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AIMS

The main aim of the project was to investigate the biology of the mite
Varroa jacobsoni and the host-parasite relationship, between it and its host Apis
mellifera. Many aspects of the mite’s biology are unknown, and the project
therefore attempted to focus on problems which have either received little

attention, where contradictory conclusions have been drawn in the literature, or

where a consideration of more factors simultaneously has never been undertaken.

The host-parasite relationship was studied with a view to understanding how

effects on individual bees related to the effect on the honeybee colony as a whole.

Although varroa infested colonies frequently die during the winter, very

little research has been done previously on the bee-mite relationship during this
time. An understanding of the distribution of the mites, within the cluster, on
individual bees and aspects of their behaviour to determune whether the parasite

displays any selectivity was therefore deemed to be important.

About 50% the bees in a cluster die overwinter even in non-infested

colonies. This could have serious consequences on the mite population and it has
been argued by some researchers that mites normally die with their host. These

workers presented little data to support their reasoning and a series of
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expenments were therefore designed to determine overwinter mite mortality and

factors affecting their survival.

It is known that varroa feed on the haemolymph of their hosts, and as a

consequence, the protein titres of the bees are diminished. However, no previous

investigation has been carmied out to determine the effects of the mites on the
carbohydrate and lipid titres of bees. Additionally, although varroa has been
associated with deformity 1n bees for a long time, no definitive explanation of
how the mites cause such deformity has been forthcoming. Thus another of the
aims was to attempt to determine whether the drain on the hosts metabolic

reserves alone was sufficient to explain the deformities observed.

The possibility of varroa introducing exogenous material into bees was
proposed in the 1980’s, and although this has been convincingly shown to take
place between bee brood, no work has been cammed out on inter-adult
transmission of exogenous material. Thus an attempt was made to obtain

evidence that varroa is a potential vector of exogenous material between adult

bees.

If it could be demonstrated that varroa transmitted exogenous material

between all stages of the honeybee life-cycle, then varroa could potentially be a



vector of pathogens. This was assessed by investigating the role of varroa as a

vector of Deformed Wing Virus (DWV). DWYV is lethal pathogen which causes
morbidity and mortality in honeybees, but it has never been convincingly

demonstrated that varroa can routinely vector this pathogen.
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ABSTRACT

Varroa jacobsoni is a highly specialised parasite of Apis spp, which
ultimately causes colony death. A major contributing factor 1s their
haematophagous habit. It was shown using radioactive tracers that mites
consume about 0.67ul of haemolymph every 24 hours. When feeding on
overwintering workers, the mites preferentially occupy the left, 3rd and 4th
intersegmental tergites. This region is adjacent to the anterior-mesial

ventriculus, where nutrients are absorbed.

The mites caused significant reductions in the body and haemolymph
protein titres of emerging worker bees. Carbohydrate levels were only

significantly affected in the abdomen and the mites had no effect on lipid
concentrations. Mites also reduced the live weight and water content of
emerging worker bees. All the above parameters were negatively correlated

with increasing parasitosis. Additionally, worker bees were more likely to
emerge deformed with increasing parasitosis.

Using radioactive tracers, it was demonstrated that not only did the
mites acquire the tracer from the host, but they also transmutted the tracer
into other hosts. Whether the route of transmission was salivarial or via

regurgitated gut contents was unclear. It was also demonstrated that varroa

acted as a vector for Deformed Wing Virus (DWYV).
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V.jacobsoni are obligate ectoparasites of honeybees, and can only
survive for a few days away from their hosts. Within a winter cluster, mites
were found to rapidly transfer off dead / dying hosts onto live hosts.
Moreover, mites were shown to regularly transfer between live bees within a

cluster. This latter finding coupled with their ability to vector viruses has

important implications in disease transmission and thus on colony survival.

If a parasitised honeybee was to die and descend through the cluster

the mites could maximise their survival time by feeding on the dead host.
This finding has implications in the reinfestation of live bees even if the mites

are temporarily removed from the cluster.
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Over 40 mite species are presently known to parasitise honey bees
(Eickwort, 1988). Six of these parasitise the European honey bee Apis
mellifera (the European honey bee) (Figure 1.1); namely, Acarapis woodi

(tracheal mite), Ac. externus, Ac. dorsalis, Tropilaelaps clareae, Leptus spp.
and Varroa jacobsoni (Figure 1.2) (Bailey & Ball, 1991). V. jacobsoni, T.

clareae and Ac. woodi are the most damaging species, causing bee death,

colony death and thus major economic losses. Presently, the most serious

threat to the world bee-keeping industry is posed by V. jacobsoni because of

its wide distnbution, its rapid dispersal between hives and because it causes
high colony mortality rates. In many areas (including Britain) where V.
Jjacobsoni has become established, colony losses of up to 60% are frequently

reported, sometimes rising to 100% (Shabanov ez al., 1978). This represents
many tens or even hundreds of thousands of colonies in some cases
(Griffiths, 1989). In many areas feral 4. mellifera colonies have been almost
entirely wiped out (Kraus & Page, 1995). When 1t is considered that honey
bees are estimated to be worth £7 billion to agniculture and horticulture in
Europe and that the honey industry in Britain alone 1s worth some £12

million, the scale of the V. jacobsoni problem is clearly enormous (Walton,

1996). It has been suggested that 7. clareae poses potentialy an even more
serious threat than V. jacobsoni (Atwal & Goyal, 1971; Burgett ef al., 1983).

Fortunately it has not yet shown the same propensity for dispersal as V-



jacobsoni (Burgett ef al., 1983; Burgett & Akratanakul, 1985) and its

known distribution thus far 1s limited to Indonesia, Philippines, Thailand,

Hong Kong (Matheson, 1995) and as of 1995, Nepal (Matheson, 1996).
V. jacobsoni presents the beekeeping industry with a two-fold

problem. Firstly, in the wake of V. jacobsoni being identified in an area

restrictive regulations are normally rapidly enforced which prevent

beekeepers from moving bees to proﬁtabfe areas of forage and from moving

or selling equipment which has come into contact with V. jacobsoni infested

bees (Matheson, 1994). Secondly, V. jacobsoni infestation 1s associated with

the decline and, ultimately the demise of bee colonies (Needham, 1988).

1.1 The discovery, classification and spread of V. jacobsoni
V. jacobsoni is an obligate ectoparasitic, epizodtic = mite of honey bees

(Eickwort, 1988). According to Dietz & Hermann (1988) 1t is taxonomicaily

classtfied as follows

Class Arachmda

Subclass Acarl

Order Acarina (Parasitiformes)

Suborder Mesostigmata

Group Gamasida

' Words marked with an asterix are defined in the glossary



Family Varroidae (Delfinado & Baker, 1974)
Subfamuly Hypoaspidinae
Genus Varroa Oudemans, 1904

Species V. jacobsoni Oudemans, 1904

The only other species in the genus Varroa, Varroa underwoodi lives on
Apis cerana (the Asian honey bee) in Nepal, but its biology 1s hardly known

(Delfinado-Baker & Aggarwal, 1987).

V. jacobsoni was first discovered in the brood of A. cerana (Figure 1.3)
in Java in 1904 and described by Oudemans (1904), who suggested that it may

be a parasite. For the next 40-50 years the mite was rarely mentioned in the
scientific literature (Buttel-Reepen, [1918]; Zander, [1930]; Orési-Pal, [1939]).
During this time it was suggested that V. jacobsoni was not a parasite but
survived on bee faeces and discarded brood food (Grobov, 1977; Rademacher &
Geiseler, 1986). In 1951 V. jacobsoni was ‘(re)discovered’ on A.cerana on
Singapore Island and erroneously described as a new species and
named/renamed Myrmozercon reidi (Gunther, 1951).

V. jacobsoni was first observed on A.mellifera in 1958 in Japan
(Mikawa, 1985; Bailey & Ball, 1991), although it has been suggested that the

mite may have been associated with A. mellifera since 1915 (Takeuchi & Sakai,



1986) and possibly even earlier as 4. mellifera was taken to Japan in 1876

(Tanabe & Tamaki, 1986). The movement of V. jacobsoni from A. cerana to A.
mellifera probably first occured in China or East Russia where A. mellifera and

A. cerana became artificially-sympatric because of bee-keeping practices

(Ruttner & Maul, 1983).

Since its discovery, V. jacobsoni has spread rapidly throughout most the
world owing to migratory beekeeping practices, beekeepers introducing bees into

new countries, bee dnfting, swarming, robbing, (Crane, 1978; DelJong et al,

1982a; Sakofski & Koemger, 1986, Bradbear, 1988; Rademacher, 1991) and
possibly via flowers, anthophilous (flower-feeding) insects and honey bee

predators and nest visitors such as wasps and cuckoo bumble bees of the genus
Psithyrus (Kevan, et al., 1990). Presently only Australasia and a few isolated
islands across the world such as Hawaii are thought to be free of V. jacobsoni
(Matheson, 1996), although they are unlikely to remain so, if they are now!
Indeed, in 1994 (Banks, 1994) varroa was tentatively recorded in the Australian
Torres Strait. If correct, this means that every continent is now infested by the
mites.
Even though V. jacobsoni was discovered at the turn of the century,

it was not until tﬁe early 1960s that it was recognised as being a highly

destructive parasite of Apis mellifera (Dietz & Hermann, 1988). However,



by the time this was realised V. jacobsoni had been inexorably moved around

the world, with the unwitting help of beekeeprs. Today it is considered to be

the most serious threat to world beekeeping (Shabanov ez al., 1978).

1.2 Morphology of V. jacobsoni

Adult female V. jacobsoni are dorsoventrally flattened with shghtly

convéx idiosomas which are orange-red in colour. They are wider than long,

measuring ~1100pum long by ~1600um wide (Akratanakul, 1976), and have a

mean weight of ~0.34mg (Smimnov, 1978; chapter 3). Adult male V. jacobsoni

(Figure 1.4) are smaller than the females (being about 820um long and 800um

wide), have a rounder idiosoma which is white i colour and not heavily

sclerotised (Delfinado-Baker, 1984; Steiner, 1988).

Mouthparts of V. jacobsoni
General morphology of the Mesostigmatid mite gnathopodal cavity

The bodies of mites are divided into two main regions, a posterior
idiosoma within which the viscera and musculature are located and an
anterior gnathosoma’ (gnathopodal cavity in Mesostigmata). The
gnathopodal cavity is so called because the coxae of the first pair of legs are
fused with the gnathosoma. It is essentially a sensory-trophic structure

(Evans, 1992) comprised of the subcapitulum, the pedipalps (palps) and



chelicerae. The subcapitulum is comprised of the palpcoxae, labrum, mouth,

pharynx and the subcheliceral plate (or shield) (Figure 1.5).

The palpcoxae extend antenorly and superiorly and come into close
contact along their margins to form the floor and ventral walls of the
subcapitulum. The floor of the subcapitulum is not fused, but forms a groove
called the median capitular groove. Lying above this V-shaped trough,
forming a ‘roof’to the mouth, 1s the subcheliceral plate, which extends

posteriorly beyond the palpcoxae and back into the idiosoma. Adjacent to the

anterior margin of the subcheliceral plate is the labrum. This extends
anteriorly beyond the mouth and over-lies the pre-oral cavity. Within the V-

shaped trough resides the pharynx, suspended by vanous supporting

structures. The whole of the subcapitulum lies inferiorly within the

gnathopodal cavity.

Ventral to the V-shaped median capitular groove and on the outer
surface of the Gamasida is the tntosternum. The tritosternum consists of a
base and anteriorly directed lacinae (projections). Attached to the inner
surface of the tritosternum are two bands of muscle which afford it with
limited lateral and vertical movement (Wemnz & Krantz, 1976).

Superior to the subcapitulum are the paired chelicerae (Figure 1.6).
The chelicerae are morphologically highly variable, trophic (feeding) organs,

consisting of three parts (articles). The posterior-most article (basal article)



to which strong retractor muscles are attached, the middle article, which
articulates with the anterior margin of the basal article and is dorsally
extended in an anterior direction to form a fixed digit, and finally a third
article (movable digit), which lies inferiorly to the fixed digit and articulates
with the anterior margin of the middle article (Figure 1.5b).

The palps are segmented leg-like sensory structures which extend

beyond the anterior margin of the gnathosoma (Milani, 1990). Their coxae

. form the floor and lateral walls of the subcapitulum.

Gnathopodal cavity of Varroa jacobsoni
The gnathopodal cavity of varroa differs from the general

Mesostigmatid plan only in that the fixed digit of the second article of the

chelicerae is vestigial. The significance of this modification 1s discussed

below.

Situated antero-superiorly to the brain of varroa are a pair of salivary
glands (deRuijter & Kaas, 1983). Two salivary ducts onginate from the
salivary glands and distally terminate above the labrum (but below the
chelicerae) via hollow styli (Gelbe & Madel, 1988; Griffiths, 1988) within the

gnathopodal cavity. According to Gelbe & Madel (1988), small drops

(presumably saliva) can occasionally be observed forming on the styli.



Feeding behaviour of Varroa jacobsoni

Varroa are stenophagous and feed on the haemolymph of bees. This
they obtain by piercing the inter-segmental membranes of adult bees or the
thin cuticle of pupae using their chelicerae, which are 15um long (Bruce ef

al., 1988; Bruce et al., 1991b). The exact mechanism of haemolymph
acquisition has never been clearly elucidated, but is likely to be by

telmophagy (Lavoipiere, 1965). Strick & Madel (1988) state that the mites

use their chelicerae to ‘rasp’ a wound, first by inserting the tip of the dentate

chelicerae into the membrane and then by making “alternate sawing
movements of the chelicerae’. This description requires the mites to have the
ability to project the chelicerae forward, which according to Akimov &

Yastrebstov (1983) is not brought about by muscular action because varroa
do not possess cheliceral protractor muscles. However, by the combined
action of hydrostatic pressure maintained by dorsoventral idiosomatic
muscles, and individually innervated cheliceral retractor muscles, it 1s

possible for these alternate sawing movements to be undertaken (G.O.Evans,

pers.comms; Evans, 1992). According to Stnick & Madel (1988a) and

Kurscheid (1986), the puncture wounds so formed, measure some 10-15um

wide (max 30pm), whereas the exuding droplet normally measures twice that

of the wound in diameter.



To date, no detailed direct observations on live-varroa feeding have
been carried out, other than that carried out by Strick & Madel (1988a), who
froze feeding mites in situ for SEM examination. However, considering the
Gamasida are unique in having a tritosternum, which has been shown to have
a trophic function in other gamasids (Wemz & Krantz, 1976), then in the
absence of evidence to the contrary, it is reasonable to assume that they feed
in a similar manner to the other members of the group. Once the fluid food

(haemolymph of the bee in this case) is accessed, it flows freely out from the

haemocoel of the host (being under pressure). As bee blood does not readily
coagulate (Grégoire, 1955; Giliam & Shimanuki, 1970), fluid escapes easily.
The haemolymph then surrounds the chelicerae and other mouthparts which

are in close proximity to it. Excess fluid flows postenorly on the ventral side

of the mite to the base of the tntosternum. From here 1t flows antenorly and
into the the V-shaped groove. Haemolymph reaching the mouth is then
‘sucked’ in by the muscular pharynx of the mite, and later the excess fluid

around the tritosternum is also imbibed.

1.3 Adaptations of V.jacobsoni for life on Apis spp.
The whole life-cycle of V.jacobsoni takes place in association with honey

bees, including dispersal (Sakofski, 1980; Rademacher, 1991), feeding and

reproduction (Saltchenko, 1966). According to Ruttner (1988), V. jacobsoni
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probably first evolved as a parasite of A.cerana sometime after the A. cerana-A.

mellifera species divergence which occured durning the Pleistocene (2 - 0.011
million year ago) epoch. This theory is based on the fact that from the
Pleistocene up until the tum of this century, A. cerana and A. mellifera were
allopatric* in their geographical distributions, and varroa was exclusively found
on A. cerana until this century (Marcangel et al., 1992b). Therefore it can only
be concluded that the mite evolved initially as a parasite of A. cerana, sometime

after A. mellifera and A. cerana evolved as two separate species.

Before becoming a true parasite of bees it is possible that, like the other
mesostigmatid mites that occupy honey bee hives, that V. jacobsoni may have
either fed on nest provisions such as pollen or honey, larval food, bee faeces,

injured bees, exudates from the brood or were predators of other mites such as
the Astigmata (Eickwort, 1993).
The pathological effects of V. jacobsoni on A. cerana are minor (Moritz

& Hinel, 1984), the reason being that the mite population never exceeds about

800 mites per A. cerana colony, with the mean number of miutes per colony being

only 69.8 mites (Rath & Drescher, 1990; Boecking, 1992; Martin, 1997a).

Several mechanisms have been shown to contribute to this limited mite

population including :

11



1) mites only reproduce within drone brood cells of A. cerana which are

produced in considerably smaller numbers (~30 cells per day) than worker cells
(~388 cells per day) (Rath, 1993);

2) A. cerana are very efficient at removing V. jacobsoni-infested worker cells

(Rath, 1991; Boecking, Rath & Drescher, 1990);
3) multiple A. cerana drone cell infestations frequently result in the death of the

host and, because drone cells are seldom cleaned out, the mites die within them
(Koemger et al., 1983; Koeniger, 1987, Rath, 1991; Boecking, 1992);

4) A. cerana has an effective defensive grooming behaviour which contributes to
limiting the mute population on adult bees (Peng ez al., 1987).

The relative importance of each of these factors in controlling the mite

population has not been resolved, although it is now widely accepted that the

case for grooming behaviour as a defensive strategy has been overstated

(Boecking, 1992; Boecking et al., 1993).

V. jacobsoni exhibits a number of morphological and behavioural
adaptations which enhance its survival on 4. cerana and A. mellifera. The
ellipsoid shape of adult female mites (Figure 1.2) enables them to secrete
themselves between the abdominal plates of adult bees (chapter 2). The mites are

therefore hidden from grooming bees, can easily access host haemolymph, and

have a reduced risk of becoming detached from their host when it flies (Bautz &

12



Coggins, 1992). This shape, as was pointed out by Fain (1969) and later Arlian
& Vyszenski-Moher (1987), 1s a convergent characteristic and is seen in other
mites which specialise in parasitising “scaled” hosts, such as reptiles or other
arthropods. For example, Discomegiscus pectinatus which parasitise millipedes
(Tragardh, 1912), Omentolaelaps mehelyae which parasitises snakes (Fain,
1969) and Geckobia spp. which parasitise reptiles (Hanel, 1988) are all distinctly
wider than long.

V. Jacobsoni have strong forward-pointing legs which are laterally

flattened (Figure 1.7), enabling them to secure attachment to the adult bees. At
the distal ends of the legs are pretarsal pads which are “sucker-like” in
appearance (Liu, 1982; Bautz & Coggins, 1992). Adult female V. jacobsoni also
have strong backward-pointing opisthosomal” setae, which provide the mite with
additional anchorage by enmeshing with the cuticular hairs of the host. These
setac make dislodging the mites from the bees extremely difficult (Liu, 1982
citing Polyakov et al., 1975).

As is typical of the Gamasida, V. jacobsoni have a single pair of latero-

median spiracles between the coxae of the third and fourth pair of legs (Strube &

Flechtmann, 1985; Bautz & Coggins, 1992). Extending away from these
spiracles are movable sclerotised cuticular extensions (300um long [Richard ef

al., 1980]) called pentremes (Figure 1.8) which can be articulated, by hydrostatic

pressure changes, away from the body. Several functions have been proposed for

13



the penitremes. Strube & Fletchmann (1985) and Liu (1986) suggested that they

facilitate plastron’ respiration and / or act as buoyancy-control devices. Ramirez
(1987) postulated that they act like snorkels. The purpose accordingly would be
to_enable the mites to imerse themselves in the semi-liquid brood food (Infantidss,
1988; Boot et al., 1992) and continue gaseous exchange. However, Pugh ef al.
(1992) have proposed an entirely different mechanism of gas exchange in varroa,

pointing out that when the mites are immersed in the brood food, the bee larvae

lie immediately above them and on top of the food, such that no air-space is

avatlable for ‘snorkel’ gas exchange. Moreover, Pugh et al. (1992) have

calculated that pentremes themselves could not form a plastron as 1s the case in

some aquatic mite species (Hinton, 1971; Krantz, 1974). Instead the external

plastron is formed by an airfilm trapped between the legs and the margins of the

dorsal shield of the mite (Pugh et al, 1992). Gas i1s exchanged between the

plastron and the mite at the base of the peritreme (via the outer stigmatic orifice).

The function of the pentreme being to facilitate carbon dioxide removal whilst

preventing water loss.

By being able to immerse themselves in liquid brood food, mites are less

likely to be detected and removed from brood cells by the attending bees
(Boecking & Drescher, 1990; Boecking & Drescher, 1991; Rath & Drescher,

1990). V. jacobsoni respond to contact with brood food by ceasing all

discernible movement (Ramirez, 1987; Rath, 1993). This is a common response

14



of many acan to submergence (Hinton, 1971; Pugh et al., 1987a; Pugh et al,
1987b). Mites are hiberated from the brood food shortly after the cell is capped-
over when the developing larva consumes the remaining food.

Another interesting adaptation of V. jacobsoni for parasitising honey
bees is that if a queen 1s removed from a colony or dies, the mites react by
dismounting off adult bees and enter into brood cells which are about to be

capped (DeJong, 1981). DelJong (1981) pointed out that this heightened
reproductive activity by the mites, which has been estimated as a three fold

increase in reproduction, coincides with the colony’s construction of emergency
queen cells, which may be the stimulus for the behaviour. This behaviour is
probably a defensive strategy which prevents the mites accidentaly leaving the

colony with the pnme swarm or the after-swarms. That this 1s desirable can be
understood when i1t 1s bome in mind that the probability of a prime swarm
surviving is very low (0% survival [Lee, 1985], 8% survival [Morales, 1986),
24% survival [Seeley, 1978]). The probability of an after swarm surviving is even

lower, so it is better to remain with the established colony which has the highest

probability of survival.

On A. cerana (Figure 1.3), the mites reproduce almost exclusively in

drone cells, where they are encountered about ten times more frequently than in

worker cells (Koeniger et al, 1983; Martin, 1994a), although they may

15



occastonally reproduce on worker brood (DeJong, 1988). Several theornies have
been proposed to explain this preference:

1) drone cells have a longer post-capping time (14-15 days) than worker cells (12
days) and therefore a longer pertod in which the mite offspring can mature
(Montz & Hanel, 1984; Hinel & Koeniger, 1986; Woyke, 1989; Biichler, 1990).
2) Drone cells are taller than worker cells and therefore project above the level of

surrounding worker cells. This may facilitate recognition by the mites because

tall/protruding or worker cells with a larger diameter (worker cell diameter ~

5.2mm, drone cell diameter ~6.2mm [Frisch, 1974]) are more attractive to V.
Jjacobsoni than those of normal size/height (DeJong & Morse, 1988; Message &
Gongalves, 1983; Message & Gongalves, 1995). This was found to be so even if

their depth was artificially made smaller than the depth of normal worker cells
(Ruijter, 1986; Ruijter & Calis, 1988), which indicates that it is the height of the
cells in relation to other cells that provides the stimulus for selection and not the
internal depth of the cell which could also be related to cell height.

3) 9-10 day old drone larvae are about 60% heavier than worker larvae of the
same age (Jay, 1963). Consequently drone larvae are fed correspondingly more
food (Levenets, 1956). As developing larvae depend entirely on nurse bees for
food, the nurse bees visit drone brood cells 3-8 times more often than worker
cells to meet their different nutritional requirements. This makes drone brood

cells more readily accessible to varroa, or more likely to be encountered by them

16



than worker cells (Boot et al., 1995¢). It is interesting to note that towards the
end of the drone-production season, the rate of invasion of varroa into drone
cells decreases. This may be a behavioural response which enhances their
survival, because at the end of the drone rearing period, drones are often tended
less by nurse bees and so their mortality rates increase (Otten, 1986; Fuchs,
1990).

4) Drone cells are susceptible to invasion for about three times longer than

worker cells. This is because drone brood becomes attractive to adult female V.

Jjacobsoni for 40-50 hours before it 1s capped, whereas worker brood is only
attractive for 15-20 hours before capping (Infantidis, 1988; Boot et al., 1992).
According to Boot ef al. (1995¢), because drone cells are 1.7 tumes
larger than worker cells, V. jacobsoni are more likely to be brought into close
contact with drone cells than worker cells although as worker cells vastly
outnumber drone cells it 1s difficult to appreciate the logic of this reasoning.
Consequently the probability that a mite may encounter a suitable drone cell at

any given cell visit is higher than that of worker cells (Boot ez al., 1992; Boot ef

al., 1995a)

5) Drone larvae also release volatile chemicals which attract the mites (Le Conte

etal., 1980; Issa et al., 1993).
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According to Rath (1993), the mean temperature within the brood nests
of A. cerana and A. mellifera are similar (35.1+0.2°C, 33.7+1.5°C respectively).

This is probably an important contributing factor 1n enabling V. jacobsoni to

move from A. cerana to A. mellifera because mite reproductive success is
thermo-sensitive. Bienefeld ef al. (1995) showed that well-regulated, uniform

temperatures within hives were correlated with higher number of offspring
reaching maturity per mother mite. Their experimental methodology did not

permit their distinguishing whether this trend was as a result of a slower mite

development when temperatures fluctuated, or whether the mites were in some
way physiologically damaged. Either way, the outcome for the mites once the
cell was opened by the host would be equally unfavourable as their immature

stages do not survive outside the cells, LeConte & Amold (1980) and LeConte
et al. (1990) showed that the optimal temperature for mite prolificity was 32.5-
33.4°C. Temperatures above or below this were associated with decreased mite
reproduction. High temperatures (>37.5°C) and high humidities (>70%R.H) in
the cells also halted oviposition by varroa.

In temperate climates, in which honey bees are unable to produce brood

over the winter period, V. jacobsoni must tolerate a reproductive break. In the

UK, during October to December little brood 1s normally present in the nest, but
as daylength increases brood starts to appear in small irregular quantities in

colonies. In February and March brood rearing rates increase rapidly and
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continue to do so untl peak brood reanng is recorded in late summer (Jefferee,
1956; Avitabile, 1978). Such punctuations in mite reproduction are unlikely to
have imposed rigorous demands for additional evolutionary adaptations on the
part of V. jacobsoni because on their original host 4. cerana, the mites usually

reproduce only within the drone brood cells, which are absent for several months

(1-4) during the year (Boecking, 1992; Rath, 1993).

1.4 Life-cycle of V. jacobsoni

V. jacobsoni overwinter as adult females on worker bees (Rath, 1993)
because little or no brood is available at this time in temperate climes (Jefferee,
1956; Awvitabile, 1978). During the winter months, they have a lifespan of 5-8
months (Ritter, 1981; Needham, 1988), but during the summer months, they live

for only 2 to 3 months (Grobov, 1977; Ritter, 1981; Ruijter, 1987; Calatayud &
Verda, 1994). When bee brood becomes available, fertilised female mites leave

adult bees and enter the cells (Figure 1.9). Drone cells are preferred to worker

cells by a factor of 7-12 (Sulmanowvic et al., 1982; Fuchs, 1990; Boot et al.,
1995¢), queen cells being very rarely entered (Grobov, 1977).

The female mites select worker cells containing 5 day old larvae (5th
instar) and drone cells containing 5-7 day old larvae (Ramirez & Otis, 1986,

citing Issa pers. comms.). Having entered the cells, the females immediately

immerse themselves in the liquid brood food which lies at the base of the cell
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(DeJong, 1984; Infantidis, 1988; Boot et al., 1992). There they wait until the cell
1s capped by worker bees and the larva eats most or all of the brood food thereby
releasing the mute (Infantidis, 1988; Morse & Nowogrodzki, 1990; Martin,
1994a). After leaving the brood food, the mites begin to feed on the haemolymph
of the larva. 3-4 hrs after the cell 1s capped, the bee larva begins to spin a

cocoon. When the cocoon 1s completed (~37 hrs after capping [Jay, 1963]) the

larva becomes quiescent and 1s at this time called a prepupa. Prepupal

haemolymph has a high titre of Juvenile Hormone III which is thought to partly
be responsible for triggering V. jacobsoni oogenesis (Hinel, 1983; Hinel &
Koeniger, 1986; Milani & Chisea, 1990). 60-70 hours after the cell is capped, the
female mite produces an egg, which is deposited on the antero-dorsal cell wall

near the bee pupae and cell aperture (Donzé & Guenn, 1994). Eggs measure
approximately 400 x 300 pm. Dunng the time that the egg is inside the mother
mite, the embryo develops into a hexapod larvae which remains encapsulated
within the egg case, therefore the so-called “eggs™ of varroa are not true eggs
which develop after being laid but egg-cases containing a larva (Shabanov et al.,
1978). Other eggs are laid thereafter at 26-30 hr intervals (Infantidis, 1984;
Donzé & Guerin, 1994; Martin, 1994a). The first egg always develops into a
male (Rehm & Ritter, 1989; Martin, 1994a), the second and subsequent eggs
giving rise to females. The egg/larval stage lasts some 30 hours in total, thereafter

the larva changes into an octopod protonymph™ which moults, shedding the egg
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case (Shabanov et al, 1978, Donzé & Guernn, 1994). The protonymph stage
lasts 30-60 hours, after which it moults to the deutonymph’ stage. After a

further 3 days, the deutonymph moults into the adult morph. The total
development time from egg to adult is 134 hours for females and 154 hours for
males (Rehm & Ritter, 1989; Martin, 1994a).

Adult female mites lay 5-6 eggs per reproductive cycle, producing about
30 eggs during their lifetime (Ruyter, 1987). Up to 4 eggs can survive to
maturity before the bee emerges from its cell (Martin, 1994a), but due to

offspring mortality, the mean number of female offspring per reproductive cycle

may be as low as 1.45 (Martin, 1994a). Ruyjter (1987) found that the mean

number of reproductive cycles undertaken by V. jacobsoni was 5-6, with 7 being

the maximum recorded. Between reproductive peniods 1n the brood cells, the
adult female mites attach themselves to bees for periods of 3-15 days (Schulz,
1984) and are therby distributed within and between colonies.

Following a phoretic period, which seldom lasts more than 20 days, on
adult worker bees (Hansen, 1991; Boot et al., 1995a) the mites usually re-invade

brood cells again. Many factors can influence whether a mite re-invades or not.

Boot et al. (1994) have pointed out that re-invasion will be influenced by the
availability of suitable brood, which must also be accessible to the mites. V.

Jjacobsoni are known to parasitise young bees in preference to older bees

(Kuenen & Calderone, 1997). This preference may maximise the chances of a
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mite to encounter a suitable cell which to invade, because young bees are known
to spend most of their time undertaking tasks which bring them into close
proximity with the brood, e.g. brood feeding or cell cleaning.

About 20% of all mites that enter brood cells do not reproduce
(reviewed by Martin ef al, 1997). Why they should enter cells without
reproducing is not known. Al Ghzawi (1993), reported that the longer mites

remained on adult bees, the fewer mature offspring they reared. This hypothesis

was not confirmed, however, by Boot ez al. (1995¢). 1t is also interesting to note

that when several mites infest a single developing bee, the reproductive success
of the mites (i.e. the number of offspring per infesting mother mite) diminishes
(Fuchs & Langenbach, 1989; Marcangeli et al., 1992a; Donze et al., 1996).

The male mite is exclusively found within the brood cells. Males do not
survive for more than a few hours after the bees have emerged because their thin
cuticles and soft bodies render them wulnerable to dehydration and physical
damage (DeJong et al., 1982a). Moreover, because their chelicerae are modified
as spermatodactyla’ (Alberti & Hinel, 1986; Steiner, 1988), to facilitate

podospermy , it is unlikely that they can prepare a feeding site for themselves and

therefore feed independently (Akratanakul, 1976). This 1s not to imply that adult
male V. jacobsoni do not feed, simply that they are incapable of preparing a

feeding hole in the bee cuticle themselves. Within the confines of the brood cells,

males take advantage of the feeding site prepared by the adult female mites and
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therefore have no need for trophic (modified for obtaining food) chelicerae
(Donzé & Guern, 1994).

Male V. jacobsoni are functionally haploid (7 chromosomes) and female
V. jacobsoni are diploid (14 chromosomes) (Steiner et al., 1982; Ruijter &
Pappas, 1983; Donzé & Guenn, 1994). It has been proposed that males,
however, are impatermate’, varroas’ reproduction possibly being pseudo-
arrhenotokous™ (Martin ez al, 1997) (also referred to as parahaploidy or paternal

genome loss, where diploid male embryos either undergo expulsion of the

paternal genome at some early stage of embryogenesis or undergo
heterochromatization of the paternal genome with subsequent retention of the
male genome in somatic cells [Wrensch ef al., 1993]). Male varroa fertilize their
sisters within the brood cells (DeJong et al., 1981; Donzé et al., 1996; Martin et

al, 1997). This results in V. jacobsoni being genetically highly inbred and
consequently being genotypically (Biasiolo, 1992) and phenotypically (Delfinado-
Baker & Houck, 1989) remarkably conservative. This 1s probably advantageous
to the mites whose environment is highly stable, in the sense that the mites face
the same host/competitor-denived pressures and in that the abiotic parameters

within hives such as CO; levels and temperature remain remarkably constant

(Simpson, 1961; Seeley, 1974).
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1.5 Pathology, Parasitic Mite Syndrome, Disease Association
The pathology associated with V. jacobsoni infestation of colonies which
usually leads to their demuse 1s fairly consistent. The whole range of pathological

symptoms was termed Parasitic Mite Syndrome by Shimanuki ef al. (1994), and

includes the following:

Imago-associated pathology

1) The worker bee population decreases (Grobov, 1977; Martin 1997a).

2) Crawling adult bees are commonly seen in front of the hives (Grobov, 1977;

Shimanuki ef al., 1994)

3) The queen is superceded by younger queens (Shimanuki ef al., 1994)
4) Heightened rates of colonies swarming or absconding (Woyke, 1976).

5) A reduction in bee lifespan. A 50% reduction in adult bee lifespan was
reported by Sadov (1976) if bees were infested within 10 days of emergence.
DeJong & DeJong (1983) found that Africanized” bees which had been
parasitised as pupae had an avarage lifespan of 13.6 days- which was about
50% that of uninfested bees. Beetsma et al. (1980), however, found that, on

avarage, similarly infested bees had about an 11% reduction in lifespan.

Schneider & Drescher (1987) reported that bees infested by 3 or more mites

died after 20-25 days post-emergence, whereas only 50% of uninfested bees

had died over the same period of time. Kovac & Crailsheim (1988) reported
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a maximum shortening of lifespan (40%) of bees in late July, although in
their paper they state that “an absolute shortening of lifespan is not
inevitable” as they recorded highly parasitised bees (8+) living for longer
than 30 days.

6) Emerging bees are frequently deformed. Deformities include bees being
smaller in overall size, being lighter in weight than their non-parasitised
counterparts, having dented thoraxes, shortened abdomens and deformed wings

(Figure 1.10) (Cho1 & Woo, 1974; Grobov, 1977, Anshakova et al, 1978;

DeJong et al., 1982b; DeJong & DelJong, 1983; Schneider & Drescher, 1987;
Daly et al., 1988, Kovac & Crailsheim, 1988; Koch & Ritter, 1991; Getcheyv,
1994).

7) Many parasitised bees (especially those exhibiting morphological damage) are
inactive or incapable of normal activity and may be a drain on colony resources
(Anshakova et al., 1978; Delong et al., 1982b; Oku et al., 1983; Choi, 1985;
Hara et al., 1986; Schneider & Drescher, 1987; Daly et al., 1988; Koch & Ritter,
1991).

8) The ability of bees to navigate may be disrupted which causes disorientation

and also leads to loss of colony members (Sakofski, 1990; Ruano ez al., 1991).

9) Varroa-parasitised colonies at the beginning of winter have higher metabolic

rates than non-parasitised colonies. During the course of winter, however, the

metabolic rates of parasitised colonies decrease, so that by the end of winter their



metabolic rates are about 26% below that of healthy colonies (Byzova et al.,
1982). This is thought to be due to the loss of ability of bees which were
parasitised dunng development to contribute to colony thermoregulation.
Consequently, the other cohort of bees (those not parasitised during
development) have to compensate and expend more energy in thermoregulating.
The bees then die prematurely and the colony rapidly looses its thermoregulatory
ability (Byzova et al., 1982). That overworked bees display a reduction in life-
span is not surprising because high physical activity reduces the life-span of many
insects (Sohal, 1976; Ragland & Sohal, 1975, Neukirch, 1982).

11) Emerging bees have also been found to have considerably altered

biochemical, cellular and histological parameters (chapter 4)

Brood-associated pathology
1) A spotty brood pattern develops, 1.e. empty cells are present within the brood

cluster, which normally, would be fully-occupied with developing bees.
2) Symptoms resembling European foulbrood, American foulbrood and sacbrood

virus may be present.

3) “Scale” formation has been observed. Scales are dead larvae or dead
uncapped pupae, which have desiccated and collapsed to the floor of the cell.

4) Brood death
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1.6 Factors influencing the intensity of V. jacobsoni-induced pathology

A. mellifera colonies infested with V. jacobsoni normally die 3-5 years
after the onset of infestation (Shabanov et al., 1978; Weiss, 1984; Rademacher
& Geisler, 1986; Korpela et al., 1992), Why they are so susceptible to parasitism
by V. jacobsoni is unclear. However, a number of factors have been shown to be
of significance in influencing the seventy of the infestation, namely:
1) The sub-species of honey bee infested (Engels et al., 1986; Biichler, 1990;
Moritz & Mautz, 1990; Biichler, 1994).
2) The abiotic conditions, such as climate, altitude, humidity and ambient
temperatures (DeJong et al., 1984; Kovac & Crailsheim, 1988).

3) The presence of microorganisms associated with the mites/bees. The mites

probably act as vectors of bacterial and viral diseases (Bailley & Ball, 1991;
chapter 6).

4) The availability of resources (i.e. food) to the bee colony (Kovac &
Crailsheim, 1988).

5) The defensive response of the bees to V. jacobsoni infestation. A. mellifera are
not as efficient at grooming the mites off and damaging them during the process,
as are A. cerana. Even though grooming may not be the principal factor in mite
population control, the fact that it may be carried out more effectively by A.
cerana must make at least some contribution in keeping the mite population low

(Peng, 1988; Fries et &L, 1996) .
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6) The reproductive success of the mites (Harris & Harbo, 1999).

1.7 Honey Bee Biology

Honey bees are eusocial insects belonging to the genus Apis. This genus
is taxonomically placed within the tribe Apini, to which the majority of fossil
apids are also assigned. The apini are thought to have evolved by the Upper
Oligocene (30 - 27 mya), the genus Apis probably evolving rapidly between the
Upper Eocene (55 - 30 mya) and the Upper Oligocene, i.e. within about 10
million years, possibly mn response to “selective pressures accompanying the

development of eusociality in the honey bee line” (Culliney, 1983). Deodikar
(1978) and Deodikar et al. (1959) proposed that the genus Apis evolved in or
around India, where its greatest diversity exists today. All bees (including the
genus Apis) belong to the superfamily Apoidea, which are characterised by
relying almost entirely on flowering plants for their nutntional requirements,
especially that of proteins derived from pollen. As such, it has been suggested
that this group evolved monophyletically in the xeric’ interior of the ancient
landmass of Gondwana from the Sphecoidea (burrowing wasps) concurrantly

with the rise of the angiosperms as the dommant flora possibly during the

Cretaceous period (130 - 65 mya) or possibly even earlier. (Raven & Axelrod,

1974, Michener, 1979). Being rehant on flowering plant resources, Apis spp.
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have evolved strategies to ensure that such provisions are available all year round

as will be discussed later.

Honey bees form haplodiploid matriarchal colonies consisting normally
of 40-80 thousand individuals (Jefferee, 1955; Fnisch, 1974). The colonies
normally have a single reproductively-competent female termed the queen. The
queen is diploid (32 chromosomes), but can lay both diploid and haploid eggs.

The haploid eggs develop and give rise to males which are called drones, the

diploid eggs develop and give nise to females, either non-reproductive workers or

other queens.

Unlike a bumblebee queen, the honey bee queen cannot found a colony
on her own. At all times, honey bee queens must be attended-to by worker honey
bees to groom, feed, protect and thermoregulate efc. on her behalf
Consequently, the colony can only reproduce in such a way that workers are
always present whenever a queen is present. In the UK, during late April to July,
workers build 15-25 queen cells, in which the old queen lays a single egg. Over
the course of 16 days, the eggs are tended to by workers and develop into young
queens. About a week before swarming (when the onginal queen leaves the old
colony with worker bees to found a new colony) the worker bees feed the old
queen less and she responds by halting egg laying and her ovanes regress. She

therefore loses weight and regains her ability to fly again (Allen, 1955, 1960).
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About a day after the queen cells are capped over, the old queen leaves the
colony accompanied by about 60% of the worker bee population in attendance.
Normally 1t is the younger worker bees that join the queen 1n the swarm (Figure
1.11). There are two reasons that young workers accompany the queen as

opposed to older workers. The first 1s that the young workers have a longer

remaining life-span than the workers that remain behind in the old colony, which
imparts to the swarm the best chance of establishing itself (i.e. having enough
vigour to build a new nest, rear brood to replace them erc.). Secondly, back in
the old colony, there will be emerging other young workers to replace the ageing
population which remained behind. The primary swarm (composed of the queen
and accompanying workers) eventually locates another suitable nesting site, by

means of scouts, and there construct a new nest. Back in the mother colony, in
which about 40% of the oniginal worker population remain, the first young queen
to emerge usually does one of two things: she could either fly out with a
proportion of the worker population (and thus producing a secondary or after-
swarm) or she could attempt to kill the other developing queens before they
emerge. If the young queen opts for the latter behaviour and succeeds, then she
becomes the sole inheritor of the old colony. If other queens manage to emerge

they fight until only one remains. Thereafter, the surviving queen leaves the

colony to mate and then returns to begin her egg-laying role. :
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Often more than one after-swarm can issue from a colony. These seldom
yield viable new colonies, at least in temperate latitudes, because they are not
headed by a mated queen, and have generally low worker cohorts (Winston,
1987). Evidence exists, however, which suggests that the degree of
afterswarming 1s regulated and only occurs to the extent that the colony of origin

can support. That 1s, smaller colonies, or colonies from climates which do not

favour afterswarming tend to produce fewer afterswarms (Winston, 1987).
Morover, in tropical regions, many afterswarms do survive, and some records
exist of afterswarms surviving even in temperate regions. At no time during this

“swarming” process are the queens without attendant worker bees.

During autumn, bumblebee workers die, and the queens, which mated
shortly after emergence, hibernate in isolation (Hemnnich, 1979). This option is
not open to honey bee queens which must overwnter in the presence of other
worker bees. These overwintering worker bees and their queen form tight
clusters which can thermoregulate very effectively and thereby maintain a
relatively stable temperature within the hive (Seeley & Hemnnch, 1981). The bee
cluster is sustained by honey which was collected during the summer and stored

within the hive’s combs. At this time, little or no brood is present in the colony,

the only work for the worker bees being to attend to the queen, to feed

themselves, to defend the colony if necessary and to thermoregulate.
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1.8 Aspects of honey bee biology promoting them as hosts for parasites.
Honeybees regulate the abiotic parameters (e.g relative humudity, carbon
dioxide concentrations and temperature) of their hives rigorously, irrespective of
ambient conditions (Seeley, 1974; Free, 1977, Seeley & Heinnch, 1981;
Winston, 1987). Consequently, the hive is a highly stable environment. This can
be expected to facilitate parasite transmission between hosts and to reduce

parasite mortality due to environmental factors. Additionally, the rate of
development of bee brood is remarkably consistent: 21 days for worker brood,
24 days for drone brood and 16 days for queens. Vanations do exist in the

developmental times between different bee races, but they generally reflect other
ambient conditions (food/water availability), or bee genetic stock. Nevertheless
within their own region/climate, bee colonies are highly uniform.

Colonies are well-defended, consequently only a few organisms are able
to gain access to the hive. By reproducing within the brood nest, the number of
potential enemies to the parasites are greatly limited.

Honey bee colonies generally have 40-80 thousand members, present all
year round. When brood is present, it is represented by hundreds if not thousands

of individuals. These factors minimise the problems normally associated with host

location and host availability.
Swarming, absconding, inter-colony drifting, robbing, and the existance

of drone congregation areas to facilitate mating, all contribute to making them a
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host, through whose population a parasite can easily spread. In addition,
beekeepers unwittingly aid transmission by uniting weak colonies, moving stray
swarms into their apianes, and through the practice of migratory beekeeping

where many hives from a region are brought into close association.

All these factors have contributed to the rapid world-wide spread of this most

serious of all honeybee diseases.
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Figure 1.1 The European honeybee, Apis mellifera. A foraging worker.
(Scale = x12).
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Figure 1.2 Adult female Varroa jacobsoni. P = Pedipalps, Fl = front leg, I =
idiosoma, S = backward-pointing setae, PP = pretarsal pads. (Scale = x67).
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Figure 1.3 The Asian honeybee, Apis cerana. The original host of the
parasitic mite Varroa jacobsoni. (Scale = x5)
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Figure 1.4 Adult male Varroa jacobsoni. Fl = front leg, I = idiosoma.
(Scale = x75).
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Figure 1.5 A) Cross-sectional diagram of the mouthparts of an adult female
Varroa jacobsoni. B) Chelicera of an adult female Varroa jacobsoni.

m = mouth, A, B & C = cheliceral articles.
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Figure 1.6 Scanning Electron Micrograph of the mouthparts of an adult
female Varroa jacobsoni. Co = comiculus, Cr = night chelicera, Cl = left
chelicera. (Bar line = 10um).
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Figure 1.7 Scanning Electron Micrograph of an adult female Varroa
jacobsoni, illustrating the laterally compressed morphology of their legs and
pronounced dorso-ventral flattening. M = mouthparts.
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Figure 1.8 Scanning Electron Micrograph of the ventral surface of an adult
female Varroa jacobsoni. The left legs have been removed to expose the
underlying pentremal tube (p). Also note backward-pointing hairs, which
enmesh with the hairs of the host. The mite is clearly wider than long, which

enables them to secrete themselves between the abdominal plates of adult
bees.
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Figure 1.9 Life cycle of Varroa jacobsoni within an Apis mellifera colony.
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Figure 1.10 Newly emerged Apis mellifera workers. a) = normal condition
at emergence, b) & ¢) = exhibiting morphological deformities — vestigial /
crumpled wings and shortened abdomens, following infestation during
development with Varroa jacobsoni. (Scale = x10)
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Figure 1.11 An Apis mellifera swarm.
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PREFERENTIAL DISTRIBUTION OF VARROA
JACOBSONI ON OVERWINTERING HONEYBEE
WORKERS AND CHANGES IN THE LEVEL OF
PARASITISM

Published in Parasitology (1997), 114, 151-157.



SUMMARY

The distribution of Varroa jacobsoni on clustered, overwintering

workers of Apis mellifera was investigated. The majority of mites were

found between the 3” and 4" ventro-lateral tergites of the abdomen with a
significant preference for the left side of the host. It is proposed that this
position would enable the mites to place their mouthparts in close proximity
to the central portion of the bees’ ventriculus. This may allow the mites

access to nutrients at higher concentrations than would occur elsewhere in

the haemolymph.

At the start of winter, most infested bees carried only a single mite
but towards the end of winter increasing numbers of bees carried two or

more mites. There was also an increase In the mite: bee ratio and more
mobile mites (i.e. those moving about on the bees) were recorded. These

results suggest that the mites suffer a lower overwinter mortality than the

bees and are capable of transferring to a new host either before the original
host dies or before it falls to the floor of the hive. This will have

consequences for the transfer of diseases by varroa within the hive.

Key words: Varroa jacobsoni, distribution pattern, Apis mellifera, Nasanov

gland secretion, overwintering cluster.

57



INTRODUCTION

The ectoparasitic mite Varroa jacobsoni is an extremely important
pest of Apis mellifera apiaries in many parts of the world (Morse &
Nowogrodski, 1990) and despite stringent control measures it has spread
rapidly throughout the UK following its arrival in 1992 (Mobus & deBruyn,
1993) (Figure 2.6). The mites spend much of their time 1n the brood cells,
where they reproduce (De Jong, Morse & Eickwort, 1982a). When out of
the l;rood cells, the adult female mites live on the bodies of the adult bees,
where they obtain nutrition and effect dispersal. During winter, when little
or no brood is produced, the adult female mites survive by clinging to the
bodies of the worker bees (Langhe & Natzkii, 1977; Shabanov, Nedyalkov &

Toshkov, 1978).

Although the distribution of the mites on active adult bees has been
studied previously the results have been contradictory. Fernindez et al.
(1993) said that the mites preferred the ventral anterior (2 and 3"
sternite/tergite) and middle (3" and 4" stemite/tergite) regions of the
abdomen. Ritter (1981) found them between the first sclentes, between the
head and thorax and at the petiole. Kraus ez al. (1986) concluded that the
mites preferred the dorsal aspect while Delfinado-Baker et al. (1992) found
that they had a strong preference for the lateral inter-tergites (3" and 4%). De
Jong et al. (1982a) stated that the mites “are most commonly found on the
abdomen, often under the abdominal sclerites or between the thorax and
abdomen”. Hoppe & Ritter (1988) stated that mites were most commonly
found between the head and thorax of older bees and between the abdominal

sternites in nurse bees. LeConte & Amold (1988) have suggested that these
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conflicting observations anse from temperature effects, the mites moving
onto the thorax under cool conditions. Other explanations have included the
possibilities that the mites are influenced by bee pheromones, especially the
Nasanov gland secretions (Hoppe & Ritter, 1988) or that they locate

themselves where they are least likely to be detected by bee grooming
behaviour (Delfinado-Baker ez al., 1992).

. As part of the project on the effect of V.jacobsoni on overwintering
bees the distribution of the mites on clustered Apis mellifera was studied- all

previous studies have used active bees. The behaviour of the mite at this
time of year is of special interest as infested colonies frequently do not
survive the winter (Grobov, 1977; De Jong et al., 1982a). It is becoming
apparent that this is linked to pathogens (viruses and bacteria etc.) which are
transmitted by Varroa (Bailey & Ball, 1991; Ghiiski & Jarosz, 1992; chapter
6). Factors which enhance the movement of mites between bees will
therefore be important in the transmission of disease. Overwintering
clustered bees show many differences in physiology and behaviour from
active bees. For example, they have reduced metabolic rates and are
relatively inactive (Corkins & Gilbert, 1932), they have longer life-spans
(Fukuda & Sekiguchi, 1966), they have raised brain cell counts (Rockstein,
1950), their hypopharyngeal glands are hypertrophied (Simpson et al., 1968;
Brouwers, 1982), their fat bodies become enlarged (Haydak, 1957), their
haemolymph protein and vitellogenin titres rise and their juvenile hormone
titres fall (Fluri ez al., 1982). Similarly, there are changes in the physiology
of the mites which allow them to survive in the absence of brood, such as an

increase in life-span (Shabanov et al., 1978) a rise in the amount of guanine
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in their malpighian tubules (DeJong et al, 1982a, citing Ionescu-Varo &
Suciu, 1978) and changes occur in the electrophoretic mobility values of

their proteins towards winter (Barabanova & Galanova, 1993; Barabanova &
Piletskaya, 1991). Also investigated was the effect of geraniol, the principal
component of Nasanov gland secretion (Pickett ez al, 1980), on the

distribution of mites in a gradient choice chamber, to determine whether or
not the suggestion that mite distribution is influenced by Nasanov gland
secr;tions (Hoppe & Ritter, 1988) could be confirmed.

MATERIALS & METHODS

Distribution of mites on the bees

Between October 1995 and February 1996, groups of 50-100 bees
were collected using a pooter (Bailey, 1956) from the top bars of 2 naturally-
infested overwintering colony of A.mellifera mellifera X A.mellifera
ligustica. The bees were placed briefly in a holding container then removed
individually using forceps and the position of the mite on the bee recorded.

The results were examined using x* analysis.

Effect of geraniol on mite behaviour

Within a concentration gradient chamber, mites were exposed to a
filter paper impregnated with 0.001pl, 0.01pl and 0.1pl of geraniol (Sigma,
UK. 98%), at a distance of 10 cm. According to Hoppe & Ritter (1988),
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these amounts of geraniol are equivalent to those formed in the Nasanov
glands of 1, 10 and 100 bees respectively. After 30 minutes, mites were

classified as “attracted™ if they were found in the half of the tube close to the

geraniol source, or, as “repelled” if they were found in the half of the tube

away from the geraniol source (Kennedy, 1978).

RESULTS

Distribution of the mites on the bees

During the period October - December there was usually only a

single mite per infested bee but between January - February many more bees

were found to carry more than one mite. Increases were also recorded in the
numbers of mobile mites, the percentage of infested bees and the mite: bee
ratio (Table 2.1). When the mite distributions durning the two time periods
were analysed, neither the Poisson model (x23= 11.98, p<0.05) nor the

negative binomial models (x*= 9.78, p<0.05) were found to be applicable.

The pooled data for all observed mites, indicated that they showed a
preference for the abdomen over the rest of the body, 77.7% being found
there (Figure 2.1). On the abdomen, mites had a highly significant preference
for the space between the 3" and 4" true abdominal tergites (Figures 2.2 &
2.3) (x%, p<0.0005), 85% of mites on the abdomen being found there. Mites
found between the 3" and 4" abdominal tergites were also observed to show
a significant preference for the left side, 66% (#=441) of mites occupying
that side (%, p<0.0005) (Table 2.2). Also, mites had a highly significant
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preference for the inter-tergite spaces as opposed to the inter-sternite spaces,

98.6% and 1.4% being found there respectively (%, p<0.0005).

Mites on the abdomen displayed a clear order of site preference. The

most preferred position was between the left 3* and 4" abdominal tergites
(55%), the second most occupied site was between the right 3* and 4"
abdominal tergites (29%), the third most frequently occupied site was
between the left 5® and 6" abdominal tergites (6%), and the fourth most
frequently occupied site was between the 5" and 6" right abdominal tergites

(4.5%) (Table 2.2).

When two mites were found on a bee, the patterns of distribution

" observed were signiﬁcaﬁtly different to the patterns that would be expected if
the mites displayed no site preference (x*4, p<0.005). When three mites

were recorded on a bee, the combinations of positions occupied varied

greatly (Table 2.2).

When bees were dissected it became obvious that the mites were

preferentially locating themselves at a site very close to the central
- ventriculus (Figures 2.4 & 2.5). The midgut is naturally coiled to the left
(pers. obs.) but in winter bees it 1s further displaced sideways and upwards by
the grossly swollen rectum (Snodgrass, 1956 and pers. obs. see Figure 2.5).
Mites located on the right of the bee would be further away from the midgut

and those found between the 4" and 5" abdominal tergites would be even

further.
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Effect of geraniol on mite behaviour

Mites were attracted by the low concentration of geraniol,
uninfluenced by the medium concentration, and repelled by the high

concentrations (Table 2.3).

DISCUSSION

As V. jacobsoni are unable to reproduce in the absence of brood, the

increase in the proportion of infested bees and the rise in multiple infestations

during the course of winter can only mean that bee mortality was
considerably higher than that of the mites. This would agree with the
findings of Kovac & Crailsheim (1988) and Korpela ez al. (1992) who

reported that 82-96% of infested bees died during winter, which is far in
excess of that of mite mortality (chapter 3). Furthermore, the mites must
have been transferring from dead/dying bees before these were separated
from the cluster. This was confirmed in later expeniments detailed in chapter
3. These results contrast with those of Ritter (1988) who states that the mite
population in winter is drastically reduced, and that the mites are mainly
removed from the colony by dying host bees, which implies that when an
infested bee dies, it will fall to the base of the hive with its mite still attached.
Once a mite has fallen to the base of the hive it is extremely unlikely of being
capable of returning to the cluster (chapter 3). However, it was found that a
dead bee placed in the centre of the cluster could take up to 48 hours to fall
to the base of the hive which would allow ample time for any mite to register

the death of its host and transfer to another bee. A marked reduction in mite
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numbers overwinter could also occur if infested bees, owing to their reduced
fitness, suffer higher mortalities outside the hive while on cleansing flights or
foraging. Weather conditions during the experimental period however,
ensured that the bees remained in a tight winter cluster so it was unlikely that
any significant removal of mites occurred this way. Similarly, mite levels
were unlikely to have been influenced significantly owing to drifting of

infested bees from neighbouring hives - the nearest known of which was

10km away.

The mites showed a clear preference for the left inter-segmental
spaces between the 3" and 4" abdominal sclerites. Similar results have also
been described by Delfinado-Baker ef al. (1992) on A.cerana in Thailand and

Fernandez ef al. (1993) on A.mellifera in Argentina so these results cannot
be a strain specific phenomenon. Both Delfinado-Baker et al. (1992) and

Fernandez et al. (1993) were working on active bees so the natural
orientation of the bees’ midgut to the left 1s probably an important factor in
determining mite distribution throughout the year. Contrary to LeConte &
Amold (1988), relatively few mites were found on the thorax of bees. They
suggested that the mites preferred the thorax during cold weather because
this would be the warmest region. However, according to Esch (1960) there

is no difference in thoracic and abdominal temperatures of overwintering

bees.

Hoppe & Ritter (1988) state that V. jacobsoni are most commonly
found between the thorax and abdomen of older bees. They suggested that

this is because the mites avoid geraniol released from the Nasanov gland
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which, according to them has a strong repellent effect. By contrast, I found
that mites were attracted towards low levels of geraniol although, as with
Hoppe & Ritter (1988), high levels of geraniol had a repellent effect. This
does not preclude the possibility that geraniol may be used by the mites as an
indicator of bee age and thereby their suitability as hosts. Indeed, the results
would appear to tie in with the observation that mites prefer house bees (<14
days old), which produce low levels of geraniol, to pollen-collecting bees,

which produce much higher levels (Boch & Shearer, 1963; Kraus ef al.,
1986; Kuenen & Calderone, 1997) Finally, when the mites are between the
ventral abdominal tergites, with their anterior aspect completely shielded, any

effect of the Nasanov secretions, which are low in the winter (Boch &

Shearer, 1963), on the mites 1s probably minimal. The possible shielding
effect of the sclerites has previously been suggested by Pitzold & Ritter
(1989) with regards to protection against high temperatures. I am also
uncertain under what conditions the mites would require (or indeed obtain)
protection from high temperatures, but the inter-sclente spaces between the
3™ and 4" tergites would ensure that the majority of a mite’s body would be
physically concealed and therefore protected from the attention of bee
grooming behaviour (Delfinado-Baker ef al., 1992). Moreover, by secreting
themselves under the tergites, the mites may be imiting themselves to a more
optimal microclimate, perhaps in terms of humidity, to which they are
sensitive (chapter 3). This 1s probably an important factor because
V.jacobsoni evolved on A.cerana which is proficient at detecting and
removing the mites (Peng ez al., 1987, Fries et al., 1996). However, it does

not explain the significant left preference of the mites - which is also found



on A.cerana (Delfinado-Baker ef al, 1992). Furthermore, clustered

overwintering bees are relatively inactive and so the mites - which can remain
mobile at much lower temperatures than the bees (chapter 3) - could

presumably move with greater safety than they would during the summer.

The distinction that mites preferentially occupy the inter-tergite
spaces rather than the inter-sternite spaces has not clearly been made in
previous studies. For example, Fernandez ef al. (1993) did not differentiate
between mites found under the tergal sclentes and those under the sternal
sclerites. A partial explanation for this distnibution could come from the fact

that in summer the mites preferentially mount bees of late house age (Kraus

et al., 1986). This being near the mean age for comb building behaviour in
bees (15.2 days old; Winston & Punnett, 1982) and therefore of wax

production (max. gland development 5-15 days old; Winston, 1987 citing
King, 1933). Wax is produced by the wax murrors, of which there are four

pairs that lie at the anterior of sternites four to seven. The presence of active
wax mirrors would increase the thickness of the layer of tissue through which
the mites accesses the haemolymph (Snodgrass, 1956). Furthermore, if the
mite was positioned adjacent to an actively secreting wax mirror, its legs
could become ensnared by the wax. It is therefore possible that the mites

avoid the inter-sternal spaces to faciltate feeding and prevent any

locomotory compromise.

The most favoured position on the left of the bee 1s that which would

enable a mite to place its mouthparts in closest proximity to the front/central

portion of a bee’s midgut. The mites have relatively short mouthparts
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(Griffiths, 1988) and would be unable to reach this region from any other
position. The same location on the right side of the bee would place a mite

at a slight distance from the upper portion of the midgut while a position

between the 4" and 5 abdominal sclerites, even on the left, would mean that

the mite would be feeding considerably below the end of the midgut. In
active summer bees the gut i1s also orientated to the left although as the
rectum is not swollen the midgut is not forced as close to the sclerites.
Owi;lg to absorption, the region immediately adjacent to the anterior and
central midgut probably contains higher concentrations of many nutrients
(Jimenez & Gilliam, 1989) some of which must be at a considerably lower

level within the general circulation to explain the reluctance of the mites to
feed elsewhere. This might be exaggerated in the winter bees in which
overall low levels of activity may reduce mixing of haemolymph and/or the
rates of transfer through the body. The nature of the nutrient(s) remains<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>