of Brazil:
Over a period of more than 15 years an average rate of infertile
mites of about 50% in worker brood was confirmed; mite fertility
in drone brood, however, did not show any particularities
(reviewed in Rosenkranz, 1999). Transfer of Varroa mites among
different honey bee subspecies at a Brazilian study site confirmed
that low mite fertility was more a host than a parasite trait
(Rosenkranz, 1999), independent of the possible presence of differ-
ent mite haplotypes with possible different reproductive abilities.

It was assumed that a lower fertility of Varroa females in worker
brood represents an adaptation of the host to limit the reproduc-
tive rate of the parasite and that the huge feral population of Afri-
canized honey bees in tropical America supports such adaptations
(Camazine, 1986; De Jong, 1996; Rosenkranz and Engels, 1994a).
However, Africanized honey bees in other parts of South and Cen-
tral America did not show this feature (Marcangeli et al., 1992;
Medina and Martin, 1999; Medina et al., 2002). Recent reports
indicate that even in Africanized bees of Brazil the rate of fertile
mites in worker brood has increased to levels similar to European
bees (Carneiro et al., 2007; Correa-Marques et al., 2003; Garrido
et al., 2003). Nevertheless, Africanized honey bees in Brazil are still
tolerant toward Varroosis and Varroa treatments are not per-
formed (De Jong, pers. comm.). This example may illustrate that
(i) there is still some flexibility in the host–parasite adaptations
in feral honey bee populations and (ii) ‘‘Varroa tolerance” does
not depend on a single factor.

Unfortunately, the reasons for the infertility of Varroa females,
in general, are unknown. As unfertilized females are not able to
reproduce (Martin et al., 1997) it was assumed that these infertile
mites represent young Varroa females which failed to copulate
during their maturation (Harris and Harbo, 1999). Fuchs (1994)
supposed that infertile females had lost their reproductive ability.
Two observations contradict these hypotheses: In the phoretic
mite populations on adult bees nearly all mites have filled sperma-
theca (Garrido, 2004) and ‘‘infertile” brood mites, which were
transferred artificially to other newly sealed brood cells, were still
able to reproduce (Weller, 2008). This suggests that temporary
infertility of Varroa females is induced by host factors.

It is important to consider that not all fertile Varroa females, i.e.
females which lay at least one egg, are really reproducing success-
fully. The production of one adult viable daughter requires at least
the maturation of one male and one female offspring including mat-
ing. Therefore, female mites producing only one egg, no males or
with delayed start of oviposition may not contribute to the growth
of the Varroa population. For example, in 11–21% of the brood cells
the male is lacking (Donzé et al., 1996; Martin et al., 1997). The mor-
tality of mite offspring seems to be a main factor for differences in
the reproductive rate and varies according to climate, season and
honey bee subspecies (Eguaras et al., 1995; Ifantidis et al., 1999;
Mondragón et al., 2005, 2006). A strange case of mite mortality is
reported from the pseudo clone A. mellifera capensis in South Africa:
The mortality of Varroa offspring in the brood cells of the parasitic
A. mellifera capensis is somewhat higher compared to that in
A. mellifera scutellata, due to a ‘‘trapping effect” in the upper part
of the larger capensis brood cells (Martin and Kryger, 2002).
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Additionally, the reproductive rate depends on the infestation
of a single brood cell; in multiply invaded drone and worker brood
cells (Fig. 5) the reproductive rate per female mite is significantly
reduced (Fuchs and Langenbach, 1989; Martin, 1995b; Martin
and Medina, 2004; Mondragón et al., 2006).
3.3.2. Triggering of Varroa reproduction
The reproduction of Varroa mites is closely synchronized with

the brood development of the host. Even the sequence of male
and female eggs of the Varroa mite depends on signals from the
corresponding stage of the host larvae and pupae, respectively
(Garrido and Rosenkranz, 2003). The reproductive success of a sin-
gle Varroa female can be defined by the number of adult, mated
and viable daughter mites produced during a reproductive cycle
within the honey bee brood cell. Reproductive success depends
on the number of female offspring which successfully mate before
hatching of the brood (see also in Section 3.3.1). Therefore, the
duration of brood development is a limiting factor for the develop-
ment of the mite. This creates a strong selective pressure on repro-
ducing mites for rapid oogenesis and preimaginal development.
The phoretic mites are already well prepared for reproduction by
the presence of a large terminal oocyte which will develop into
the first egg (Steiner et al., 1994), a characteristic for most meso-
stigmatid mites (Vitzthum, 1931). Certain proteins of the host
hemolymph are stored directly in the ovary of the mite (Steiner
et al., 1994; Tewarson and Engels, 1982).

During the phoretic phase the oocytes are arrested in a previ-
tellogenic stage (Garrido et al., 2000). Immediately after the inva-
sion of the brood cell the oogenesis is activated by volatiles of
the host larva (Garrido and Rosenkranz, 2004; Milani and Chiesa,
1990; Trouiller and Milani, 1999). An earlier hypothesis that the
juvenile hormone of the host acts as a trigger for mite oogenesis
was disproved (Rosenkranz et al., 1993a). With a new bioassay,
Garrido and Rosenkranz (2004) showed that only the polar fraction
of cuticular extracts from freshly capped larvae was able to initiate
mite oogenesis. This is the first proof of a kairomonal primer effect
in insects.

There are also inhibitors of mite reproduction within a brood
cell. Several authors described fewer reproducing mites and less
offspring in multiply infested cells compared to singly infested
cells (Donzé et al., 1996; Martin, 1995b; Nazzi and Milani, 1996).
In artificial brood cells treated with a hexane extract from multiply
infested brood cells the mean number of Varroa offspring was sig-
nificantly reduced (Nazzi and Milani, 1996). Nazzi et al. (2004)
identified the active substance from infested brood cells as (Z)-8-
heptadecene. In a laboratory test they showed that this particular
isomer significantly affects the fecundity of the Varroa female.
When (Z)-8-heptadecene was applied to freshly capped brood cells
in the colony it reduced the number of Varroa offspring and the
number of viable adult Varroa daughters (Milani et al., 2004). The
authors assumed that (Z)-8-heptadecene is produced under the
stress condition of multiple infestations, however, proof is lacking
that this carbohydrate is produced by infested larvae.

The relevance of the phoretic phase for the reproductive cycle of
Varroa mites is not clear. Under laboratory conditions, Varroa fe-
males can successfully be transferred from brood cell to brood cell
without a phoretic phase (De Ruijter, 1987); under field conditions,
older mites seem to invade brood cells more rapidly than nullipa-
rous Varroa females (Fries and Rosenkranz, 1996). It seems that
especially under unfavorable conditions, the phoretic phase may
have negative effects on the reproductive capacity of Varroa mites:
After a long phoretic phase of 5 weeks or more, or after a starvation
period of 7–18 h the number of infertile mites was two–three-fold
higher than in the control (Rosenkranz and Bartalszky, 1996;
Rosenkranz and Stürmer, 1992).
3.4. Population dynamics

After the first infestation of a new honey bee colony, Varroa
mites are able to build up huge populations within a few years
(Büchler, 1994; Fries et al., 2003). The population growth is
highly variable and depends on all of the traits of the host and
the parasite that may influence the reproductive rate and the
mortality of the mite (Calis et al., 1999b; Fries et al., 1994). Fea-
tures of the parasite that influence population growth are the
reproductive capacity during the mite’s lifetime and the lifespan,
features of the host are brood availability, presence of drone
brood, swarming, and level of defense behavior, among others
(see also in Section 5.2.3). Some of the host features that influ-
ence mite population growth are additionally triggered by ambi-
ent factors such as climate and nectar flow (Currie and Tahmasbi,
2008). The exact impacts of the individual parameters on the
population dynamics are not known. Additionally, most of these
parameters are mutually influenced and part of complex multi-
factorial interactions. Some authors tried to extract the most
important factors by the use of multifactorial analyses (Arecha-
valeta-Velasco and Guzman-Novoa, 2001; Harris et al., 2003;
Lodesani et al., 2002). They confirmed significant correlations be-
tween the amount of brood and/or the fertility of the mites and
population growth; however, prediction to what extent a starting
mite population in the spring will increase until autumn is still
not possible.

A further problem is that there are significant differences be-
tween feral colonies and colonies hived at apiaries. In regions with
a high density of honey bee colonies the population dynamics are
influenced by a permanent exchange of mites when foragers or
drones enter foreign colonies or by robbing (Goodwin et al.,
2006; Greatti et al., 1992). Through this so called ‘‘reinfestation”,
some colonies will loose mites, and others will receive mites. It is
interesting to note that the robbing bees will ‘‘receive” the mites
from the victim colonies, which often are already weakened
through a high Varroa infestation, and that the effective ‘‘robbing
distance” is more than 1 km (Renz and Rosenkranz, 2001). This
behavior means that during periods with low nectar flow and,
therefore, high robbing activities, strong colonies may significantly
increase their mite population.

Several reports confirm that under temperate conditions un-
treated colonies may collapse due to Varroosis 3–4 years after
the initial infestation (Büchler, 1994; Korpela et al., 1993). There
are, obviously, significant differences between the population
dynamics in temperate and subtropical/tropical climates with a
clear tendency for lower mite population growth under tropical
conditions (De Jong et al., 1984; Eguaras et al., 1994; Garcia-Fer-
nandez et al., 1995; Moretto et al., 1991; Rosenkranz et al.,
2006). This lower population growth is striking because under
tropical conditions honey bee brood is available throughout the
year and therefore, mite reproduction is not interrupted as it is
during the winter under temperate climatic conditions. This dem-
onstrates a possible trade-off between brood availability, parasiti-
zation rate and mite mortality: under temperate conditions,
damage at the colony level mainly appears during fall and winter,
when the host population declines, the relative parasitization in-
creases and consequently the long-living winter bees are damaged
(Amdam et al., 2004). If we accept that the short-term decline of
the host population rather than the growth of the parasite popula-
tion, is the real colony level threat, the disadvantage of higher
brood availability may be compensated for. A crucial and unre-
solved question is the mortality of Varroa mites in ‘‘summer” and
‘‘winter” colonies (Fries and Perez-Escala, 2001). For instance, the
extreme turnover of bees in a strong honey bee colony during
the summer could also increase the ‘‘turnover” of mites parasitiz-
ing on adult bees.
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4. Pathology

4.1. Damage at the individual level

The individual honey bee is damaged in a variety of ways, with
the developing larvae and pupae clearly representing the most sen-
sitive host stages. First, the loss of hemolymph during the ontoge-
netic development within the brood cell significantly decreases the
weight of the hatching bee. The weight loss depends on the num-
ber of mother mites and the amount of mite reproduction, but even
a single infestation results in an average loss of body weight of 7%
for the hatching bee (De Jong et al., 1982; Schatton-Gadelmayer
and Engels, 1988). This has also been proven for parasitized drones,
which loose 11–19% of their body weight depending of infestation
rate (Duay et al., 2003), which led to decreased flight performance
(Duay et al., 2002). Worker bees which were parasitized during
their development, start earlier with foraging and have a signifi-
cantly reduced life span (Amdam et al., 2004; De Jong et al.,
1982; Schneider and Drescher, 1987). The parasitized foragers dis-
play a decreased capability of non-associated learning, prolonged
absences from the colony and a lower rate of return to the colony
(Kralj and Fuchs, 2006; Kralj et al., 2007), which may be due to a
reduced ability to navigate (Ruano et al., 1991).
4.1.1. Varroa mites and honey bee viruses
V. destructor is a vector for various honey bee viruses. So far,

about 18 different viruses have been isolated from honey bees
(Chen and Siede, 2007) and many of them can be vectored by Var-
roa mites. This has been proven for Kashmir bee virus (KBV), Sac-
brood virus (SBV), Acute bee paralysis virus (ABPV), Israeli acute
paralysis virus (IAPV), and Deformed wing virus (DWV) (Boecking
and Genersch, 2008). Before the occurrence of Varroa mites, bee
viruses have been considered a minor problem to honey bee health
(Allen et al., 1986; Bailey and Ball, 1991; Bowen-Walker et al.,
Fig. 6. A young bee with crippled wings and shortened abdomen, presumably due
to Varroa and Deformed Wing Virus (DWV) infections during the ontogenetic
development.
1999; Yue and Genersch, 2005). Obviously, the direct injection of
virus particles into the hemocoel of honey bee pupae and activa-
tion of latent virus infections through the additional injection of
foreign salivary proteins of the mite provoke typical disease symp-
toms. Best known is the DWV infection causing the typical symp-
toms of crippled wings and shortened abdomen in heavily infested
honey bee colonies (Boecking and Genersch, 2008; De Miranda and
Genersch, 2010; Fig. 6). Some of the viruses are transmitted hori-
zontally and vertically (Boecking and Genersch, 2008) supporting
covert infections in managed honey bee populations. Additionally,
Varroa mites may induce immunosuppression in parasitized pupae
and, thus, activate these covert virus infections (Yang and Cox-Fos-
ter, 2007).

It is assumed that the final breakdown of a honey bee colony
with the typical ‘‘damage symptoms”, such as scattered brood nest,
crippled bees (Figs. 6 and 7), eventual loss of coordinated social
behavior like hygienic behavior and queen attendance, as well as
rapid loss of bee population, is an effect of virus infections rather
then the effect of direct parasitation through the Varroa mites.
For instance, a 4-year monitoring of about 1250 honey bee colonies
in Germany revealed a significant correlation of colony winter
losses with (i) Varroa infestation and (ii) with the prevalence of
DWV (German Bee Monitoring Project, 2008). However, the corre-
lation between virus detection, Varroa-infestation level and colony
mortality is not as clear as expected and demonstrates the need of
a standardized quantitative virus analysis under field conditions
with a definition of damage thresholds.

More detailed information of the current knowledge of Varroa-
virus–honey bee interactions are presented in three reviews of this
issue (De Miranda and Genersch, 2010; De Miranda et al., 2010;
vanEngelsdorp and Meixner, 2010).
4.1.2. Synergistic effects
Recent colony losses in Europe and the United States have

raised the question of synergistic effects as cause for bee damage
or colony losses. These synergistic factors may include several hon-
ey bee pathogens – especially novel parasites such as V. destructor
and Nosema ceranae (Anderson and East, 2008; Cox-Foster et al.,
2007; Higes et al., 2008; Ribiere et al., 2008), environmental factors
including pesticides, GM crops (Desneux et al., 2007; Faucon and
Chauzat, 2008; Frazier et al., 2008; Nguyen et al., 2009), climate
Fig. 7. A brood cell containing a pupa damaged through Varroa infestation was
opened by hygienic bees; the Varroa female is escaping from the opened brood cell.
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change (Le Conte and Navajas, 2008), and peculiarities of the bee-
keeping management. The most famous example for a possible
interaction of several problems is the so called Colony Collapse Dis-
order (CCD: Oldroyd, 2007). The exact cause of the sudden high
colony mortality in the US in the year 2006 has still not been ascer-
tained. However, bee scientists and beekeepers are increasingly
aware that honey bee colonies are continuously exposed to basic
threats such as Varroa, associated viruses, new Nosema species,
and a changing environment. This is clearly different to the situa-
tion before the spread of V. destructor.

Unfortunately, synergistic effects are extremely difficult to ana-
lyze experimentally. Therefore, only a few reports are available
including the effect of ‘‘Varroa + X” (American foulbrood: Brødsg-
aard et al., 2000; tracheal mite: Downey and Winston, 2001). How-
ever, the quantification of such effects seems to be a requirement
for future research on colony losses.

4.2. Damage at the colony level

The reproductive capacity and, therefore, the fitness of a Varroa
infested honey bee colony as a ‘‘superorganism”, is reduced in two
ways, even if the infestation is moderate: Drones which have been
parasitized during their development have a significantly lower
chance to mate (Duay et al., 2002) and infested colonies produce
less swarms (Fries et al., 2003; Villa et al., 2008).

From the beekeeping point of view there exist certain thresh-
olds for economic damage and for irreversible colony damage. At
low infestation rates clinical symptoms are not visible, and the
infestation often remains undetected. Moderate infestation rates
may reduce the growth of the honey bee population and, therefore,
the honey yield, but clinical symptoms may still not be evident.
However, the steps to irreversible colony damage are small, espe-
cially if during fall the mite population still increases while the
host population is decreasing (Fries et al., 2003). The final break-
down of a honey bee colony is associated with the typical ‘‘para-
sitic mite syndrome” such as scattered brood, crawling or even
crippled bees, supersedure of queens and unexplainable reduction
of the bee population (Shimanuki et al., 1994). The damage thresh-
old is not correlated with a fixed number of mites per colony. It is
rather highly variable and depends on the bee and brood popula-
tion, the season and the presence of bee viruses. Under German
conditions, an infestation rate of the winter bees of more than 7%
may lead to colony collapse (Liebig, 2001); Delaplane and Hood
(1999) suggested a significantly higher economic threshold for
the Southern USA of 3000–4000 mites per colony (compare also
Currie and Gatien, 2006). Interestingly, Fries et al. (2003), Rosenk-
ranz et al. (2006) found independently that untreated colonies
which exceed an infestation rate of about 30% in the adult bees
during the summer do not have a chance to survive the following
winter.

5. Tolerance toward Varroosis

5.1. Natural selection

The most striking example of a balanced host–parasite relation-
ship is that of the original host A. cerana and V. destructor/V. jacob-
soni. In this host species, three extraordinary host factors are
described which obviously are sufficient to control the growth of
the Varroa population and prevent any visible damage to the in-
fested colonies:

� No reproduction in worker brood at all (Boot et al., 1999; Garr-
ido, 2004; Koeniger et al., 1981; Rath, 1999; Rosenkranz et al.,
1993a). Therefore, the reproduction of the mites is limited to
drone brood.
� Effective grooming and hygienic behavior (Boecking, 1992; Peng
et al., 1987a,b; Rath, 1999; Rosenkranz et al., 1993b).

� The ‘‘entombing” of drone brood. Multiply infested drone pupae
which are to weak to open their hard cocoon cap themselves
(Boecking et al., 1999) will be ‘‘willfully neglected” (Rath,
1992) and die within the brood cell. About one quarter of the
reproducing mite population could be killed by entombing
(Rath, 1999).

However, the A. cerana – Varroa situation is only of limited value
in understanding the relationship between V. destructor and A. melli-
fera. Two of the tolerance factors, non-reproduction in worker brood
and entombing of drone larvae, are unique and do not occur in A.
mellifera. The active defense mechanisms known from A. cerana do
exist in A. mellifera (and are widely used for selective breeding)
but, obviously, to a somewhat lower extent (Fries et al., 1996). A final
evaluation of tolerance factors is hampered by the lack of compara-
tive experiments on both host species at the same study site.

Examples of natural selection have also been reported in the
new host, A. mellifera, and several attempts have been made to
use natural selection for solving the Varroa problem. The best doc-
umented reports come from tropical countries with African or Afri-
canized honey bee populations (Boecking and Ritter, 1993; De
Jong, 1996; De Jong et al., 1984; Echazarreta and Paxton, 1997;
Eguaras et al., 1995; Guzmán-Novoa et al., 1999; Martin and Kry-
ger, 2002; Moretto et al. 1991, 1995; Ruttner et al., 1984). Of spe-
cial interest is the situation in Brazil where many and long-term
observations on the Africanization of the feral honey bee popula-
tion (De Jong, 1996) and proof of their Varroa tolerance exist (Car-
neiro et al., 2007; Correa-Marques et al., 2003; reviewed in
Rosenkranz, 1999).

The occurrence of natural tolerance to Varroosis seems to be
linked to the huge feral honey bee populations in the tropics. Un-
der temperate conditions, these feral populations seem to be sig-
nificantly smaller than in tropical countries (Moritz et al., 2007)
so that natural selection probably is counteracted by the huge
numbers of drones and swarms from managed colonies. Addition-
ally, tropical conditions influence the population dynamics of the
honey bees (see Section 3.4) and favor the spread of African de-
rived honey bee subspecies, which are considered to have preadap-
tations for Varroa resistance. Probably, the ‘‘costs” of Varroa-
specific defense behavior are lower under tropical conditions than
in more temperate climates (Vandame et al., 2002). Consequently,
the first proven example of a long-term tolerance of European bees
was reported from the tropical North Brazilian island Fernando de
Noronha. An isolated population of European honey bees (A. m. lig-
ustica) survived without Varroa treatment for more than 25 years
(De Jong and Soares, 1997). Unfortunately, a first proof of queens
from this island in Germany did not confirm the Varroa tolerance
under temperate climatic conditions (Correa-Marques et al., 2002).

However, also from more temperate regions there are some
promising examples of an obvious natural selection. It is a common
phenomenon that, if feral honey bee populations exist, they first
decline significantly after the arrival of Varroa mites, but recover
some years later (Villa et al., 2008). Recently, long-term survival
of unmanaged honey bee populations was reported from France
(Le Conte et al., 2007) and the United States (Seeley, 2007). A fur-
ther strain of the so called ‘‘Russian” or ‘‘Primorski” bees from Far
East Russia has been introduced to the United States and used as
the starting point for a large breeding program (De Guzman et al.
2007; Rinderer et al., 2000, 2001, 2003; see Section 5.3). The bees
originate from a region with a sympatric distribution of A. cerana
and A. mellifera and are considered to have established Varroa tol-
erance during a long period of coexistence.

A selection experiment was performed on the island Gotland in
the Baltic Sea. The so called ‘‘Bond-Project” started in 1999 with
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150 infested colonies that were kept without Varroa treatment for
up to 10 years. After a dramatic decline within the first 3 years, a
small honey bee population became established which has sur-
vived without any treatment (Fries et al., 2003, 2006). Colonies
headed by queens of this population revealed a clearly reduced
growth of the Varroa population compared to European control
colonies and confirmed host selection rather than selection of less
virulent mites (Fries and Bommarco, 2007; Rosenkranz and Fries,
2005). However, these colonies also had, on average, a somewhat
lower brood production, a slightly higher prevalence of brood dis-
eases (which may also reduce the reproductive success of ‘‘brood
mites”), the tendency of overwintering with a relatively small
number of bees (which may reduce the absolute number of mites
present in the spring) and a less gentle behavior (Rosenkranz and
Fries, 2005; Weller, 2008). Natural selection, therefore, may lead
to unexpected results concerning the performance of the colony
and beekeepers have to realize that their wish list (strong colonies
with gentle bees producing high honey yields) may no longer be
fulfilled by bees resulting from such selection.

A basic and important question is whether the observed stable
host–parasite relationships are more an effect of the host or the
parasite. Without doubt, selection acts on both and according to
the established hypothesis of the development of host–parasite
relationships depends mainly on the means of transmission. Gen-
erally, pathogens that rely mainly on horizontal transmission are
likely to develop more virulent host–parasite relationships, while
vertical transmission should favor more benign relationships (Fries
and Camazine, 2001). However, most honey bee populations in
temperate climates are managed and periodically treated by bee-
keepers and, therefore, the natural rules for coevolution may not
be valid.

Several authors supposed that a lower virulence i.e. a reduced
reproductive capacity of specific Varroa populations is the crucial
factor for tolerance to Varroosis (Anderson, 2000; Anderson and
Fuchs, 1998; Boot et al., 1999; Seeley, 2007). However, some of
these reports refer to the problem of different parasite species
(V. jacobsoni, V. destructor), which was not clarified before the year
2000. The only Varroa haplotypes on A. mellifera were the Korean
and Japan haplotypes with the latter considered to be less virulent
due to reduced reproductive capacity (Anderson, 2000; Anderson
and Trueman, 2000; Medina and Martin, 1999; Vandame et al.,
2000). The predicted dominance of the Japan haplotype in South-
America (Anderson and Trueman, 2000; De Guzman and Rinderer,
1999) was not confirmed by a later analysis of Brazilian mites
which exclusively were of the Korean type (Garrido et al., 2003).
Obviously, the Korean haplotype with a hypothesized clonal struc-
ture (Solignac et al., 2005) has expanded worldwide (Muñoz et al.,
2008).

We can summarize that natural selection towards Varroa toler-
ance in the honey bee is possible and in some cases a partial toler-
ance has already been confirmed. Unfortunately, none of the
described cases show a clear correlation of tolerance to a specific
host factor. Therefore, it remains unclear whether the study of
these tolerant populations will be helpful for the determination
of tolerance factors. Nevertheless, managed honey bee colonies
may benefit from the introgression of tolerant feral populations
through the distribution of germplasm with novel genetic recom-
binations (Villa et al., 2008).

5.2. Tolerance factors

5.2.1. Environmental conditions
As an obligate parasite of honey bees the ‘‘environmental con-

dition” for V. destructor mites is provided by the host and reflects
to a large extent the conditions within the honey bee hive. How-
ever, the microclimatic conditions within the colony are affected
by outside factors like temperature, humidity or the availability of
pollen and nectar. This may, presumably indirectly, influence the
proportion of non-reproducing mites (Eguaras et al., 1994; Gar-
cia-Fernandez et al., 1995; Kraus and Velthuis, 1997; Moretto
et al., 1997). Increasing the mites’ phoretic phase during winter
times or dry seasons decreases the reproductive success (Rosenk-
ranz and Bartalszky, 1996). On the other hand, infestation rates of
adult Africanized honey bees rose from 4% to 11%, when they
were moved from warmer to colder climates in Brazil (Moretto
et al., 1991). In contrast, Rosenkranz and Engels (1994) stated
that infertility of mites in Africanized and European colonies did
not depend on brood nest or ambient temperatures. However, a
general dependence of the population dynamics of V. destructor
on climate has been assumed several times (De Jong, 1996; De
Jong et al., 1984; Moretto et al., 1991). It is likely that environ-
mental factors act indirectly via the host on the parasite, for in-
stance by modulation of honey bee brood amount, the relation
of drone to worker brood or the extent of the hygienic behavior
of the bees.

5.2.2. Active behavioral defences
In the context of social interactions honey bees exhibit a wide

range of behavioral skills. Two of them, the ‘‘grooming behavior”
and the ‘‘removal of parasitized brood cells” (hygienic behavior)
might impair the survival and reproductive success of V. destructor
(reviewed in Boecking and Spivak, 1999; Evans and Spivak, 2010).
Moreover, A. cerana exhibits the unique behavior of entombing
parasitized drone brood, which prevents the hatching of these
brood cells and, therefore, kills the invaded mites (reviewed in
Rath, 1999).

5.2.2.1. Grooming behavior. Honey bee workers groom themselves
(auto-grooming) and other nestmates (allo-grooming). Peng et al.
(1987a) reported from the original host A. cerana a rapid and effec-
tive cleaning behavior: 98% of the mites introduced into A. cerana
observation hives were removed from the bees’ bodies, subse-
quently killed and evicted from the hive within a few minutes.
Thus, grooming behavior was a main factor recommended for
breeding programs to reduce the susceptibility of A. mellifera colo-
nies to V. destructor infestation (Arechavaleta-Velasco and Guz-
man-Novoa, 2001; Delfinado-Baker et al., 1992; Mondragón et al.,
2005; Moretto et al., 1995). However, the significance of grooming
behavior for host tolerance is assessed with caution because Peng
et al. (1987a) used mites from other honey bee species which may
have stimulated the grooming activity by their alien scent (Rosenk-
ranz, 1993) and reproducing the experiments of Peng et al. (1987a)
at the same study site with intraspecific mites revealed a signifi-
cantly lower grooming effect (Fries et al., 1996). Also in A. mellifera
there seem to exist race-specific differences in the extent of
grooming behavior (Moretto, 2002). In general, grooming behavior
seems to be highly variable (Büchler, 1994; Currie and Tahmasbi,
2008) which may be an advantage for selective breeding. On the
other hand, the results strongly depend on the method used to
quantify this trait. For instance, Aumeier (2001) determined in a
bioassay lower race-specific differences in grooming activities
between Africanized and European bees, respectively, as has been
reported by Moretto et al. (1995). Furthermore, there are still
conflicting reports on the heritability of the grooming behavior
trait in European honey bee stocks (Boecking et al., 2000; Harbo
and Harris, 1999; Harbo and Hoopingarner, 1997; Moretto et al.,
1993).

It is unknown how the Varroa specific grooming behavior is elic-
ited. Allo-grooming may be elicited by a ‘‘grooming dance” (Boec-
king and Spivak, 1999), but a specific scent of the mites could also
be detected by the bees. It is interesting that Varroa mites have a
similar cuticular hydrocarbon profile as their host bee (Nation
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et al., 1992) and that this hydrocarbon pattern is variable and, is
used for chemical mimicry especially when the mite stays within
the brood cell (Martin et al., 2001b).

A general problem represents the comparative quantification of
grooming behavior. The often used factor ‘‘number of damaged
mites on the hive bottom” seems to be of limited value as this pre-
sumed damage of the dorsal shield belongs to the normal peculiar-
ities of the body shape of the mite (Davis, 2009). Furthermore, a
certain part of the mutilated mites might have been damaged after
their natural death within sealed brood cells (Rosenkranz et al.,
1997).
5.2.2.2. Hygienic behavior. The hygienic behavior is described as the
uncapping and removal of dead, diseased or parasitized brood
(Fig. 6). Rothenbuhler (1964) assumed a two-loci model for uncap-
ping and removal for brood diseases. This model was re-evaluated
by Moritz (1988) who suggested a more complex three- or more-
loci model for the removal behavior. Varroa-specific hygienic reac-
tions seem to be even more complex and include repeated uncap-
ping and resealing of infested brood cells (Aumeier et al., 2000;
Boot et al., 1999; Rosenkranz et al., 1993b). This may be due to
the participation of several genetically distinct worker bees which
are specialized in different hygienic tasks. The removal of Varroa
infested brood does not necessarily include the death of the mites;
most mites seem to escape from the opened brood cells during the
removal process (Boecking and Spivak, 1999; Fig. 6). However,
the removal of mites from the brood leads to an interruption of
the reproductive cycle of the parasite, a prolonged phoretic phase
or even the death of the mites. In A. cerana stocks experimentally
inoculated with mites, worker bees removed 97% of Varroa mites
from open brood cells within a few minutes (Peng et al.,
1987a,b). A. mellifera removes mite-infested pupae to a lower but
still considerable extent (Aumeier et al., 2000; Boecking and Ritter,
1993; Boecking and Spivak, 1999; Boecking et al., 2000; Guzmán-
Novoa et al., 1999).

Consequently, the removal of mite-infested brood represents
the main factor for the selective breeding of mite tolerant Euro-
pean honey bees (Harris, 2007; Ibrahim and Spivak, 2006; Spivak
and Reuter, 1998). Several methods have been described to quan-
tify the hygienic behavior of a honey bee colony, of which the fro-
zen brood test and the pin test are now widely used (Boecking and
Spivak, 1999; Gramacho et al., 1999; Spivak, 1996a,b). In both
tests, a certain number of brood cells are killed either by freezing
or by piercing; after a defined period the percentage of removed
dead brood cells is recorded and used as a measure for hygienic
behavior. However, there exist several restrictions for successful
selection of a Varroa-specific hygienic behavior:

� It is not clear whether the mechanisms for the detection of dead
brood are the same as for the detection of mite-infested cells
and whether there is sufficient correlation between ‘‘killed
brood” and ‘‘removal of Varroa infested brood cells” (Boecking
et al., 2000). Obviously, Varroa infested cells are not only per-
ceived by mite-specific volatile signals of the polar fraction
(Martin et al., 2001a) and/or by certain methylalkanes (Martin
et al., 2002), but also by unspecific ‘‘stress” reactions of the pupa
itself (Aumeier and Rosenkranz, 2001; Boecking and Spivak,
1999; Boot et al., 1999; Gramacho et al., 1997, 1999; Rosenkranz
et al., 1993b).

� The hygienic behavior is strongly influenced by environmental
and in-hive factors (Boecking and Spivak, 1999; Harris, 2008;
Spivak 1996a,b).

� The genetic variance and heritability of this trait has yet to be
determined (see Boecking and Spivak, 1999; Boecking et al.,
2000).
5.2.3. Population dynamics of the host
It is likely that the population dynamics of the host colony sig-

nificantly influence the dynamics of the Varroa population. The
amount of brood throughout the season, the temporal pattern of
brood availability, the percentage of drone brood, swarming,
absconding and brood free periods during winter or dry seasons
have an impact on the reproduction of the Varroa population.
Unfortunately, we do not yet understand and cannot quantify the
parameters of these multifactorial relationships. Some models
are available but their use is limited if the variation of the under-
lying parameters is very small (DeGrandi-Hoffman and Curry,
2004; Fries et al., 1994; Martin, 1998). Two examples may illus-
trate this problem:

� Swarming seems to be a promising strategy for the host (i) to
divide the population of the parasite (Wilde et al., 2005), and
(ii) to reduce mite reproduction through a broodless phase of
several weeks. However, an experiment on an isolated island
showed that at the end of the year, the swarm and the mother
colony had similar and high infestation rates. This unexpected
result may occur because the swarm is prolific and offers ideal
breeding conditions for the mites, whereas the broodless period
of the mother colony and possible damage from high infestation
rates, reduces mite population growth (Fries et al., 2003).

� A shorter post-capping period of the brood cell should reduce
the numbers of adult mature daughter mites. However, a shorter
developmental time of the brood permits probably one brood
cycle more per season which may compensate for the positive
effect (Martin, 1998). A shorter post-capping period probably
also selects for faster mite development.

An additional complication is that, at a certain threshold, an
increasing mite population reduces the host population growth,
which again may reduce the reproductive possibilities of the Varro-
a mites. If one considers such effects, the impact of bee viruses as
secondary infections must also be included in such models (Martin,
2001a).

5.2.4. Control of mite reproduction
The control of mite reproduction is considered the most effec-

tive tool for the host to prevent the growth of a Varroa population
within the colony (Fries et al., 1994). Various approaches of the
honey bee host can limit the reproductive success of Varroa mites:

� A low attractivity of the brood may reduce the invasion rate of
Varroa females. Experiments in Mexico revealed that brood of
European honey bees were twice as attractive as brood of Afri-
canized honey bees (Guzmán-Novoa et al., 1996, 1999). The nat-
ure of different brood attractivity is unknown. Aumeier et al.
(2002) did not find any race-specific differences in the attractiv-
ity of individual bee larvae in a bioassay. They concluded that
differential Varroa-infestation rates are not related to individual
larval attraction but rather the effect of other race-specific fac-
tors at the colony level.

� The mite fertility and fecundity has been shown to vary accord-
ing to environmental and host specific factors (see Section
3.3.1). For the rate of infertile brood mites, which has been
shown to differ significantly between tolerant Africanized honey
bees and susceptible European honey bees (Rosenkranz, 1999),
the race-specific variation disappeared for unknown reasons
(Correa-Marques et al., 2003; Garrido et al., 2003). Today, there
are no proven examples of a population or subspecies of A. melli-
fera with a significantly reduced fertility of Varroa mites. This
also applies to the fecundity and mortality of Varroa females
within brood cells. These factors show a variability which could
explain at least in part differences between susceptible and
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tolerant honey bee colonies (Eguaras et al., 1995; Martin et al.,
1997; Mondragón et al., 2005). However, objective comparisons
among published data are nearly impossible as the techniques
for quantification are not standardized.

� The availability of bee brood, and especially drone brood which
provides better reproductive conditions for the mite, is a crucial
factor for the reproductive success of the Varroa females. There-
fore, the duration of the brood rearing period as well as the
amount of drone brood significantly influences the population
dynamics of the mite (Calis et al., 1999b; Fries and Bommarco,
2007).

� The duration of the post-capping stage limits the time available
for the development of the Varroa offspring. Simulations indi-
cate that a shortening of the post-capping period by about 10%
could reduce the mite population growth by about 30% (Büchler
and Drescher, 1990). Africanized honey bees as well as some
African subspecies have a significant shorter post-capping per-
iod than European honey bee races (Moritz and Mautz, 1990;
Rosenkranz, 1999; Rosenkranz and Engels, 1994a). However,
Martin (1998) does not expect a considerable effect of a shorten-
ing of the developmental time of the bee brood as the number of
brood cycles per season may increase; and Bienefeld and Zautke
(2007) even expect negative effects due to a reduced vitality of
the hatching worker bees.

� The smaller cell size of some honey bee subspecies likely influ-
ences the invasion rate as well as Varroa reproduction (Message
and Gonçalves, 1995; Piccirillo and De Jong, 2003). However,
these results were acquired from experimental colonies where
both brood types were offered at the same time. So far, there
is no proof that under natural conditions smaller cells are a cru-
cial tolerance factor (see also in Sections 3.2 and 6.3)

One can summarize that the triggering of Varroa reproduction
represents a powerful approach to establishing a stable host–para-
site relationship (Fries et al., 1994). However, clear examples of a
long-term correlation between host tolerance in A. mellifera and re-
duced Varroa reproduction are not available. A main problem is
that methods which are currently available are not sufficient to
quantify exactly the details of Varroa reproduction.

5.3. Tolerance breeding

The selective breeding of Varroa tolerant bees is considered to
be the only long-term solution of the Varroa problem. Therefore,
many different attempts have been made by researchers as well
as by breeding organisations of the beekeeper communities. In
many cases, independent proof of ‘‘resistant lines” is lacking and
it is often difficult to make recommendations concerning the use
of commercially merchandised queens.

One long-term attempt for the selection of tolerant honey bee
strains was the introduction of the ‘‘Russian (Primorski) bees”
about 10 years ago and the subsequent selection with a multifacto-
rial approach of 18 tolerant strains (De Guzman et al. 2007, 2008;
Rinderer et al., 2000, 2001, 2003). Various reports during the past
5 years confirmed at least a partial tolerance of these breeding
lines, expressed by a significantly lower increase of the Varroa pop-
ulation compared to the local A. m. ligustica bees (Tarpy et al.,
2007a; Ward et al., 2008). Additionally, a resistance of the ‘‘Russian
bees” towards tracheal mite infestation was reported (Villa and
Rinderer, 2008). The tolerance to Varroa mites was attributed to
several factors, among them the lower attractivity of brood cells,
reduced mite reproduction and extended phoretic periods were
considered most important (De Guzman et al., 2007, 2008). So
far, the selective breeding program over a 10-year period did not
result in inbreeding problems (Bourgeois and Rinderer, 2009).
However, the results of a 2 year cooperative project of the German
working group with ‘‘Primorski bees” from the United States did
not live up to the initial expectations. A somewhat reduced growth
of the Varroa population in the ‘‘Primorski bees” could be con-
firmed, however, the brood amount and honey yield were also sig-
nificantly reduced (Working group of German Bee Institutes, 2003).
Therefore, ‘‘Primorski queens” were not recommended for bee-
keepers in Germany. A similar lower production of the ‘‘Russian”
bees was obtained by Tarpy et al. (2007b) in a field trial with
250 beekeepers.

Another approach in the United States is based on the selec-
tion of specific characteristics of bees rather than on general
changes in the mite populations. Local colonies in different cli-
matic regions were surveyed and the ones with presumed poten-
tial for Varroa resistance were used for further artificial cross
inseminations (Harbo and Hoopingarner, 1997). Tests of these se-
lected stocks revealed a sufficient heritability for certain charac-
ters (Harbo and Harris, 1999a) and a systematic approach was
developed to include several characters (for instance initial and fi-
nal mite populations, reproductive rates, number of reproductive
cycles). In a 10-year survey, Harris et al. (2003) confirmed that
some reproductive parameters of the mites explain most of the
variation of the Varroa population dynamics; however, he also
pointed out that the weather conditions may significantly alter
the reproductive parameters. Meanwhile, there are two charac-
ters which are used in different tolerant honey bee strains sepa-
rately or in combination: The hygienic bees (HYG) and the
‘‘suppressed mite reproduction” bees (SMR). Hygienic behavior
has been discussed as a suitable selection character for more than
10 years (Boecking and Spivak, 1999; Spivak, 1996b). Hygienic
colonies have been proven to maintain lower mite loads, espe-
cially at moderate mite infestation rates and the trait was even
measurable in the F1-generation (Spivak and Reuter, 2001). Harris
and Harbo (2000) succeeded in increasing the rate of infested
brood cells without viable Varroa progeny and found such colo-
nies more resistant than unselected ones; this trait was also sta-
ble within the F1-generation (Harbo and Harris, 2001). Obviously,
there are some links between HYG and SMR traits. The SMR bees
removed reproductive mites more often than non-reproductive
ones; hence the remaining mites in brood cells gave the ‘‘illusion”
of high non-reproduction rates (Harbo and Harris, 2005). Harris
(2007) assumed a particular sensitivity of SMR bees for infested
brood. However, Ibrahim and Spivak (2006) compared SMR and
HYG bees and found a higher removal rate of infested mite pupae
in SMR colonies and an additional lower reproductive rate when
the infested brood combs were transferred to the incubator.
Therefore, the brood of SMR colonies itself, obviously, suppress
the Varroa reproduction. In further experiments colonies selec-
tively bred for both HYG and SMR features were compared with
colonies solely bred for HYG and unselected control colonies
(Ibrahim et al., 2007). The colonies selected for both characters
had significantly fewer mites on bees and in brood cells. Surpris-
ingly, the mite reproduction parameters did not differ among the
experimental groups. So, the question of which character contrib-
utes to what extent to the observed Varroa tolerance still remains
elusive.

A long-term project has also been started in Germany. In coop-
eration with beekeepers, the concept includes selection on the ba-
sis of hygienic behavior, examination of the difference between the
mite population at the beginning and the end of the season, and
mating stations with non-treated colonies for drone production
(Büchler et al., 2008). The latter should include natural selection
in a way that less susceptible colonies produce more drones. How-
ever, in the long run more drones may lead to a trade-off by
increasing the mortality of successfully reproducing colonies, be-
cause a high number of drone brood boost the Varroa population
within the colony (Kraus et al., 2007).
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One has to state that the tolerant breeding lines presented here
do not provide long-term and safe tolerance. Beekeepers that use
commercially purchased tolerant queens need to continue moni-
toring the levels of Varroa infestations and use treatments if neces-
sary (Tarpy et al., 2007a). Therefore, additional approaches are
necessary to increase the efficacy of selective breeding. Multi-level
selection including the selection of suitable patrilines has been
suggested to improve the success of honey bee breeding programs
(Perez-Sato et al., 2009).

A new approach is the search for tolerance factors at the indi-
vidual level by comparing individuals from susceptible and toler-
ant stocks. With the aid of the published honey bee genome,
major loci from a QTL map can be identified (see EU-Project ‘‘BEE-
SHOP”: http://www2.biologie.uni-halle.de/zool/mol_ecol/bee-
shop/index.html). Using microarray techniques the differential
gene expression of individual pupae can be analyzed. According
to Navajas et al. (2008) bees tolerant to Varroa were characterized
by differences in the expression of genes regulating neuronal
development, neuronal sensitivity and olfaction, which may be
related to differential grooming and hygienic behavior.

6. Control

The first ‘‘official” detection of Varroa mites in a country is usually
followed by intensive activities of the responsible bee scientists,
extension services and veterinary authorities in order to control
the spread of the mite and prevent collapse of honey bee colonies.
During the first phase, damage and losses of colonies are common
due to the lack of knowledge in control methods. A selection of bee-
keepers often occurs during the first 10 years, based on whether they
are willing or able to include Varroa treatment into their manage-
ment practice. Beekeepers that do not do this will loose their colo-
nies. After several years the beekeeping situation normally
stabilizes. However, periodic high losses of 30% or more of the hived
honey bee population, mostly during overwintering, are still com-
mon and seem to be inevitable (German Bee Monitoring Project,
2008). Regardless of other threats to honey bees and the fact that be-
fore the ‘‘Varroa era” heavy colony losses were also reported (Gnä-
dinger, 1984), Varroa mites seem to be the crucial driver for these
periodic losses. It is assumed that Varroa is also involved in the recent
substantial losses of honey bee colonies across the United States and
several European countries (CCD: Faucon and Chauzat, 2008; Old-
royd, 2007; vanEngelsdorp et al., 2008a). This link is supported by
Nguyen et al. (2009) who explored recent colony losses and found
acaricides to be either prohibited or ineffective against V. destructor.
He concluded that the common treatment methods used by the bee-
keepers often are inadequate for mite control.

Without any doubt, most of the colonies of A. mellifera in tem-
perate climates will be damaged or even collapse within a few
years if no control or inappropriate control methods are used
(Boecking and Genersch, 2008; Rademacher and Harz, 2006). Now-
adays, beekeepers utilize a wide range of different chemical sub-
stances, application techniques and methods to keep mite
populations under control. An overview of the chemical, biotechni-
cal, and biological methods which are currently used or developed
to combat the Varroa mite is presented in Table 2.

6.1. ‘‘Hard” acaricides

Over the last 15 years, the most noted synthetic acaricides
against V. destructor are the organophosphate coumaphos
(Checkmite�, Asuntol�, Perizin�), the pyrethroids tau-fluvalinate
(Apistan�, Klartan�, Mavrik�) and Flumethrin (Bayvarol�), as well
as the formamidine amitraz (Milani and Barbattini, 1988; Milani
and Lob, 1998; Ritter, 1988). Tau-fluvalinate acts at the voltage-
gated sodium channels while coumaphos, an acetylcholinesterase
inhibitor, interferes with nerve signaling and function. Most of
these pesticides are easy to apply, economically convenient, and
do not require refined knowledge of the mites’ biology. Further-
more, as lipophilic substances they are mainly absorbed by the
bees’ wax (Bogdanov et al., 1998; Wallner, 1999, 2000), thus not
directly jeopardizing the honey. However, they are persistent and
accumulate after repeated treatments. Therefore, these miticides
also possess some disadvantages:

� They may harm bees when bees are simultaneously exposed to
multiple compounds stored in wax (Chauzat et al., 2009; John-
son et al., 2009; Wallner, 2005).

� They can sustainably pollute the honey and other bee products
(Lodesani et al., 2008; Martel et al., 2007; Nasr and Wallner,
2003; Schroeder et al., 2004; reviewed in Wallner, 1999). For
Asuntol, residues in honey were found, that exceeded the EU
Maximum Limit of Residue (MLR). Contamination of bee’s wax
even persists through commercial recycling.

� Because several types of wax residues also may have some effect
on mites in the sealed cells (Fries et al., 1998), they are likely to
create acaricide resistance, thus causing unrecognized failure of
control in the field and serious damage to beekeeping.

Already 15 years ago, V. destructor became resistant to fluvali-
nate (Milani, 1994) through metabolic and/or target site desensi-
tivity (Sammataro et al., 2005). Obviously, there is cross
resistance to other pyrethroids like acrinathrin and flumethrin.
Also for organophosphates like coumaphos and for the formami-
dine amitraz, resistance of certain mite populations was recorded
(Elzen et al., 1999a,b; Lodesani et al., 1995; reviewed in Milani,
1999; Trouiller, 1998). Resistant mite populations may increase
and spread with predictable consequences (Elzen et al., 2000;
Milani and Della Vedova, 1996, 2002; Sammataro et al., 2005).
The development of acaricides on the basis of new active ingredi-
ents is not very likely (Dekeyser and Downer, 1994) and still not
in sight. ‘‘Rotation” in the use of different acaricides within a
‘‘resistance management plan” (0., 2000, 2001) may only be a
short-term-solution, due to the mainly non-professional structure
of the beekeeperś community. Therefore, it is necessary to include
alternative methods within the often chemical biased Varroa con-
trol strategies (Lodesani, 2004; Milani, 2001b).

6.2. ‘‘Soft” acaricides – organic acids and essential oils

Organic acids and essential oils, namely formic acid, oxalic acid,
lactic acid and thymol, represent the frame of natural compounds
used for the control of Varroosis. An enormous number of studies
have been conducted regarding the details of application under dif-
ferent climatic and beekeeping conditions, i.e. concentration, time
and number of treatments, method of application (powdering,
feeding, evaporating, fumigating, trickling or spraying) and others
(Calderone, 1999; Calderone and Nasr, 1999; Charrière and Imdorf,
2002; Della Vedova and Milani, 1999; Fries, 1989; Kraus et al.,
1994; Milani, 2001a; Nanetti et al., 2003; Rademacher and Harz,
2006; Skinner et al., 2001; vanEngelsdorp et al., 2008b).

The general advantages of these natural compounds are:

� Sufficient efficacy against V. destructor, with formic acid as the
only acaricide which is able to kill mites within the sealed brood
cells (Fries, 1991).

� Low risk of residues and accumulation in bee products. Most of
these substances are water soluble and/or volatile and, further-
more, natural ingredients of honey. Therefore, contaminations
which jeopardize the quality of honey or bees’ wax are unlikely
(Bogdanov, 2006; Bogdanov et al., 1998, 2002; Floris et al., 2004).

� Low probability of eliciting resistance after repeated treatments.

http://www2.biologie.uni-halle.de/zool/mol_ecol/bee-shop/index.html
http://www2.biologie.uni-halle.de/zool/mol_ecol/bee-shop/index.html


Table 2
A compilation of the chemical, biotechnical, and biological treatment currently in use or part of recent research activities. For the different active ingredients and biotechnical control methods, respectively, the registered products, the
mode of actions, a general valuation and the most valuable references are given.

Type of treatment Active ingredient/mode of application Valuation Reference

Chemical treatment
’Hard’ synthetic chemicals Checkmite�, Asuntol�, Perizin�

(active component organophosphate
coumaphos) are anticholinesterases

Substances are fed or applied via
fumigation, trickling or permanent
contact in impregnated plastic strips;
they are acting systemically or via
contact

Substances mostly lipophilic (except Cymiazole) and
persistant with high risk to create residues in bee
products (especially non-polar substances which are
applied in strips), thus boosting resistant mites

Fernández and Coineau (2006), Floris et al.
(2001), reviewed in Wallner (1999), and Milani
(1995), also see chapter 6.1

Apistan�, Klartan�, Mavrik�

(pyrethroid tau-fluvalinate),
Bayvarol� (Flumethrin) with effect on
ion permeability
Amitraz�, Apivar�, Miticur�

(formamidine)
Apitol� (Cymiazole)
Folbex-VA Neu� (Brompropylat) and
others

’Soft’ chemicals (organic
acids, essential oils)

Formic acid (>60%) Applied in several short and/or one
long-term treatments in several
diffusers; miticidal when vaporized;
mode of action unclear, eventually
interfering with basic metabolic and
respiratory processes

Only acaricide which is effective against phoretic AND
reproductive mites; hydrophilic, therefore no
accumulation in bees wax; trace amounts naturally
occur in honey; contamination of bee products only if
inappropriately applied, minimal danger of resistances;
requires multiple applications; efficacy influenced by
ambient temperature, hive size, placement and colony
strength; high concentrations harm brood; precautions
for the user recommended; recent gel formulations
might probably facilitate application

Bolli et al. (1993), Fries (1989), Hoppe and
Ritter (1989), Hoppe et al. (1989), Hoppe et al.
(1989), Imdorf et al. (1996), Lindberg et al.
(2000), Satta et al. (2005), see also chapter 6.2

Oxalic acid, aqueous solution (e.g. 3–
3, 5%, Oxuvar�)

Applied by trickling, spraying,
fumigating or as pure cristals (e.g.
sublimated with heat) without or
with sugar; acaricidal action partly
attributed to strong solution acidity,
exact mode of action unclear;
probably distributed via direct
contact

Efficacy >90% when colonies broodless, less than 60%
when brood right; efficacy independent from
temperature; negative effects on brood and bees if
multiply applied in short intervals

Aliano and Ellis (2008), Bacandritsos et al.
(2007), Charrière et al. (1998), Gregorc and
Planinc (2001, 2004), Gregorc and Poklukar
(2003), Higes et al. (1999), Kraus and Berg
(1994), Martin-Hernandez et al. (2007), Milani
(2001a), Nanetti et al. (2003), Rademacher
(2006), Rademacher and Harz (2006),
Rademacher and Imdorf (2004)

Lactic acid, aqueous solution (e.g.
15%)

Twice spraying on the bees of all
combs

High efficacy for treatment of swarms (<95% mites
killed), in broodless colonies around 80%, drops to 20–
40% with brood; labor-intensive application

Apiguard�, Thymovar�, Magic3�,
Frakno� or pure cristals (Thymol);
Api Life Var (Thymol and other
essential oils); Kombi-Am (marjoram
oil and formic acid)

Applied as fumigant, powder, sprayed
emulsions or in saturated absorbent
blocks placed over the brood combs;
possibly inhibits feeding, growth,
orientation or reproduction of Varroa
via its long-term repellent effects

Clear varroacidal properties (up to 90% reduction of mite
infestation) only for evaporated thymol; varying results,
possibly caused by temperature-dependent effects; can
exhibit bee toxicity; lipophilic, thus producing residues
in wax, but not stable and in most cases below the ‘‘taste
threshold” in honey

Colin (1990), Emsen and Dodologlu (2009),
Floris et al. (2004), Imdorf et al. (1999), Kraus
(1994), Lindberg et al. (2000), also see chapter
6.2

Other oils (e.g. wintergreen
oil = methyl salicylate, camphor)

Mode of action unknown Effect scarce or only in combination with other factors
e.g. heat; high variability in toxicity to bees and mites;
further research on improved modes of application
required

Herbal agents and their
modifications of known
or unclear ingredient

Sucrose octanoate esters (sucrocide) suffocates or desiccates the target insect Ability of short-term increase of mite mortality but not
effectively reducing mite populations

Barrington and Venis (2005), Sammataro et al.
(2008)

Terpens (e.g. Neem, Pichtin) with different insecticidal/acaricidal action Neem and some others: low efficacy after several
spraying treatments, repellent to bees, toxic for brood

Fassbinder et al. (2002), Melathopoulos et al.
(2000)

Rotenone (derris root extract from Lonchocarpus nicou) interfere with the
electron transport chain in mitochondria

Highly variable mite mortality, lethal effects on bees and
brood, residues in wax, toxicological risks to vertebrates

Satta et al. (2008)

Extracts or smoke of e.g. male fern (Dryopteris spec.), nasturtium (Tropaeolum
spec.), tobacco (Nicotiana spec.), walnut (Juglans spec.), mode of action
mainly unknown

Contradictory results; some extracts (tobacco) or smoke
(walnut) may cause significant mite mortality or
lowered population density; sometimes mites are not
killed and may recover

Cakmak et al. (2006), De Ruijter (1982),
Eischen and Wilson (1998), Shaddel-Telli et al.
(2008)

(continued on next page)
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Table 2 (continued)

Type of treatment Active ingredient/mode of application Valuation Reference

Propolis Polar extracts (4%) at 40�C affected mites’ metabolic activity Narcotic and lethal effects, resulting in 100% mortality of
phoretic and up to 68% in reproductive mites; only in
combination with high temperature

Garedew et al. (2003)

Biological/biotechnical methods
Trapping of mites in worker

or drone brood
Uses natural host-finding behavior of mites; trapped mites are killed
by heat (e.g. ’MiteZapper’), formic acid application or removal
of the entire frame

Up to 95% efficacy in otherwise broodless colonies; up to
50% mites removable with solely drone brood
extraction; no detrimental effect on colony
development; ’resistance’ of mites unlikely

Beetsma et al. (1999), Calis et al. (1999a),
Charrière et al. (2003); Engels et al. (1994),
Huang (2001), Rosenkranz (1987), see also
chapters 3.2 and 6.3

Use of bee-derived
kairomones

Confusion of host-finding behavior by evaporation of synthetic volatiles
on strips (e.g. PheroVar�)

Field tests missing; inconsistent results of laboratory
assays particularly e.g. fatty acid esters

Joder and Sammataro (2003); Pernal et al.
(2005), see also chapter 3.2

Use of bee-derived
repellents (allomones)

Interfere with the process of cell invasion Deterrent activity of royal jelly; efficacy in the field still
unclear

Drijfhout et al. (2005), Nazzi et al. (2009)

Breeding/use of tolerant
bees

Several approaches, see chapter 5

Use of wire netting bottom
boards

Mites which slip accidentially or after behavioral defences of bees,
are removed from the hive

Probably no or only small-scale effect on mite
population, but as ’natural mite downfall’ a valuable tool
for beekeepers to monitor treatment-thresholds

Calatayud and Verdu (1995), Ellis et al. (2001),
Harbo and Harris (2004), Pettis and Shimanuki
(1999), Rinderer et al. (2003), see also chapter
6

Use of specialized
bottom boards

Polyethylene tubes on the bottom board ’’happykeeper” causes
increased mite downfall

In field tests no effect confirmed http://www.beekeeping.org/happykeeper/
index_us.htm; Liebig, pers. comm.

’Energy waves’ e.g. ’Bio-Energetic Bee-Vitalizer’ activates grooming-skills of not tolerant bees Anecdotal reports from hobbyists, effect not
scientifically affirmed

http://www.n-g.at/Catalogd.pdf

Powdered sugar After dusting mites loose the grip on their hosts After direct dusting, up to 99% of the mites can be
removed from the bees in laboratory assay; in the field
trial low efficacy even if dusted every 2 weeks for
11 months with 120 g powdered sugar per application

Aliano and Ellis (2005), Ellis et al. (2009b),
Fakhimzadeh (2001), Randy (2008)

Water Swarms are completely plunged for 5 min Under controlled conditions ineffective Berg, pers. comm.

Heat Application of heat to isolated brood combs or whole colonies Effective (especially on brood mites in treated brood
combs) but costly on a time and material basis

Brødsgaard and Hansen (1994), Hoppe and
Ritter (1987), Rosenkranz (1987), http://
www.patent-de.com/20000302/
DE19834345A1.html

Ultrasound Acoustic waves interfere with mites’ orientation/communication No effect on bees or mites under controlled conditions Berg, pers. comm.; http://www.patent-de.com/
pdf/DE10161677B4.pdf

Plastic combs with
artificial cell form

Plastic combs with tapered cell sides; interference with the invasion
behavior into brood cells

No field tests http://www.beesfordevelopment.org/info/
info/disease/a-varroa-treatment-withou.shtml

Reduced cell size Might influence the inside-cell-behavior of the mites or just pinch them Promising reports from hobbyists, but under controlled
conditions no effect of inner cell width on reproduction
or mite population growth

Ellis et al. (2009a), Liebig and Aumeier (2007),
Martin and Kryger (2002), Message and
Gonçalves (1995), Taylor et al. (2008), see also
chapters 5.2. and 6.3

Rotation of brood combs Interruption of mites’ reproduction Reports of sweeping effects (if an additional acaricidal
treatment is applied at the end of the bee season) could
not be affirmed scientifically

Aumeier et al. (2006)
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However, there are also some disadvantages of these natural
compounds. Lactic acid and oxalic acid have to be applied under
broodless conditions (Emsen and Dodologlu, 2009; Higes et al.,
1999) and, therefore, are not suitable in regions without a brood
stop during winter. The efficacy of some compounds depends of
the evaporation pressure within the colony. Therefore, the climatic
and within-hive conditions and the mode of application have to be
carefully tuned for the optimal effect. This is crucial as the ‘‘thera-
peutic index”, the range between efficacy on the parasite and tox-
icity for the host, is not very large. This has to be taken into account
for the development of treatment concepts which include these
compounds (Bolli et al., 1993; Higes et al., 1999; Martin-Hernan-
dez et al., 2007; Mattila et al., 2000). In general this means that
the effects from organic acids and essential oils often are more var-
iable, compared to registered acaricides.

6.3. Biotechnical and biological methods

Biological methods which include peculiarities of the biology of
host and parasite are the real, sustainable approaches for Varroa
treatment. So far, real biological and effective treatment methods
do not exist. However, use of the chemoecological features of the
mites seems to have some potential for future use (Yoder and Sam-
mataro, 2003).

The ‘‘trapping comb method” as a biotechnical approach has al-
ready been used successfully. The principle is to remove mites
within the sealed honey bee brood from the colony which may
be rather effective (Engels et al., 1984; Maul et al., 1988) due to
the uneven distribution between ‘‘brood mites” and ‘‘bee mites”
(Boot et al., 1993; Rosenkranz and Renz, 2003). Most applications
concentrate solely on the removal of drone brood, which can be
eliminated without any negative effect on colony size or honey
production (Calderone, 2005). The removal of 3–4 completely
capped drone combs at the beginning of the season reduces the fi-
nal mite population about 50–70% (Charrière et al., 2003). The
‘‘trapping comb technique” with worker brood requires temporary
confinement of the queen to selected combs, subsequent removal
of these combs, selective killing of the mites (with formic acid or
heat; Calis et al., 1998, 1999a), and returning the combs to the col-
onies. This is a labor-intensive procedure and only recommended
in regions without late honey flows, however, it can cure heavily
infested colonies without any chemical treatment (Fries and Han-
sen, 1993).

Other non-chemical tools include work intensive applications
like heat treatments (Hoppe and Ritter, 1987; Rosenkranz, 1987),
methods without sufficiently confirmed efficacy (small cells, wire
netting bottom boards, powdered sugar or extra fine dust), and
‘‘exotic” approaches with only anecdotal ‘‘proofs” (acoustic waves,
electromagnetic fields, ‘‘energized” water, activated metal disks).
For more details and references see Table 2.

An example for an initially promising method which did not
meet expectations is the use of comb foundations with smaller
cells (see also in Sections 3.2 and 5.2.4). Under field conditions, a
significant effect of small cells on the Varroa population dynamics
could not been verified, in the United States Germany or in New
Zealand (Berry et al., in press; Ellis et al., 2009a; Liebig and Aume-
ier, 2007; Taylor et al., 2008).

Even if the predicted efficacy of the open-screened bottom
boards is not confirmed (Harbo and Harris, 2004; Rinderer et al.,
2003), it is a valuable tool to estimate the size of mite populations
(Branco et al., 2006) and/or to monitor the efficacy of treatments
(Calderone and Lin, 2003). Compared to other diagnostic methods
like acaricidal treatment, alcohol or detergent washes of adult bee
and brood samples (Gregorc and Smodis Skerl, 2007; Rinderer
et al., 2004) the measurement of the natural mite mortality is easy,
cheap and fast. Depending on season and on the amount of brood, a
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natural downfall of 0.5–10 mites on the bottom board is regarded
to be the threshold for a basic necessity of treatment (Arbeits-
gemeinschaft der Institute für Bienenforschung e.V., 2007; Gregorc
and Smodis Skerl, 2007; Liebig, 2001; Martin, 2001b). This corre-
sponds to an absolute mite population of 2000–3000 mites which
is considered as an economic threshold (Delaplane and Hood,
1999). In general, feasible diagnostic tools are an essential compo-
nent of integrated pest management (IPM; Faucon et al., 2007).

Another promising approach for Varroa management is the use
of antagonistic, parasitic or pathogenic organisms. This mode of
‘‘natural pest control” could be applied without concern about
the contamination of bee products. Those antagonists could even
spread autonomously between colonies creating long-term effects
(Van der Geest et al., 2000). However, the data base is still weak
with contradictory results.

The most substantial efforts have been undertaken with ento-
mo-pathogenic fungi, which are important natural regulators of
pestiferous eriophyoid and tetranychid mites (Chandler et al.,
2000). Shaw et al. (2002) reported the impressive lethal effects
of conidia (asexual spores) of the genera Metarhizium, Beauveria
or Verticillium on V. destructor in laboratory assays. Additional re-
ports support the hope of the beekeeper that at least during
broodless periods an effective control without side effects is pos-
sible (Garcia-Fernandez et al., 2008; Kanga et al., 2003; Meikle
et al., 2008). Other researchers, however, did not observe a signif-
icant mite-specific impact of different strains of these nonspecific
entomo-pathogenic fungi (Holt et al., in press; James, 2009).
Therefore, to date no biological commercial product for Varroa
treatment is available. Further research is required to identify
and clarify the taxonomic status of Varroa-specific fungi (Chan-
dler et al., 2001).
6.4. Treatment concepts

To prevent the occurrence of the ‘‘parasitic mite syndrome” in
Varroa-infested colonies, combined treatments are required which
are adapted to the local climatic and beekeeping conditions. A
state-of-the-art concept should consider the following aspects:

� Periodic treatment depending on mite population growth and
the risk of ‘‘reinfestation” from other non-treated bee hives
(Fries and Camazine, 2001; Goodwin et al., 2006; Greatti et al.,
1992; Sakofski et al., 1990).

� No chemical treatment during the nectar flow.
� If possible, acaricides with natural compounds and biotechnical

methods should be preferred.
� In temperate climates, treatments have to be performed prior to

the production of overwintering bees. Only healthy winter bees
which were not parasitized during their ontogenetic develop-
ment are long lived with the chance to survive until next spring
(Amdam et al., 2004; Martin, 2001b).

� Use of a suitable diagnostic tool to define the optimal time for
treatment, to control the efficacy of treatments, and to recognize
an unexpected reinfestation of mites.

� Different treatments with different modes of action should be
combined to avoid resistance of the mites and increase the over-
all efficacy.

Meanwhile, several examples of effective strategies for ‘‘Inte-
grated Varroa Management” are published (Arbeitsgemeinschaft
der Institute für Bienenforschung e.V., 2007; European Group for
Integrated Varroa Control, 1999; Rice et al., 2004; Sammataro
et al., 2004).
7. Summary and outlook

Varroa mites have been considered a problem for beekeeping for
about 40 years; 10 years later the mite reached Western Europe and
South-America and another 10 years later, the United States. So, we
now look back on more than 30 years of intensive research on vari-
ous aspects of the biology, pathology and management of this para-
site. To summarize the efforts we can state that we have significantly
increased our knowledge on mite distribution, pathogenesis, host–
parasite interactions and effective use of certain treatments. In most
countries the Varroa situation is stable; the beekeepers have learned
to ‘‘live with the mite” and most of them do not know beekeeping
without Varroosis. Most extension services of state experts and bee-
keeping organizations have successfully focused on integrated Var-
roa management considering the local beekeeping conditions.

However, we must also state that we have not achieved the ori-
ginal aim to get rid of the parasite or at least to solve the problems
related to Varroosis. There is neither a Varroa treatment available
which fulfills all the criteria ‘‘safe, effective and easy to apply” nor
a honey bee which is sustainably tolerant to Varroosis under tem-
perate climatic conditions. Rather, we now face new problems
with secondary diseases and damage in honey bee colonies caused
by synergistic effects of Varroosis plus other pathogens or environ-
mental factors (EU-project COLOSS; Oldroyd, 2007). In addition,
there are still no data showing that Varroa in general becomes less
virulent or that honey bee colonies selected for mite tolerance
survive without mite control. These aspects will maintain the
pressure on honey bee colonies and beekeepers especially in the
non-tropical countries with the significant risks for pollination
services.

This also means that further Varroa research is urgently needed
and that the respective scientists and the research funding organ-
isations have a responsibility to promote applied scientific ap-
proaches. Based on our experiences so far in Varroa research, the
following aspects should be considered for future projects:

(1) Future scientific activities should focus on the most impor-
tant research fields. These include: (i) the development
and optimization of safe and effective treatment concepts
including new approaches on biological treatments, (ii) a
better understanding of the Varroa pathogenesis including
secondary infections and synergistic effects, (iii) the detailed
study of host factors which abate the growth of the mite
population, and (iv) the use of such knowledge for selective
breeding of tolerant stocks.

(2) The potential benefit of the results for the beekeeping prac-
tice must be estimated realistically. It is naïve to believe that
the main problems of Varroosis like effective treatment or
host tolerance can be solved within a few years.

(3) Long-term solutions require long-term projects and more
international cooperation (i) to prevent redundant
approaches, and (ii) to promote multidisciplinary efforts by
including scientists from neighboring research fields in
honey bee pathology.
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