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ADSTRACT

Sacbrood virus causes changes in honeybees which may
be summarized as follows:
A, Larvae

1. TFewer protein granules than usual form in the
cytoplasm of the fat body cells of growing larvae.

2. The protein reserves that form in the fat body
cells, and the cells themselves, remain intact when the
larvae become mature, whereas in healthy larvae they are
broken down.

3. The endocuticle of mature larvae remains undigested,

when the last larval skin is being shed, and so prevents

ecdysis.
B. Adults

1. The protein granules in the cytoplasm of the fat
body cells and the proteinaceous secretory globules in fhe
cytoplasm of the hypopharyngeal glands disappear sooner than
usual.

2. The lives of bees are decreased to about three
weeks, the same length of life as of bees deprived of protéin
(pollen). .

3. Worker bees are more susceptible to chilling than :
usual, probably because of their decreased metabolism, an :
effect also caused when healthy bees are deprived of proteip.

4. Young worker bees fail to eat pollen, to attend th§

queen or drones, and to rear brood.
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5. Young worker beecs and drones try to fly and worker
bees start to forage sooner than usual.

6. TForaging worker bees do not collect pollen, or
collect very little.

7. The eggs of unmated queens mature sooner than
usual.

8. The mitochrondria in the brain of drones appear to
be damaged.

The changes caused by sacbrood virus in adults
summarized in (4), (5), (6) and (7) above, are the same as
those that follow when healthy individuals are anaesthetizeq
with carbon dioxide, and are equivalent to dhanges that
occur in senile individuals, possibly activated by accumul-
ated acid metabolites. Most of these changes are probably

important in preventing rapid spread of sacbrood in nature.

- Rt T R
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Part 1. GENERAT, INTRODUCTION
There are at least three known viruses that can cause

diseases of the honeybee but that commonly persist without
causing apparent symptoms, especially in adults. One of
these is sacbrood, the insect disease whose viral nature has
longest been established. The other two viruses are chronic
bee paralysis virus and acute bee paralysis virus.,

| The first reports of a disease that probably was sac-
brood were those of Langstroth (1857); subsequently several
authors (Doolittle, 1881; Jones, 1883; Simmins, 1887; Cook,
1904) also observed a “foulbrood-like" disease among honeybeej
- larvae, in which no bacteria could be detected, even after
their death. However, no name was given to this disorder
$ill White (1913; 1917) called it “sacbrood"™. He concluded
that it was a virus disease because he successfully infected
honeybee larvae in colonies with bacteria free filtrates of
larvae that had died of sacbrood. He observed that when
infected larvae were sealed in their brood-comb cells they
failed to shed their final skin, vhich became a translucent
sac, accumulating much ecdysial fluid around the pupal integu-
ment, and then died within two days. Unless adult bees
detected and ejecfed them, the dead larvae soon dried up to
form flat, brown scales in their cells. White also showed
that sacbrood had an incu?ation period of approximately six

days and that diseased laxrvae lost their iizcctivitysboutd thie
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weeks after death. However, he found that adult honeybees
were not susceptible to the disease.

Nothing further was discovered about the virus till
Morgenthaler (1947) confirmed that filtrates of diseased
larvae were infective, and that no inclusion bodies resemb—
ling those of the wellknown insect virus diseases, the
polyhedroses and granuloses were in their tissues. In +the
first attempt to classify insect viruses, Holmes (1948)
created the genus Morator to distinguish this type of virus
from other insect viruses which formed inclusion bodies.
Using electron microscopy, Steinhaus (1949) noted spherical
particles about 60 nm. in diameter, and Brcak, Svoboda and
Kralik (1963) and Brcak & Kralik (1965) found icosohedral
particles 30 + 2 nm. in diameter in extracts of larvae with
sacbrood, whereas they found no such particles in extracts
of healthy larvae. However, these authors did not test.
whether these particles would cause sacbrood, Bailey,
Gibbs & Woods (1964) also obtained isometric particles 28 m
in diameter from diseased larvae and showed that purified
preparations of these particles caused sacbrood when fed to
healthy larvae. Two dey-old larvae were thec most suscep-
tible; the median lethal dose by mouth was between 107 and
108 particles per larva. About 1013 virus particles can
be extracted from a single infected larva (Bailey, 1969).
Similar particles have been recognized in ultra-thin

sections of larval tissue (Lee & Furgala, 1965a). Using
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Dische diphenylamine and orcinol reactions on a cold water-
phenol saturated solution of the virus extract, Lee & Furgala
(1965b) showed the nucleic acid is of the ribose type.

Recently, Bailey (1968; 1970) has shown that sacbrood
virus multiplies in adult bees and found that the median
infective dose by mouth for adults younger than 8 days was
between 108 and 109 particles; by injection it was between
103 and 104 particles for worker bees and between 105 and
106 particles for drones. The infected individuals showed
no apparent symptoms,

Bailey, Gibbs & Woods (1964) statéd that sacbrood virus
resembles acute bee paralysis virus having the same size and
shape of particles and a similar sedimentation rate (SW,20)
of 160, but that serological and cross infectivity tests
showed no relationship bétween them.

Smirnova (1966) trying to maintain infectivity of
sacbrood virus under various conditions, such as refrigerat-
ion, desiccation, suspension in a 50% glycerine solution at
4°C., or in honey, or stored pollen, stated that she obtained
best results by using virus cultures in chick allantoic fluid'
and frozen for 10 months, or with virus desiccated at room
temperature. Smirnova also observed cytopathogenic effects;
in chick fibroblast cell cultures but not in HeLa and C-18
cell cultures, when they were inoculated with sacbrood virus.
Bailey (1968) has stated that the infectivity of sacbrood

virus decreases rapidly in dead larvae, and none remains
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after threc weeks.

Occurrence: Sacbrood was first recorded in U.S.A. and

was thought to be rare, at lecast in Britain. Tarr (1937)
thought that most disease rescmbling sacbrood was 2 non-
infectious hereditary fault, called "addled brood", because
it did not spread when combs containing such diseased larvae
were placed in healthy honeybee coloniecs. However, as sac-
brood does not spread readily this way (Hitchcock, 1966), and
as the descriptions given by Tarr clearly resemble those of
larvae known to have sacbrood, and as recent surveys in
England and Wales have shovn that over 80 percent of diseased
larvae free from micro—brganisms have sacbrood (Bailey, 1967,
1971b); Tarr was probably dealing with this disease. Severe
outbreaks occur during spring (White, 1917), and Bailey (1971b)
has found up to 6 percent of larvae from apparently healthy
colonies in August with sacbrood.

Iultiplication and spread: Although the ecdysial fluid

in the sac that surrounds the pupael integument of dying larvae
is rich in sacbrood virus, little is knowm of where the virus
multiplies within the body of the infected larva. Liee and
Turgala (1967) saw pariicles of sacbrood virus in the cyto-
plasm of fat, muscle, and tracheal-end cells of artificiallwv
infected laboratory reared larvae that became "sick" or died
three days after infection when they were about 4 duys old.
Bailey (1971b) considered that this was atypical of sacbrood

as infected 4 day-old larvee still appear healthy in colonies;
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the early death of the laboratory reared larvae may have been
because they had ingested overwhelming amounts of virus.

Fyg (1962) considered that sacbrood virus upsets the endocrine
mechanism of the infected larva, and Bailey (1970) showed
that much sacbrood virus multiplies in +the brains of drones
even though they showed no symptoms when it is injected into
their haemolymph. This suggested that the virus was neuro-
tropic.

Although infected worker bees show no apparent symptoms,
they eat little or no pollen after infection and much virus
accumilates in their hypopharyngeal glands, more than in other
regions of the body (Bailey, 1969). As hypopharyngeal gland
secretions are a constituent of food for worker and drone
larvae and the "royal jelly" for queen larvae, it seems likely
that larvee would be infected by nurse bees that are infected
with sacbrood virus. Queen bees are as susceptible to virus
infection as workers and drones but do not transmit sacbrood
to their offspring (Bailey, 1970).

This summarizes the present knowledge of sacbrood.

My investigations contribute furthcr knowledge on the pathology

of honeybee larvae and adults infected with the virus.
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Part 2. MATERIAT,S AUD METHODS
The following sections describe the general methods

used throughout the study. Special techniques are described
in the relevant sections,

2.1. Preparction of virus suspensions

For infecting: Sachrood virus was extracted from

larvae that had been preserved at -20°¢, immediately after
they had died or werc about to die of the disease when they
were 8-9 doys old. Ixtracts were prepared by macerating the
larvee in a glass tube or in a mortar with distilled water
with + volume of carbon tetrachloride. The resulting
emilsion was coarsely filtered through non-absorbent cotton
wool and the filtrate clarified by centrifuging at 8000 g. for
10-15 minutes. The supernatant containing the virus was then
either used without further treatment or after dilution with
sterile distilled water. The clarified cxtract of onec larva
killed by sacbrood usuaslly contains about 1013 virus particles
(Bailey, 1969) and will be referrcd to below as one "unit",

Gxtracts for control treatments were prepared similarly
from healthy larvae.

Tor testing: Sacbrood virus was extracted from infected

adult bees'by macerating heads of individuels in 0.1 ml.
distilled waoter together with one drop ofvdiethyl ether
followed by one drop of carbon tetrachloride in a conical
tube. The homogenate was clarified by centrifuging at

4000 g. for 10 minutes and the supernatant was used for tests,

2.2, Infecting larvae

Larvae from healthy colonies were infected when they
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were one to two days old, when they are most susceptible
(Bailey, 1969). The age of the larva was known from the

date when ecggs were laid in an empty comb placed in the colony,
or it was estimated by comparing the sizme of the larvae with
preserved specimens. Between 70 to 150 such larvae, individ}
ually identified in their combs by means of a calibrated

frame (Fig.1), were used. A suspension containing one unit |
of virus per ml. was prepared and Tl (10"'3 units) was placed
into the food surrounding each larva by means of an 'Agla’
micrometer syringe. The combs were returned at once to the
colony till the larvae were sealed in their cells, about three
or four days later. The combs were then removed from the
colony and incubated, without adhering bees, at 35°C. in
thermostatically controlled constant temperature cabinets and
examined four or five days later when the healthy larvae
should have pupated.

2.3. Infecting adult bees by feeding

Young bees become infected when they ingest a concen-
trated extract of sacbrood virus whereas bees older than about
eight days do not (Bailey, 1969). The youngest bees are the}
mogt susceptible, so bees were obtained by incubating combs
containing mature pupae (Fig.2) from healthy colonies at 35007
Within 24 hours of emergence from their cells they were kept ?
in wire-gauze cages measuring 10 x 7.5 x 4.5 cm. (Fig.3). |
A virus extract containing 5 units in 10 ml. of 60 per cgnt

sucrose was prepared and 5 ml. of this suspension were fed to



Fig.1. Calibrated frame for identifying
individual honeybee larvae in their
combs.

Fig.2. Cage for incubating combs containing mature
honeybee pupae.
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100 worker bees by dropping a little at a time with a pipette
over them in their cage. The bees cleaned each other, as
they usually do, by ingesting the sucrose solution, and in
this way soon consumed it all. The bees were kept at 30°Q,
as they consume sucrose faster at this temperature than at
35°C. A similar preparation of an extract of healthy larvae
was used for control treatments.

2.4. Infecting young drones by feeding

Drones, unlike worker bees, do not readily feed them-

selves, but are usually fed and tended by wwrker bees.
2

Therefore ecach young drone was fed with 5 x 10 units by
placing 1}@1. of a suspension directly between its mandibles
with an 'Agla' micrometer syringe, while it was held by its
wings. Drones used as controls were fed similar’y with an
equivalent extract of healthy larvae. They ingested the
small drop of fluid within a few seconds.

2.5, Infecting adult bees by injection

10~6

units were injected into the haemocoel of each bee
with a sterile 'Agla' micrometer syringe through the second |
dorsal abdominal intersegmental membrane. Unless indicated
otherwise, bees were snaesthetized before injection either
with carbon dioxide or by chilling at 490,

2.6, TLaboratory experiments

. Adult bees were kept in wire-gauze cages measuring
11 x 2.5 x 2.5 cm., (Fig.4). Twenty worker bees, or ten

drones with fifteen young attendant wwrker bees, were in each



Fig.3. Cage for containing newly emerged
worker bees for infection by feeding
them with sacbrood virus or extracts
of healthy larvae.

Fig.4. Cage for keeping treated worker bees or drones
in constant temperature cabinets for laboratory
experiments.
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cage and were supplied with 60 per cent sucrose solution and
water in gravity feeders. Unless stated otherwise, newly
emerged bees were also supplied with pollen, taken from honey-
bee combs, packed into vials (5 x 11 mm.) and inserted into
corks that fitted in the cages (Fig.4). Newly emerged worker
bees eat this pollen mostly during their first five days.
After treatment all cages containing bees were incubated
either at 30°C. or 35°C. in thermostatically comtrolled
constant temperature cabinets.

2.7. Infectivity tests

To establish the presence of virus in treated individ-
uals the infectivities of extracts were tested either (a) by
bioassay or (b) serologically.

(a) Bioassay:

(1) With larvee: Each virus-containing or control

suspension was tested on one-day-old larvae by adding 14t 1.
of the suspension to the food surrounding each larve as
described above (section 2.2). Treatments were interspersed
over the comb surface to minimise differences in susceptibil-
ity of larvaoe because of their location within the colony.
The infectivity of the extracts was measured by comparing the
nunber of treated larvae that failed to pupate with the
number of control larvae that succeeded.

(2) With drones: Sacbrood virus multiplies

sufficiently within three days of injection in the heads of

drones, to be detected serologically (Bailey, 1970), and
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drones were sometimes used conveniently as Ffollows:

A test or control suspension, e.g. of individual heads
or brains of worker bees in 0.1 ml., distilled water, or 10
heads in 10 ml. distilled water, was prepared as described
in section 2.T®. for infectivity tests. 1)1 of this
suspension was injected with a sterile 'Agla' micrometer
syringe into each drone as described for worker bees (section
2.5), After incubating the treated drones in cages at 35°C.
for five days, individual. heads were ground in a conical tube
in a drop of diethyl ether and 0.05 ml, of 0.85% saline, and
- tested serologically as described in the next section.

(b) Serological tests:

A modified method by micro-immunoprecipitation-in-gel
described by Mansi (1958) using anti-serum prepared from
rabbits as described by Bailey, Gibbs & Woods (1964) was used.

The antigen and antivody diffuse in the agar and when
they are in optimum proportions, they form a precipitate where
they meet, after about twenty-four hours, as a sharp line
(Fig.4).

A 1% solution of Ionagar was mode in 0.85% saline and
0.20 M buffer expressed as;HBBOB, and adjusted to pHTY. The
molten agar was spread evénly into a thin layer epproximately
2 mm. thick on clean glass plates 5 cm. x 5 cm., square and
allowed to solidify in petri dishes containing filter paper
soaked in 0.5% phenol. Before use, a central reservoir 6 mm,

dizneter surrovndcd by zix others of the some diancter and
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9 mm., apart, centre to centre, were cut in the agar with a
cork-borer using a template.

Sacbrood virus antiserum was introduced into the
central reservoir and the extracts (antigens) into the six
surrounding reservoirs. The plates were examined 24-30
hours later and the presenée of any precipitin lines was
considered as positive.

2.8. Histological methods

Histopathology was done by light microscopy and
electron microscopy.

(a) Tor observations with the light microscope,
specimens were fixed for 24 hours in aqueous Bouin's
fixative or for three hours in Carnoy's fixative (Pantin,
1964).  After fixation, the specimens were dehydrated in a
dilution series of tertiary-Butyl-alcohol and embedded in
Paraplast (m.p. 58°¢.). Sections were cut at 6/&. with a
Cambridge rocking microtome and fixed on slides with albumen
adhesive (Pantin, 1964). Infected tissue was compared with
healthy tissue prepared simultaneously.

Heidenhein's iron-alum hacmctoxylin counter-stained
with alcoholic eosin or Mallory's triple stain (Pearse, 1968)
or a broad spectrum Azan stain (Hamm, 1966) were used to
observe general morphological or cytological features.

Protein was detected by the mercuro-bromophenocl blue
method (after Bonhag, in Pearse, 1968), and glycogen was

detected by Best's carmine method (Pecrse, 1968), Fat was
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detected by immersing entire portions of fresh fat bhody
tissue in ethylene glycol saturated with Sudan IV (Gurr,
1956).

(b) Tor electron microscopy, brains werc dissected
from anacsthetized bees that were held in 0,85% saline.
A1l tissues adhering to the brain, except the finest
tracheae, were removed with a pair of fine forceps. They
were fixed overnight at 400. in 10% glutaraldehyde in 0.025 M
phosphate buffer at pH 6.8, After three washings in the '
same buffer, the tissue was tronsferred into cold 1% osmium
tetroxide in thé same phosphate buffer for four hours at 4°c,
After rinsing in buffer and two washes of 10 minutes each in
50% acetone, the tissue was transferrcd to 70% acetone
saturated withenyl eacetate, where they remained in the
dark for three hours. Dehydration in 100% acetone was
followed by embedding in Epon (Luft, 1961) and sectioning on
a Reichert Cm U2 ultramicrotome with glass knives. Sections
were stained in lead citrate end exoamined in a Siemens
Elmiskop I electron microscope. I am indcbted to Mr. R.
Turner, Plant Pathology Department, Rothamsted Bxperimental
Station, for kindly sectioning the preparations and examining

them in the electron microscope.
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Part 3, EFFLCT OF SACBROOD VIRUS ON HONEYBEE LARVAR

3.1, Pathology of the honeybee larva

White (1917) first described the histology of larvae
killed by sacbrood. He observed +th'.t most of the body
consisted of fat tissue, and the fat cells contained more or
less spherical bodies of "warying sizes and staining black".
He also described the clear watery-fluid contained in the
"sac" or space between the outer "moult skin" and the inner
cuticle lying next to the epidermis of larvae killed by
sacbrood.

Subsequently, Fyg (1959, 1962) stated that distr—bance
of the moulting process accompanied by excessive secretion of
ecdysial fluid under larval skin caused the sac to-form.

He observed that certain regions of the integument of -
diseased larvae had the colour, with sclerotization ahd
setae, characteristic of the imago and considered that sac-
brood virus upsets the production of endocrine secretions.

He produced symptoms resembling those of sacbrood byligzaturcss

that prevented secretions of the neurosecretory cells of the
brain and corpora allata from diffusing with the body of the
larva. Development of similar abnormal or "intermediary |
forms" as described by Tyg (1962) had also been shovn on
ligated healthy honeybee larvae by Schaller (1952) and
Tukoschus (19552, 1955b). Recently, Bailey (1970) has
demonstrated by infectivity and serological tests that sac-

brood virus multiplies in the brains of drones when it is
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injected into their haemolymph. A1l these results suggest
that the virus is ﬁeufstropic and, by damaging nervous
tissue, may affect neurosecretory centres and sites known to
control the production or secretion of juvenile and moulting
hormones (Wigglesworth, 1953).

The histology of the healthy honeybee larva has been
adcquately described by several authors (Bishop; 1922;
Nelson, 1924; Snodgrass, 1956; TFyg, 1965). However,
White (1917) used honeybee larvae after they had been killed
by sacbrood and Fyg (1962) appears to have used similar
larvae, either dead or at a very late stege in the disease,
for studies on histopathology. It seemed desirable, there-
fore, to study changes in infected larvae‘befofe they showed
symptoms to obtain information about the development of the
disease, especially by comparing them with changes occurring
in healthy larvae of a similar age.
3.1a. Methods ;

| Larvae for histological studies were obtained by
:feeding one-day-old honeybee larvae each with 10'3 units of
sacbrood virus as described in section 2.2, Control larvae
were fed with an equivalent extract of healthy larvee in a
similar manner.

On the second and subsequent days after treatment till
the healthy larvae had pupated, a few larvee from infected
and healthy groups were rcmoved from their cells, and fixed

(section 2.8a). Three larvae from each group, at the age
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of 5, 6 and 8 days, were bisected transversely, one half
fixed for histological examination and the other uscd for
infectivity tests, to see whether the virus had begun to
multiply. Larvae younger than 5 days could not he tested
this way aé they were too damaged when bisected to be of use
for histological studies.

1. Infectivity tests: The halves of the test larva

were each macerated in 0.5 ml. distilled water and 1M1, of
this extract was placed in the food surrounding each of thirty
one-day-old larvae that were then treated as described in
section 2.2.

2. Histology: Histological studies of the integument,
alimentary tract, silk glands and brain of treated larxrvae

were made in the manner described in section 2.8a.,

3.1b. Results

Tavle 1 shows that the inoculum used to infect the
honeybee larvae taken for histological examination was highly
infective, and Table 2 shows that much virus was in the
halves of the larvae that were actually examined. A1l the
control larvae in the tests pupated eight days after treatment
whereas almost all the larvae that were fed virus died of
sacbrood.

According to the dilutions used each larva fed on the

6

extracts from the half-larvae would have received 107 ° wunits

of sacbrood virus from the original extract - approximately
one fifth of a median lethal dose (Bailey, Gibbs & Woods,
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Table 1. Results eight days after feeding one--day-old
honeybee larvae with ’IO-3 units of sacbrood

virus or with extracts of healthy larvae.

Number of larvae

Inoculum .
Treated Missing’ Died of Pupated
sacbrood
Virus 75* 22 235 0
Extract of » o
healthy 75* L 0 ST

larvae

* A total of 30 larvae were removed when 3-8 days old for

histological examination (see text) and infectivity tests

(see Table 2).
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Table 2. The number of larvae out of 30 killed by sacbrood
when each was fed with the equivalent of 3 x ”IO"3
of an apparently healthy, 5, 6 or 8-day-old larvae
that had previously been fed, when 1 day old, either
with 107> wnits of sacbrood virus or with an equivalent

preparation of healthy larvae.

Age of Number of larvae
larva (days) .
from which Test Fed extract of larvae Fed extract of healthy
inoculim previously fed on virus larvae
_was*prepared missing pupated died of missing pupated died of
sacbrood sacbrood
1 7 0 23 0 30 -
5 2 5 0 25 1 29 -
3 10 0 20 0 30 -
1 9 0 21 0 30 -
6 2 8 0 22 2 28 -
3 11 2 17 0 30 -
1 9 0 , 21 '3 27 -
8 2 14 0 16 2 28 -
3 15 0 15 2 28 -

*  See footnote to Table 1.



Fig.6.

Section through the integument of
(A) a healthy 8-day-old honeybee larva
and (B) a larva of the same age infected

with sacbrood virus when it was one day
old. Rqoo
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1964; Bailey, 1969) - assuming that none of the original
inoculum was lost or had lost infecfivity. However, as
almost all the bioasgay larvae were killed, much virus
clearly had multiplied even in the youngest larvae that were
examined histologicédl 1y.

However, although much sacbrood virus had multiplied
in infected larvae by the time they were five days old (Table
2) no striking abnormelities were seen till they were about
six days old and rcaching the prepupal stage. Their integu-
ment was then obviously affected. At this stage the endo-
cuticle in healthy individuals appears to be completely
digested, the unshed portion consisting of the thin fragile
exocuticle. The pupal cuticle which begins to form during
this process of digestion becomes separated from the old
larval cuticle by the exuvial space (Fig. 64) and the larva
is then recady to moult. In larvac infected with sacbrood
virus the endocuticle of the last larval integumenﬁ becane
separated from the pupal cuticle, as usual, but it then
remained undigested and attached to the exocuticle. It is
the space between the undigested larval endocuticle and the
pupal cuticle that forms the sac containing the ecdysial
fluid (Fig. 6B and Fig. 7). However, the pupal airticle with
rudiments of setae formed as in the healthy larvae.

The only other histological effects of sacbrood virus
appeared in the fat-body tissue. The appearance of fat-

body cells from the second doy after infection were &as
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follows:

(a) 3-4 day-old larva: The cells of the fat-body of

" healthy larvee consisted of a compact mass of polygonal cells
with a very basophilic nuclcus and a homogeneous cytoplasm
surrounded by a distinct cell membrane, Fat cells in larvae
infected with sacbrood virus appeared to be the same as in
healthy larvae at this stage.

(b) 5 day-old larva: The fat body cells of healthy

larvae, that were now being secled within their brood-comb
cells, had enlarged and numerous vacuoles in the cytoplagm
(Fig.8A). At the same time sm2ll, distinctly basophiliﬁ
granules appeared in the cytoplasm close to the nucleus. |
The same chenges occurred in the cells of infected larvae
(Fig.8B and Table 3).

(¢) 6 day-old larva: The fat-body cells of healthy

larvae hod enlarged further. The hasophilic granules had
become more numerous, and were distributed more towards the
peripheral region of the cells (Fig.94). There were also .
few acidophilic gronules among the hasophilic ones. The
fat-body culls of larvae infected with sacbrood virus were
larger (Table 3) than those of the healthy indiViduéls, but
the hasophilic granules, although more numerous than before,
were now significantly (P<0.001) fewer per cell than in
healthy larvae (Table 4) and were still concentrated close
to the nucleus (Fig.9B). There were a few acidophilic

granules, but, again, fewer (PL0.05) than in healthy



Table 3. Length (1) and breadth (b) (u) of fat cells from five worker honeybee
larvae fed when 1~day~old with either 'IO_3 units of sacbrood virus or
with an equivalent preparation of healthy larvae.

Inoculum
Sacbrood virus Extract of healthy larvae
Age of
inoculated 5 6 8 5 6 8
larva (days)
No. of cells 50 50 50 50 50 50
neasured
1. b. 1. b. 1. b. 1. b. 1. b. 1. b.
Mean 36:0 27:¢  45.2 34.9 471  36.2 |35-2 28-0 37:3 30-7 39-7 313
+ 0-31 +0+40 +0-95 +0-40 +0:40 +0-32| +0-68 +0-90 +0-4LO0 #0-54 +1-20 +0-40
Significance
of difference
between means .S, <0-001 <0-001
(P)

£E
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Table 4. Number and types of cytoplasmic protein granules per
section of fat cell in worker honeybee larvae 5 and 7
days after they were fed when one day old with either
sacbrood virus or with an equivalent preparation of
healthy larvae. -
Number Age of larvae (days) when examined
examined .
6 3
- Number and type of granule o
Inoculun larvaejcells Basophilic AcidophiliciBasophilic Acidiphilic’
mean mean mean rean
Sacbrood virus| 5 50 [18+6 + 10 0:8 + 0:5 |29-4 + 2.4 0
Healthy larval :
extract 5 |50 |42:8 £ 42 5217 | 40 2:2 626+ 88
Significance
of difference
betwe?n)means <0-001 <0-05 <0-001 <0-001
P




Fig.8. Sections of fat-body cells of (4) a
healthy 5-day-old larva and (B) a
larva of the same age infected with
sacbrood virus when it was one day old.

X400






Fig.9. Sections of fat-body cells of (A) a
healthy 6-day-old larva and (B) a
larva of the same age infected with
sacbrood virus when it was one day old.

4060






Fig.10. Sections of fat-body cells of (4) a
' healthy 8-day-old larva and (B) a
larva of the same age infected with
sacbrood virus when it was one day old.
X400
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individuals.

(a) 7-8 day-old larvea, The fat-body cells of healthy

larvae had further emlarged (Table 3) with less distinct cell
membranes, making the tissue appear diffuse. The protein
granuvles also had increased in number but more of them than
before had become acidophilic (Table 4). liost appeared as
vacuolated spheres with centres staining only slightly and the
peripheries staining slightly darker than the surrounding
cytoplasm (Fig.10A). The fat-body cells of infected larvae
also enlarged further and were still significantly larger than
those of healthy individuals (Table 3) and they still main-
tained distinct cell membranes. The protein granules were
more numerous than in the infected 6 day-old larvae but they
were still kasophilic and they were still fewer than in ,
healthy individuals (Table 4), Moreover, they still remained
close to the nucleus (Fig.10B).

A1l the granules in both infected and healthy laxvae
stained deeply with bromophenol blue, which indicated they
contained much protein.

No other histological abnormalities were observed in.

infected larvae.

Discussion:

My histological studies produced no evidence of damage
to the nervous tissue of infected larvoe or to the formetion
of the pupal cuticle. In fact, the histology of infected

larvee seemed normal till they were sixz days old and were
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changing into prepupae. The most important pathological
effect of infection is the inhibition of the process of
digestion of the endocuticle, possibly by preventing the
action of enzymes. This prevents ecdysis and kills the
larva.

Infection also causes & marked change in the protein
metabolism in fat-body cells of infected larvae. . This was
shovm mainly by the fewer protein granules developing in the
fat-body cells of infected larvac thon in healthy lorvae, and
the failure of these granules eventually to dissolve. The
latter effect may agein indicate failure of the formation or
action of enzymes.

These possible effects on enzymes and the comparatively
few protein granules in infecied larvae may well be causéd by

loss of protein to the multiplying virus.

o~
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Part 4. EFFECT 0 SACBROOD VIRUS ON ADULT BELS

4.1. Introduction

According to Bailey (1968; 1969; 1970) bees infected
with sacbrood virus, either by feeding or by injectidn, show
no symptoms. However, he showed that young adults fea sac-
brood virus before they had eaten pollen subsequently ate no
pollen when kept in cages in the labdratory. lloreover, they
lived, on average, only three weeks, as uninfected bees
deprived of pollen, whereas uninfected bees supplied with
pqllen lived about cight weeks. Young bees injected with
sacbrood virus also ccecased to cat pollen, whcreas bees
injected with sterile water continued to eat pollen and live L
normally. Bailey also showed that healthy young bees
ancesthetized with 002 ate no pollen and lived only about
as long as those infected with sacbrood virus.

Bailey (1970) also found that the lives of drones,
which, unlike worker bees, do not feed on pollen, were
shortened by infection only Slightly, although significantly,
from 25 days to 21 days. Much virus was still in the '
infected drones at the end of their lives, showing that they
had not become free of infection. |

The results of these laboratory experimenfs suggested
that the lives of adult bees infected with sacbrood virus
when young and kept in cages, might be shortened only by
their decrecsed appetite for pollen, which is essential for

their longevity (Msurizio, 1950). However, it secems
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unlikely that sacbrood virus would have no other pathological
effects especially as it multiplies in the brains of adults
(Bailey, 1970), so I made some further experiments, first to
see whether the virus affected the longevity of mature adult
bees that had already eaten pollen. Bees were tested in
summer, autumn and winter, for Lotuar (1939) showed that
adult worker bees consume much pollen in colonics during
auntunn and winter, thereby increasing the protein reserves
in their fat body. I also investigated the effect of the
virus on thepoll.n consumption of young adult worker bees
under natural conditions in colonies.
4.1a, Methods:

1. Length of 1lifeof adults

Bxperiments were done with foraging honeybee workers,
captured as they returned with pollen loads, at the hive
entrances of normal colonies, and with‘mature adult worker
bees collected from the clusters of colonies durd ng autumm
(October) and winter (January).

6 units of sacbrood

Fach bee was injectgd with 10~
virus as described in section 2.5 and incubated in cages in
the laboratory at 35°C, as in section 2.6. For control
experiments similar bees were injected with an equivalent
extract of healthy larvae, These mature bces were not
provided with pollen as they do not eat any, at least not in

cages, even when they are healthy.

For comparison, similar experiments were done with
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newly emerged worker bees fed with sacbrood virus andprovided
with pollen (secction 2.3) and also with young drones either
fed (section 2.4) or injected, with a virus suspension as in
section 2.5. All cages were incubated at 35°0. as described
in section 2.6,

Dead bees in all treatments were removed daily tilll
half the individuals in each cage had gone.

2. Pollen consumption of infected adults in colonies

100 newly emerged worker bees were fed with a suspen-
sion of sacbrood virus and another 100 with an extract of
healthy larvae as described in section 2.3. After treatment,
50 infected bees together with the same number of uninfected,
coittrol bees were marked and placed immediately in a normal
colony. The remainder were marked differently and placed in
the same colony, after incubation in cages without any pollen
at 3500. for 40 hours, as described in_section 2.3. This ¢
treatment allowed some time for the virus to multiply before
the infected becs could find pollen in the colony. Newly
energed bees commence eating pollen three hours after they
emerge and, about ten hours later, the pollen grains enter
the rectum, from which they are discharged only when the bees
begin to fly (Whitcomb & Wilson, 1929; Bailey, 1952; Dietz,
1969), usually not before they are five days old. Therefore,
all the marked bees were collected from the colony five days
after they had been placed in it and werc examined for the

shells of ingested pollen grains, the contents of which are
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digested by bees,by removing the whole rectum from each bee
and macerating each one in 1 ml. of distilled water.

The amount of pollen consumed by each‘individual worker
bee was found by counting the pollen grains in a haemacyto-

meter.

4.1b. Results
1. Length of 1life

Table 5 shows the effects of sacbroodvirus
on the length of life of worker bees and drones. The half-
lives of the groups of infected newly emefged worker bees or
of the groups of infected mature worker beeé from thecoloniés
in autumn and winter were decreased significantly (P£0.001)
to about 20 days, about the seme as that of groups of un-
infected newly emerged worker bees that were not supplied
with pollen. The half-lives of groups of infected foraging
bees were decrcased from about 22 days to 15 days (PL0.001).

The half-lives of groups of newly emerged drones,
infected with sacbrood virus either by feeding or by inject-
ion, and kept in cages with attendant worker bees, was abéut‘.
the same as that of young healthy worker bees that had no’tv‘:l~ P
been supplied with pollen, and only very slightly shorter
than that of healthy drones.

2. Pollen consumption

Table 6 shows the number of pollen grains in the
rectum of w rker bees that lived in normal colonies for five

days after they had been infected with sacbrood virus when



Table 5.

f
different times of the year and incubated in cages at 35°C.

Half-life of groups of adult bees infected with sacbrood virus at

Types of bee and method of infection
Mature Mature
Newly emerged worker bee.sPollen worker bees  yorker bees
suppliediNot supplied| . ipopers from from Newly emerged drones
pollen | pollen CJuly) colonies colonies
o (October) (January)
Inoculum
: Fed Injected o Fed lInjepted
Reyll— Mean Repli~ Mean Repli=Ty RepIT= o RePLIi— oo [ RepE= Repri=——p=—""
cates cates cates cates cates cates cates
Sacbrood 20 | 1
X 6 5 20 20 18 18
virus * 15 6 + 045 5 % 0-9 8 + 06 6 + 0-54 6 + 0-50
Extract of 53 )
h . .
ealthy larvae + 2.5 +* 0-19 + 0-84 > + 246 8 + 1.0 6 + 066 6 + 032
Significance
of - difference
between means | < ©°001 < 0-001 < 0-001 < 0-001 N.S. N.S.
®)

6t
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Table 6. Mean number of pollen grains per rectum of worker bees
after they were fed with sacbrood virus or a virus-free
inoculum when newly emerged, incubated without pollen,
and then kept for 5 days in a normal colony.

Period ‘
: (hrs) No. No. No. Pollen Significance
Inoculum incubated of rcoov- cxan~ grains_ of difference
without - bees ered ined per bge . (P) vetween
pollen x 1 means
Sacbrood
virug .. O 50 4 L 9% 36
< 0:001.
Extract of
healthy larvae ° 09 b 20+ 25
Sacbrood .
virus 4O 50 15 15 O
— < 0-001
Extract of + 0.86

healthy 1arvaeho 0 32 15 M
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newly emerged. Infected bees that were placed immediately
in a colony had ezten less pollen after five days thansipilar
healthy bees, and those placed in the colony after incubétion
for 40 hours at 35°C. in cages, had eaten none.

4.1c. Discugsion

My results are similer to those of Bailey (1969, 1970)
for young worker bees and drones infected with sacbrood virus.
However, the lives of mature adult worker beesAfhat had
already caten pollen were shortened by the virus. Moreover,
comparatively few infected worker bhees were recovered from
colonies only five days after they were placed in them
(Table 6). They disappeared long before they were due to
die, according to the results of experiments with infected
bees in cages (Table 5). My results shOW,‘thereque, that
sacbrood virus causes pathological effects in adul% bees,
and changes their behaviour, in addition to destroying the
appetite for pollen. -

Further experiments were made, therefore, to see
whether there were any observable effects of sacbrood virus

on the behaviour of adult bees in colonies.
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4,2. Behaviour in the colony

The fact that iﬁdividual worker honeybees perform a
sequence of different duties in the colony has long been
established (Danhoff, 1855, in Ribbands, 1953). Since then -
numerous papers on the division of labour in honeybee colon-
ies has been published or reviewed, and it has been suggested
that although several factors influence the particular duty;
this depends mainly on the age of bees and the needs of the
colony. (R8sch, 1925; Haydok, 1932, 1963; Lindauer, 1953;
Ribbends, 1952, 1953; Sckegami, 1953). It has been generelly
accepted that worker bees usually perform the various duties

within the hive, such as fecding learvae and probably the

queen and drones with protein-rich secretions of their hyﬁo-
pharyngeal glands (Langer, 1912; Patel et al, 1960) and
cleaning and building comb cclls, when they are young, whére—
as when they are about 3 - 4 weeks old they take to foraging
activities in the field. One of the tasks in the hive is to
attend the queen. A circle of 8 - 18 attendant bees forms
round her when she is resting or laying (R8sch, 1925; '

" Iindauer, 1952; Allen, 1955, 1956, 1960; Butler, 1954). All
ages of worker bees form the circle of attendants but the
queen receives food only from those younger than 12 days, the
»same age group of worker bees that feecd larvae (RGsch, 1925;
Lindauer, 1952; Allen, 1955, 1956, 1960).

Perepelova (1928) noted thot drones rarely move about

in the colony except when soliciting food, and that they do
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not take food from comb-cells. - They were fed by worker bees
of 8 - 14 days of age. Mpatov & Saf'yanova (1950) stated
that caged drones were fed by.nurse bees but weie neglected
by foragers, while Oertel et al (1953), Oertel f%éSé) and
indt (1962) found that, although old drones fed themselves
on honey, young drones were fed by worker bees of similar
ages to thoge feeding the queen and larvae. Ruttner (1964)
has stated that drones take their first flight on or after
the 8th doy follovdi ng emergence, but they do not become |
sexually mature till they are 15 - 20 days old.

The effects of sacbrood virus were studied on some of
~these various aspects of behaviour.

4.2a. Methods

Observations weremade using single-conb observation
hives (Fig.11) measuring 39 x 5 x 24 cm, with entrances |
leading out of doors by a narrow tunnel. The sides of the
hives and the top of the tunnel were covered with transparenf
plastic. The hives werc¢ each provided with o comb contain-
ing larvae, pollen, honey and o healthy, mated queen. A
thermostatically controlled heater beneath each hive main-
tained the temperaturc of the air on either side of then at
34 + 100., the temperature at the centre of a normal colony,

1. Behaviour of worker bees

Newly emerged worker becs were fed with
sacbrood virus and othcrs with an cxtract of healthy larvae

as described in section 2.3. After trectment, groups of
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bees were marked and placed in observation hives as follows:

Experiment A.

Experiment B.
Experiment C.
Experiment D.

Experiment E.

75 infected worker bhees + 225 uninfected
bees

200 " u "+ 200 "

225 " " " o+ 75 n

350 infected worker bees only in one nive
and 350 uninfected worker bees only in
a similar adjoining hive. -

Newly emerged worker bees were kept in
cages with pollen and sucrose solutipn
till they were 5 days old when théy
were anacsthetized by chilling at 400,

and 30 were cach injected with 10—6

units of sacbrood virus. A similar

number werc injected with an extract of

healthy larvae (section 2.5). They

were then marked and placed in an

observation hive among about 500 healthy

worker bees of all ages.

The beheviour of all treated bees was observed daily

and the number of attendant workers in the court of the

queen was observed for one minute every hour for cight hours

cach day.

Worker beces do not form a court around drones, so

their behaviour towards thenm is difficult to observe.

Accordingly the survival of drones sttended by infected or

healthy. worker bces was measured in cages in the laboratory.
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Newly emerged worker becs were fed with virus or extracts of
healthy larvae (section 2.3), and kept in cages with healthy
drones at 35°C. (section 2.6). During the course of the |
observations, dead worker bees were replaced with simnilar live
individuals. Dead drones were removed daily +ill half of
them in ezch cage had died.

2. Behaviour of drones: Groups of newly enmerged

drones were either fed (section 2.4) or injected (section 2.5)
with sacbrood virus or with extraocts of healthy larvae and
placed in an observation hive containing healthy worker bees
of all ages. A1l treated individuols were observed daily
for their behaviour in the hive,

3. Length of life and infeetivity checks: Groups

of additionsl bees from all cxperiments were kept in cages at
35°¢, (éection 2.6) and their half-lives were nmeasured. Six
worker bees from each group werc removed after 5 daoys and
tested for sacbrood virus by the infectivity and serological A
method described in section 2.7.

Groups of infected droncs werc similarly kept with
attendant workers in cages ot 35°C. as described in section
2.6, and their half-lives measurcd. The heads of six drones
from each experiment were tested serologically (scction 2.7).

4.2b. Results

One of the most striking effects of infection with sac-
brood virus was its effcct on the behaviour of the worker bees

towards the queen. Table 7 (experiments A, B and CG) shows
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that infected worker bees did not join her court (Fig.12).
In experiment D one or two worker bees of the colony that
consisted entirely of infected bees were occasionally beside
the queen, but there were always many fewer than those
observed with the queen in the hive containing similar, un-
infected bees. On most occasions the queen in the colony of
infected bees was not attended 2t all. In all experiments,
about 5 - 9 worker bees from the uninfected groups, whatever
proportion they were of the colony, attended the queen (Table
7). Table 8 shows a similar pattern in the behaviour of
worker bees that had been injected with sacbrood virus when
they were five days old, after they had eaten pollenﬂiﬁ'cages,
and had then been placed in the observation hive.

In all four Dxperiments, A, B, C and D workers fed with
sacbrood virus before they had caten pollen clustered tightly
in the colony (Fig.13) but when sacbrood virus wes injected
into 5~day-o0ld worker bees after they had eaten pollen they
did not cluster (Bxperiment EB.).

Table 9 shows that in all four cxperiments A, B, C and
D, infected bees began to leave their hives from the first
day. About half had gone by the sixth day, end all had
diszppeared by the tenth dey, whercas most healthy bees
remained after fourtecn days. Although normal bees can fly
when they are two days old, bees infected with sacbrood virus
did not, but dropped to the ground as soon as they left the

hive entrance.



Table 7. Mean number of worker bees in the court of the queen on
eight hourly occasions on each of eight successive days

after they were fed sacbrood virus or extracts of healthy

larvae when less than one-day old.

No. Pro- Days after treatment
Expt. Inoculum of portion

bees % 17 2 3 4 5 6 7

Sacbrood virus 75 25 0 0 0 0 ) 0 0
A
Extract of | ‘
healthy larvae 225 75 7 5 9 7 6 5 5
Sacbrood virus 200 SQ 0 0 ) 0 ) 0 0
B — -
Extract of
healthy larvae 200 50 7 7 9 8 6 7 7
Sacbrood virus 225 75 O 0 0O o0 O o0 o
c N
Extract of
healthy larvae 75 25 5.5 5 4 L4 3 5
Sacbrood virus 350 100 1 0 0 0 1 0 )
D '
Extract of

healthy larvae 350 100 2 2?2 92 7 6 7 6




Table 8. Mean number of worker bees present in the court of the queen on eight hourly

Experiment E.

occasions on each of eight successive days after they were injected with

sacbrood virus or with extracts of healthy larvae when five-days old.

No.
Inoculum of

Days after injection

bees

12 3 4 5 6 7 8 9101112 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Sa?brood 30
virus

0O 000 COOOOOCOOOO0OOO0OODO0OO0ODO0OODODO0ODO0ODOODCO0OoO

fxtract of
healthy 30
larvae

32 3 3 4 35 4L 52 2 32 3 32 322212112000

6s



Table 9. Number of worker bees present in an observation hive on each
of fourteen successive days after they were fed with sacbrood
virus or extracts of healthy larvae when less than one day old.
No. Pro- Days after feeding
Expt. Inoculum of portion
bees % 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Sacbrood 75 25 7% 70 64 4 28 24 12 9 7 5 2 0 0 0
virus

A

Extract of

healthy .. 225 75 225 225 225 225 225 225 225 225 225 225 223 223 223 221

larvae

Sacbrood 200 50 193 177 125 100 80 62 42 219 7 O O O 0O 0
B virus

Extract of

healthy 200 50 200 200 200 200 200 200 200 200 200 200 200 200 200 195

larvae

Sacbrood 5 75 220 200 193 178 103 73 62 20 3 O O O 0 O
C virus

Extract of

healthy 75 25 % 75 75 7S 75 75 95 75 Y5 7% 75 7% 75 75

larvae

sjg:i”d 350 100 341 330 315 183 163 88 35 10 10 O O O O 0
D S

Extract of

healthy 350 100 350 350 350 350 350 350 350 350 345 345 344 344 344 342

larvae

02



Fig.12. The queen in an observation hive with
attendant uninfected worker bees (marked
yellow). ' Those infected with sacbrood

virus are marked white.

Fig.13. Young worker bees in an observation hive
showing those infected with sacbrood virus
(marked white) clustering at the centre, and
uninfected individuals distributed in the

peripheral region.
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Table 10 shows that half the number of worker bees
that had been injected with sacbrood virus when five days old
had gone schout eleven days after they werec placed in the
hive, and nost disappeared by about seventeen days, whereas
more than half the number of healthy worker bees stayed till
about twenty days, and some remained even after thirty days.

Table 11 shows that half the number of infected drones
diseppeared from the hivthter about five or six days and
all had gone after ten or eleven days. Half the number of
healthy drones remained for twenty days in the hive and all
had not gone tiil after twenty-four days.

Table 12 shows the helf-life of groups of young healthy
drones kept in cages at 35°C. with young attendant worker
bees that werc infected with socbrood virus was only about
ten deoys (P£0.001), about half that of drones attended by
healthy workers, .and about the same as that of young healthy
drones kept in cages without any attendont worker bees.

| Table 13 shows that the half-lives of groups of caged
worker heecs and dronesﬁhat had been injected in the same way
as the beecs used in the obscrveolion hives, were about twenty
days, sinilar to the results of previous experiments with
caged bees (section 4.1D).

Serological tests showed that =11 individuols
inoculated with sacbrood virus preparetions had becone
infected,

Mo other abnormalities in the behaviour of bees



Table 10. Number of worker bees present in an observation hive on each of 30
successive days after they were injected with sacbrood virus or an

extract of healthy larvae when they were five days old.

No. Days after injection

Inoculum of
bees 1 2 3 4 5 6 7 8 91011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Saf.zbrood 30 3030302823202017171510 5 4 4 4 32 1 11 1 1 00 0O 0 0 0 0 O
virus

Ext t of
healthy 30 30 30 30 30 25 25 25 20 20 20 20 20 17 15 15 15 15 15 12 12 121111 1110 7 5 3 3 3

larvae




Table 11. HNumber of drones present in the observation hive on each of twenty-five

successive days after they were inoculated with sacbrood virus or with

extracts of healthy larvae when they were newly emerged.

Type and No. Days after treatment
method of of Expt.
treatment drones 12 3 4 5 6 7 8 91011 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Fed 20 1 201919181812 9 4 2 O
sacbrood
virus 20 2 2019 16 14 10 7 6 2 2 1 0O
Fed - ) .
extract of 20 2 202020202020 18 1515 14 W 1412121212 12°9 9 8 5 3 1 0 O
healthy
Larvae 20 2 2020202020202019 1917 1515151515 1% 1211 9 7 5 3 2 2 0
- Injected 20 1 20201913 9 6 6 3 1 O
- sacbrood
virus 26 2 262017 72 6 3 2 2 2 2 2 0
Injected 20 1 2020 19 1919191917 16 1515 14 14 131313131311 9 8 3 3 1 O
extract of
healthy
larvae 26 2

26 26 24 24 24 23 23 22 22 2220202016 16161515 8 8 5 3 0 0 O

59
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Table 12. Half-life of groups of healthy drones kept in cages
at 35°C., with healthy attendant worker bees or with

bees infected with sacbrood virus.

Type of attendant

worker bees Replicates (gl:;;l)

sacbriig virus 6 10 £ 0+36
Fliga;:;;ai:m?:e 6 21 + 0:45
Morker bess 6 1t 036




Table 13. The time in days before half the number of worker bees and drones died in
cages at 35°C. after being treated in the same way as bees used in the
observation hives (See Tables 9 & 10).
Type of bee and method of infection
‘e 5 day old
Newly emerged worker bees worker bees Newly emerged Dronos
Inoculum |Replicates] Fed Injected Fed Injected
iixperiment Experiment IExperiment Experiment Ixperiment| Experiment [Experiment
A B C D I F G
Mean Mean Mean HMean Mean Mean Mean
Sig:ﬁ:"d 3 20 + 1-50 19 + 0-57 21+ 0-57 20+ 0-40 | 21+ 1-15 [20 + 1.22 18 + 0-91
Extract off
healthy 3 55 % 36 51 + 115 49 + 1:62 53+ 1-68 | 54 + 1:87 [22 + 0-57 20 £ 0-51
larvae
Significance
of difference P<0-001 P<0-001 P<0-001 P<0-001 P<0-001 N.S N.S.
between means
(P)

L9
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infected with sacbrood virus were obsexved.

4.2c. Discussion

The results can be discussed under threec headings, as
follows:

(1) Queen attendance: As young worker bees infected

with sacbrood virus do not eat pollen (section 4.1), their
hypopharyngeal glands do not develop and so probably do not
secrete much protein as in healthy young bees (Langer, 1912;
Patel et al, 1960). This could be a reason for the failure
of the young virus infected worker becs to attend the. queen
and it might also explain their inability to prolong the
lives of healthy drones, for these probably depend upon
protein, supplied from the glands of worker bees (Nixon &
Ribbands, 1952), for longevity. A further explanation of
the changed bchaviour of infected bees towards the queen
night be damage to the brain wherce sacbrood virus nay
mltiply as it does in droncs (Bailey, 1970).

Worker bccs thot were injected with sacbrood virus
afte} they had caten pollen also failed to attend the queen,
Perhaps they lost protein very guickly to the multiplying
virus, as suggested when their lives were decrcased to about
the same as those of worker bees that were not supplied with
pollen (Table 5). This might cause their hypopharyngeal
glands to atrophy as, for exomple, they do in bees infected

with the microsporidien parasite, Noseme apig Zander (Wang

& Moeller, 1970). Worker bees infccted with this parasite
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also do not attend the queen and leave the hive earl ier than
usual.

(2) Glustering: Infected worker bees appeared to be
chilled because they clustered more than heelthy bees.
This suggests they are less ablec to maintain their body |
temperature than healthy worker bees, perhaps because their
metabolic rate is diminished. Infected drones did not
cluster but they may well not have the same instinet to do
so as worker bees.

(3) Departure from colonies: Infected worker bees

left the hive earlier than similar uninfectced bces, long
before they were due to die according to the rcsults of cage
tests (Table 13). This explains the rapid discppearance of
infected worker bees from colonies in which théjiwerezpldced
in earlicr cxperiments (section 4.1c), ond iﬁdicates that
sacbrood virus changes the behaviour of becs.

These aspects were investigated further as described
in the following sections.

4,3, Protein netabolism

4,32, Hypopheryngeal glands

The form and function of the hypbpharyngeal
glends in reletion to the life of the healthy honeybee has
been the subject of numerous investigotions ever since they
were discovered by Meckel in 1846. The secretions of the
glands were stated to be composed of a protein-rich substance

and were well developed only in worker bees that were feeding
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larvae (Schiemenz, 1883; Langer, 1912; Patel et al, 1960).
Soudek (1927) found that the glands were small and empty in
newly emerged bees, but developed very rapidly after they ate
pollen, while Kratky (1931) found that the hypopharyngeal
glands did not develop in newly ecmerged worker bees which
were fed on sugar solution, but developed when they were fed
pollen, provided the bees were less than 10 days old. In
addition to secrcting the protein component of the food of
larvae, these glands Weie also found to contain enzymes used
to convert necter into honey (Kratky, 1931; Gauhe, 1940;
Simpsoﬁfﬁa96%),

» The structure of the hypopharyngeal gleands has been
ddequately studied by several authors (Sondek, 1927; Kratky,
1931; Beais & King, 1933; Painter, 1945; Wetzig, 1964). The |
glarids are well developed in worker bees but vestigeal in
queens and absent in drones. They are situated in the fore-
part of the head closely about the brain in the upper and the
anterior parts of the head cavity. The glands are composed
of a string of numerous ovate lobules, each lobule consisting
of several unicellular acini. The entire lobule is sur-

. rounded by a thin, transparent, membreneous capsule which
extends as a closed sac from the common duct., The acini of
each lobule contain numerous intracellular secretory canali-
culi which join an intercellular duct that opens into the
common duct of the glands.

The existence of a secretory activity is indicated by
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the presence of secrctory globulecs in the cytoplasm of the
acini (De Robertis et al, 1965). These secretory globules
are ng%f§£ the hypopharyngesl glonds of ncwly cimerged bees
but appear when they are about 7 - 4 days old, after they
have eaten sufficient pollen. The glands then became
expanded and spherical in appearance (Kratky, 1931; Painter,
1945; Wetzig, 1964; Viang & Moeller, 1969). The duration of
the secretory activity of the hypopharyngeal glands in
healthy bees under normal conditions is not yet knowm, but
during most of the winter, the glands remain enlarged (Kratky,
1931). Wetzig (1964) stated that the secretory activity of
the hypopharyngeal glands in summer bees begins to decrease
when the bees are about 11 days old. Wang & Mocller (1969)
have stated that a direct correlation exists betwecen the size
of the secretory globules and the volume of the lobules, In
0ld bees, especially those engeged in foraging activities,
the hypopharyngeal glends becone atrophicd. Simpson (1954)
has stated that anaesthesia with carbon dioxide also hastens
the retrogression of the hypopharyngeal glends.

Bailey (1969) who found that much sacbrood virus
accumulates in the hypopharyngeal glands of infected worker
bees suggested that it may be transmitted in nature in the
secretions., The youngest adult becs are the comb-cell
cleaners =nd probably becone infected when they ingest parts
of dead larveae killed by sacbrood. Some of these worker

bees may then subscquently feed heelthy larvee with gland
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gsecretions containiﬁg the virus.

The effect of sacbrood virus on the hypopharyngeal
glands of worker bees was studied as follows:

1. Methods

Bxperiment A: Newly emerged worker bees were fed

with a2 suspension of sacbrood virusg or with extracts of
healthy larvae as described in section 2.3. Groups of bees
were kept in cages at 35°Q, (section 2.6) and were provided
with pollen twenty-four hours after treatment. Another
group of bees that was fed with extracts of healthy larvae
were similarly kept in cages vithout wiy polloen.

Experiment B: Mature adult beces were collected at
random from within colonies durirng winter (January). Tach
bee was injected with 10"6 units of sacbrood virus while
others were injected with an equivalent extract of healthy
larvae (section 2.5). After treatment they were kept in
cages at 3500.

Histological studies werc nade of the hypopharyngeal
glands of some bees from 211 treatments, as described in
section 2.8a,

2. Results

Table 14 shows thot after 6 days in ceges at 35°C,
worker bees infected with sacbrood virus when newly emerged
had much smaller iypopharyngezal glands,; without any secretory
globules (Fig.144A), than similar uninfected bees that had
consumed pollen (Pig.14B). However, they were slightly









Fig;15.

Sections of hypopharyngeal glands of

mature worker bees from colonies in

autumn six days after they were

injected with (A) sacbrood virus and

(B) extracts of healthy larvae.
%240






Table 1k-

Hypopharyngeal gland size, secretory globules and pollen grains

in worker honeybees six days after they were fed with sacbrood

virus or extracts of healthy larvae when they were less than

oneaday-old.

No. of Dimensions of No. of pollen
Poll No. of lobules Dimencions of lobules secretory grains in
Inoculunm OL%CI  hees per bee globules (u) rectum
SUPPLY  examined examined Mlean length Mean breadth Mean diameter Mean x 105
Sacbrood + 12 5 52:1 & 2-2 31-8 + 1.2 0 - 0 -
virus
Extract of
healthy + 12 5 122-4 = 2-5 94:9 + 3.2 8 + 0:15 8 + 1410
larvae
Bxtract of
healthy - 12 5 40-1 + 1-2 2%-1 % 1-0 0 - 0 -

larvae

LL
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Table 15. The size of hypopharyngeal glands and their
secretory globules in mature adult worker
bees, from colonies in winter, six days after
they were injected with sacbrood virus or an
extract of healthy larvae.
No. of Dimensions of Secretory
. No. of Lobules lobulesﬂgp)' globules (u)
’ bees per bee Mean . Mean Mean
examined examined length breadth diameter
Sacbrood
virus 12 5 714 + 2.1 52-8 + 1:5 3.0 + 0-12
Extract of :
healthy 12 5 117-9 + 1:8 912 + 2:5 63 = 0+10
larvae
Significance
of difference <0-001 <0001 <0-01
between means

(P)
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though significantly (P<0.002) larger, than the hypopharyn-
geal glonds of healthy worker bees that had not been supplied
with pollen (Fig.14C).

Table 15 shows that the hypopharyngeal glands of mature
adult worker bees six days after they were injected with
virus were significantly (P£0.001) smaller (Fig.15A and 15B)
and their secretory globules had also become much smaller
(P<0.01) than in uninfected bees.

No other cytological abnormalities were observed in the
hypopharyngeal glands of infected bees.

The half-lives of surplus groups of bees prepared for
these investigations were similar to those in previous tests
(Table 5 and Table 13) indicating that sacbrood virus had
multiplied in the inoculated individuals.

Tests on the hypopharyngeal glands with bromophenol
blue indicated that the secretory globules contained much
protein.

3. Discussion

It was now clear that the hypopharyngeal glandsremained
undeveloped in torker bees that were infected when newly
emerged with sacbrood virus. This was expected as they
failed to eat pollen. However, their hypopharyngeal glands
became larger than those in healthy worker bees deprived of
pollen, probably because of the accunmulation or active
secrefion of the virus. The atrophy of the hypopharyngeal

glands of bees infected with sacbrood virus after they had
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eaten pollen and the disappearance of the protein-rich
secretory globules arce probably caused by loss of protein

to the multiplying virus. Therefore this could well explain
one reason for the failure of worker bees infected with sac-
brood virus to attend the queen andbdrones (section 4.20)

and their shortened lives (section 4.1b and 4.2c).

4.3b. Tat-bodies

Totmar (1939) found o positive correlation between the
size of the hypopharyngeal glands and that of the fat-bodies
in overwintering bees although this relationship no longer
exists when they begin to rear larvae. Maurizio (1954)
found a positive correlation between the length of life of
worker honeybecs and the size of their fat-bodies.

The physiology and changes undergone by the fat-body
tissue have been less studicd in the worker honeybee during
the course of its life than in larvae. Koehler (1921)
stated that the fat cells of overwintering worker bees
contain many protein granules which are probably protein
reserves. They disappear in spring,probably being converted
into secretions of their hypopharyngeal glands, especially
in beeg that feed larvae. These protein reserves are not
found in the fat cells of worker bees during summer,

Similar observations have also been made by Snodgrass (1925)
and Lotmar (1939).

The fat-body tissue of the honeybee consists of whitish

layers of cells against the body wéll of the abdomen. The
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cells are ruch smaller, with less defined cell outlines,
than those on full grown larvae. They contain very little
fat, especially in overwintering bees (Snodgrass, 1956).

Observations on the effect of sacbrood virus on the
fat bodies of bees were made as follows:

1. Methods and Results

The fat body tissue was removed from the same group
of winter bees, both infected and uninfected, from which the
hypopharyngeel glands were removed for histological studies
(section 4.3%a.1, Experiment B), and was treatced as described
in section 2.8a.

The fat-bodies of drones vhich had been kept with
worker bees in cages at 3500. when newly emerged were removed
six dcys after they each had been injected when 5 days old

with 10~6

units of sacbrood virus, or with an equivzlent
extract of healthy larvae (section 2.5).

Table 16 shows there wecre no protein granules in the
fat cells of infected worker bees(Fig.16A) whereas there were
about 20 granules per fat cell in siidilar uninfected bees
(Fig.16B). The fat-body cells degenerated in both infected
and healthy bees after they had beén in cages for twelve or
more days.

A1 granules stained deeply with bromophenol blue,
indicating they contained protein.

There were no protein granules in the fat-body cells of

infected or healthy drones, either before or after treatment.
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Table 16. Numbers of cytoplasmic protein granules
per fat cell of mature worker bees six
days after they were injected with sacbrood
virus or with an extract of healthy larvae.
No. of Mean no.
Inoculum No. of fat cells of protein
bees per bee granules
Sagbrood s 10 0
virus
Extract of
healthy 6 10 20 + 0-70
larvae
Significance
of difference
between means <©-001

(P)




Fig.16.

Sections of fat-body cells of mature
worker bees from colonies in autummn
six days after they were injected with

(A) sacbrood virus and (B) extracts of
healthy larvae. X400
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No other histological abnormalities were observed in
the fat-body tissue of either infected worker bees or drones

2. Discussion

These observations indicate that protein is lost from
the fat-body of infected bees probably to the multiplying
virus. The loss of protein from the fat-body would prevent
secretory globules from forming in the hypopharyngeal glands
(Koehler, 1921) and it would explain the shortening of the
lives of worker bees injected with sacbrood virus (section
4.1b). The absence of protein granules from the fat cells
of healthy drones may well explain the comparatively slight
effect that sacbrood virus has on their length of life.

4.4, Clustering

Honeybees in a normal colony‘fppm a cluster which
contracts or expands with a decrease or increase respectively
in the environmental temperature (Gates, 1914). A minimum
of about fifty worker bees cluster at 2000; smaller numbers
cluster at lower temperatures (Sladen, 1901; TLecomte, 1950).
In summer, the temperature at the centre of a cluster, which
is the warmest part of a colony, is usually about 34-35°C,
(Gates, 1914; Hess, 1926; Himmer, 1932), =nd in the outer
regions of the cluster it is about 25-30°G. (Ribbands, 1953).
In winter, the temperature at the centre of the cluster
fluctuates between 20~30°C., being more often nearer to 3006.
than to 20 C, (Gates, 1914; Wilson & Milum, 1927; Corkins,

1930). Various observers have reported that bees form a
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compact cluster Withinhfhe hive when the environmental
tenperature decreases from 18°C. to 10°C. (Phillips & Demuth,
1914 ; Himmer, 1926; Wilson & iilum, 1927; Free & Spencer-
Booth, 1958). The ability of a honeybee cluster to

- regulate its temperature enables it to survive in conditions
when individual bees would succunb, Heran (1952) stated
that the thermal preference of young bees varies fron 35°C,
to 37°C. and that of older bees between 31.5°C. and 36.5°C.
Timmer (1926) reported that individual bees stop moving at
11°C. to 12°C. and become rigid at 6°¢. to7°C.

The fact that bees infected with sacbrood virus
clustered tightly in the centre of the colony (section 4.2)
suggested thot they were morc susceptible than heelthy worker
bees to chilling and so the effect of low temperature on them
was tested as follows:

Experiment A: Newly emerged worker bees were fed with

o suspension of sacbrood virus or with equivalent extracts of
healthy larvaec as described in section 2.3. After treatment,
they wore kept in cages (Fig.3) at 35°C. Tach cage contained
onc hundred worker beesand was provided with pollen. Similar
nunbers of newly cmerged worker bees were fed with an extract
of healthy larvae=nd kept in cages at 3590., but were not
supplied with pollen. At six and twelve days after infection
the feeders were replaced with a short glass rod in all cages

which were then kept at a constant temperature of 5°C. The
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time taken for all worker bees in each cage 1o cluster round
the end of the glass rod, without any remaining on the sides
of the cage, was noted.

A few worker bees that had been treated similarly were
confined six and twelve days after infection in glass vials,
two bees per vial, and placed in o mixture of ice and water.
The time taken for each bec to become immobilized was noted.

Experiment B.

Experinent A was repeated with mature adult worker
bees, from a colony in autumn, each infected with 10‘6 units
of virus or cquivalent extracts of healthy larvee as described
in section 2.5.

b. Results and Discussion

Table 17 shows that newly emerged worker bees six and
twelve doys aftcr they were infected with sacbrood virus or
similar healthy bees deprived of pollen clustered earlier
(P£0.001) than healthy bees that had caten pollen. lMature
adult wrker bees from colonies in autumn also clustered
earlier than similar uninfected bees six days after they
were infected, but they did not cluster earlier than healthy
bees after twelve days. |

Table 18 shows that individual newly emerged worker
bees infected with sacbrood virus and similar heaslthy workér
bees that had not been supplied with pollen were more suscep-
tible to chilling than healthy worker becs supplied with

pollen. Mature individual worker bees from colonies in
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Table 17. Time taken (minutes) for one hundred worker
bees (4 replicates) to cluster at 5°C. after
they were inoculated with sacbrood virus or
virus-free extracts, and kept in cages at 35°C.
Type of worker bee and treatment
Newly emerged - Fed Mature - Injected
Inoculum Days after treatment
Pollen 6 12 6 12
supplied |consumed mean mean mean mean
Sacbrood o
virus + - Seh £ 0:18 L4:3 + 0015 6-0 + 036 4-3 + 0-18
Extract of . .
healthy + + NO-8 + 0:86 11:0 %+ 14 [11+7 + 0-33 L4+7 + 018
larvae
Extract of
healthy - - 5:6 £ 0-13 L:6 = 0:12 - -
larvae




Table 18. Time taken in minutes for individual worker bees to become
immobilized at 0°C. after they were inoculated with sacbrood
virus or virus-free extracts, and kept in cages at 35°C.
Type of worker bee and treatment:
Newly emerged - Fed Mature - Injected
Days after treatment
Inoculum Pollen ¥
6 12 6 12
Mo. of No. of
supplied | consumed | bees Mean Mean bees Mean Mean
tested tested o0
()
Sacbrood + - 12 1-8+£0.08 1-8%0-11 | 10 47 025 37 % 0-17
virus
Ixtract of
healthy + + 12 3-8 + 0:15 L4+6 + 0-20 10 7:8 £ 0:51  L4:0 z 0:20
larvae
Extract of
healthy - - 12 1.9 + 0-08 2.0 + 0-20 - - -
larvae
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autumn 2lso becane immobile at 0°C. sooncr (P<0.001) when
infceted with sacbrood virus than heclthy bees. After
twelve days, however, there was no difference between the
times that infected ond comparcble healthy mature worker bees
took to'become irmobilized.

As bees respond to decreased environmental tenperature
by increased metabolism and heat production, and consequently
by increased food (sugar) consuaption (Phillips & Demuth,
1914; Himmer, 1926; Free & Spencer-Booth, 1958; Allen, 1959),
the rate at which worker bees assimilated sugar when infected
with sacbrood virus was studied as follows:

4.5 Sugar consunption

a. M.thods

Iixperiment A: Groups of newly emerged worker

bees were fed with o suspension of sacbrood virus or with an
equivelent extract of healthy larvae as described in section
2.3, They were then kept in ceages (Fig.4) at 30°C., with
twenty becs per cage ond provided with 60 per cent sucrose
golution and water. Pollen wes éupplied forty hours after
trecoatnent. A further group of newly energed bees were also
fed with an extract of healthy lervac as before, but were
kept in cages at 3000. without any pollen. The quontities
of sucrose solution and water consumed were nmeasured daily
end $he deily rote per worker bee was calculated from the
number of beces remaining alive, Correction for evaporation

from the feeders was made by mcasurements with similar coges
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containing no bees.

Bxperinent B: Similar experiments were nade with

nature adult worker bees collected in autumn each being
injected with 10"6 units of sacbrood virus or an equivalcnt
extract of heelthy larvae as described in section 2.3.

After treactment, the bees were incubated at 30°¢. or 35°C.
The volune of sucrose solution and water consuned by the bees
were neasured as before.

Experiments A and B were terminated after fourteen
do, s when nony bees infectcd with sacbrood ﬁirus or deprived
of pollcn began to die.

The half-lives of the groups of bees in all ceges were
noted, and the rectal contents of o few worker bces from
Ixperinent A vere examined for ingested pollen‘greins at the
end of the experiment.

Tcsts were node with additional groups of bees as
described in Bxperiment B, The size of their honey stonachs
were neosurct after threc ond cight days of treatment.

During the reuoval of the honey stonachs the beecs were kept
immobilized at 4°C. after they had been onaesthetized with
carbon dioxide.

b. Regults

Fig. 174 shows that nowly cmcrged bees that had been
infected with sacbrood virus for six days consumed the same
anount of sucrose as sinilar hevlthy bees deprived of pollen,

and nuch less then siamiler healthy bees that had eaten pollen.



Fig.17. The volume (m’) of sucrose solution (60% w/w)
consumed per caged bee per day by (A) newly
emerged worker bees at 30°C., (B, page 94) and (C,
page9s) mature worker bees from colonies in
autunn at 30°C. and 35°C. respectively. Fach
point is the mean of 6 to 8 groups each of twenty
bees that were healthy (0), infected with sac-
brood virus (@) or healthy and deprived of pollen
(®). Vertical bars indicate standard deviations
of the means and delimit the points when differ-
ences between volumes consumed by healthy and
test worker bees were significant (P<0:001 to
<0:002).
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Tig.17B shows thot at 3090, maeture worker beces from
colonics in autwunn also consumed less sucrose when infected
with sachrood virus than similor uninfected bees. This
difference becane greatest (P40.001) by the 8th and 9th day
of infecction, after which the sucrose consunption of the
healthy worker bees gracdually dccreascd to that of bees
infected with the virus. However, at the normal brood-nest
tenperature of 35°¢, becs infected with sacbreod virus
consuned a similar volume of sucrose as healthy individuels,
about the same as that consumed by infected worker bees at
30°Cc. (Fig.170C).

Healthy and infected worker bees counsumed the same
volure of water at 30°C. and equally increased volunes at
35°C,

During the experinents I noticed that whereas the half-
lives of the groups of nature wwrker becs three days after
they were infected with socbrood virus was obout twenty-four
hours when their fecders containing sucrose and water were
removed, similor to uninfected worker bees, they died within
seven hours of starvation eight deys after infection with fhe
virus (Table 15). Table 20 shows that the volunes of the
honey-stomachs of mature worker bees infccted with sacbrood
virus becane sineller thoen those of simdlor uninfected worker
bees eight days after infection,

The rcctum of uninfected worker bees fed with extrocts

of heelthy larvaec when newly ciersed contained much pollen,
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Table 19. Time taken (in hours) for half a group of healthy
worker bees or one infected with sacbrood virus to

die of starvation after they had been deprived of

food.
Days after injection
Inoculum 3 8
No. of No. of
replicates Hean replicates Hean
Sacbrood
virus - 5 240 + 0-09 5 7.0 + 0-68
Extract of
healthy 5 2L4+6 + 0-63 5 25:0 + 0-63
larvae
Significance
of difference
between means N.S. <0-001

(P)
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Table 20. Volume of the honey stomachs of mature
worker bees after they had been injected
with sacbrood virus or extracts of healthy
larvae.
Days after injection
3 8
Inoculum No. of - No. of 3
bees Mean (mar) bees Mean (mm”)
examined examined
Sacbrood
virus 12 52+6 % 4.7 12 164 = 5°5
Extract of
healthy 12 59:5 + 7-3 12 69-3 + 6+7
larvae
Significance
of difference N.S. <0-001
between means

(P)
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whereas the rectal contents of similor vo rker bees infected
with sacbrood virus were devoid of pollen. The half-lives
of sroups of worker bees infected with sacbrood virus were
also much dccreased (similer to results shown in Table 5).
These results indiccoted that sacbrood virus had rmwltiplied
in the inoculeted bhees.

c. Discussion

My results show that infection with sacbrood virus
prevents worker beces from naintaining en increased metabolice
rate when they are kept at 30°¢. It is interesting that
young bees deprived of pollen are sinilarly affected as are
mature worker bces kept in cages for long. Thesc worker
bees do not form protein reserves in, or lose them from,
their fat-body cells (section 4.3) in common with worker bees
that are infeeted with sacbrood virus. The susceptibility
to chilling appecrs, therefore, to be closely associated with
the lack of protein reserves.

The sinellcr honey stoiniachs of infected worker bees and
their inebility to live for long vheon dceprived of sucrose at
30°¢. shows thot they Ikcep le ss sucrose in reserve in their
bodics. This may be related to their low metabolic rate,

The conswiption of water by bees was unchenged by
infection with sacbrood virus. Water consumption, therefore,
is probobly morc dependent on water loss by evaporation from

bees than on thelr metabolic rate,
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4.6, Beheviour in the field

The early departure of bees infeceted with sacbrood
virus from their colony, o8 secn in ny proviovs experiments
(section 4.2C.), suggests that they nmay commence field
duties earlier then usual,

The agce at which worker bees first take to field duties
differs greatly according to the conditions in the colony,
but it has genernlly been observed that worker bees older
than fourteen days usually take to field duties (Rosch, 1925;
Ribbands, 1952; Lindauwer, 1952; Sakagemi, 1953).,  Therc is
no clear seqguence of foroging duties with age althoush they -
usually stort by collecting pollen and most bees colleet both
pollen and nectar sometime during their lives. However,
during a single trip and oftcn for scveral trips in success-
ion, they are constont to pollen only, nector only, or both,
ond some cven collect water (Rosch, 1925; Ribbands, 1949,
1952, 1953; Singh, 1950). Toraging cctivity hos also been
reported to shorten the life of worker bees (Ribbands, 1952).

The hypophorynzeal glonds of worker bees etrophy in
indivicduals that begin to forage even when such bees are
relatively young (ROsch, 1925, 1930). Moskovljevic-
Filipovic (1956) found that the hypopharyngcal glends in
about half the worker bees between 18 and 27 days old had
degenerated. TFactors that change the state of the develop-
ment of its hypopheryngeal glands also influence a bee's

occupation. TFor exaiple, Fyg (1950) and simpson (1954)
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found that ansesthetizing worker bees with 002 caugses their
hypopharyngeel glands to retropress sconer then usual, and,
such bees curtail or cease their hive duties and begin to
forage earlier, with markedly fewer of them gathering pollen,
then usual (Ribbands, 1950).

Bailey (1971a) has shown that worker becs fed sacbrood
virus when young did gather pollen, and as rmch as 1O6 parti-
cles of sacbrood virus were present in each pollen load 5~10
days after infection. This, he stated, was good evidence
that infected worker bees secreted the virus from the glands -
in the fluid they add to the pollen they gather.

In view of the»similarity of the effects of sacbrood
virus to CO, on the hypopharyngeal glands (section 4.3%a) and
of it causing the worker bees to leave the colony early
(scetion 4.2¢), experiments were made to find the effect of
infection by the virus on the field activities of worker bees.

a. liethods |

Ixperinent A. 30 pollen gatherers from a normal colony

were each injected with 10"6 units of sacbrood virus and
another thirty bees were injected with an equivalent extract
of healthy larvaec aftcr they were anaesthetized by chilling
at 49C, (section 2.5). They werc then marked, returned to
the seame colony, and their behaviour was observed for the
next five days, when very few were left. Then the pollen
loads of gix of the treated bees Weﬁg collected on their

return from foraging and were itested for sacbrood virus by
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macerating them in 0.1 ml. distilled water and 0.2 ml. carbon
tetrachloride, clarifying the extract by centrifuging at

8000 g. for 15 mins. and injecting 141. of the supernatant
fluid into each of several 3-day-old drones. The heads of
these were tested serologically for sacbrood virus (sections
2.7Tb. ex@=2-8) after keeping them in cages with attendant
workers for seven doys at 35°0,

Bxperinent B. Newly emerged worker bees were kept in

cages at 35°¢, with sucrose solution, water and pollen till
they were five days old, when 30 were each enaesthetized by

6 units of sacbrood

chilling at 4°CG. and injected with 10~
virus. A similar number of worker bees were injected with
an equivalent extract of healthy larvae (section 2.5). They
were marked and placed in an observation hive (section 4.B)
containing larvae, o laying queen and about 300 healthy
worker bees of all ages.

Experiment C. One hundred and fifty 5-doy-old worker

bees were injected with sacbrood virus and a sinilar number

were injected with an extract of healthy larvae as in Experi-

nent B. They were then marked end placed in a normal colony
in the field.
Bxperinent D. A similar number of worker bees were

treated as for Experiment B, end a further one hundred and
fifty 5-day-0ld worker bees were anaesthetized for five
minutes with carbon dioxide. M1 these groups of bees were

then marked and placed in a normal colony.
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The foraging behaviour of the treated worker bees in
the Ixperiments B, C and D was observed daily for one hour
at a time of daoy when the rest of the worker bees in the
observation hive or in the colony were most actively foraging
under favourable field conditions.

Groups of worker bees rcceiving the seme treatment as
those in Experiments B and C werc also kept in cages without
pollen at 35°C. (secction 2.6) and their half-lives recorded.

b. Hesults

Fig.18 shows that the proportion of pollen gatherers
that chonged to nectar gathering during the five days after
they hod been injected with sacbrood virus, did not differ
significantly from that of the control group, althoush the
tests for sacbrood virus in their pollen loads were strongly
positive. |

However, Fig.19 shows that worker bees infected with
sachrood virus when 5 days old and then placed in an observa--
tion hive among other worker bees of different ages, began
te forage soonef than similar uninfected worker bees. Liore-
over, very few of their collected pollen, whereas many of the
siniler uwninfected individuals foraged mainly for pollen, as
healthy worker bees normelly do, cspecially when they begen
their foraging duties. Soiie of the worlker bees infected
with sacbrood virus that were rebturning to the hive without
pollen loads were heavily dusted with pollen, and several

performed vigorous recruiting dences (von Frisch, 196%) on



Fig.18.

Numbers of foraging worker bees that continued
to gather pollen or changed to nectar
gathering. Observations were made during a
period of one hour each day for six successive
days after pollen-gatherers captured at the
hive entrance were injected with (a) sacbrood

virus and (b) extracts of healthy larvae.
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Fig.19.

The numbers of marked worker bees seen
returning to the obhservation hive from
foraging flights during one hour each day
after equal numbers had been injected with
sachrood virus or extracts of healthy larvae,

when they were 5 days old.
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the combs when they returned. This showed that the bees had
foraged for nectar and were not bchoving cbnornally.

Pig.20A shows thet worker bees infected with sacbrood
virus when 5 days old and ploced with similer uninfected
worker becs in a normal colony in the field also foraged
earlier than the uninfected workcer becs, and, agein very few
collected pollen.

Pigz.20B shows that worker bees infected with sacbrood
virus when 5 days old and sinilor uninfected becs anacsthetb-
iZGd with carbon dioxide bhegon foraging sinultoneously and
earlicr than untreated bees and hardly ony collected pollen.
In this cxperinent only cbout 11 per cent of merked untreated
bees collected pollen when they became most cctive, between
cleven end fourtecen doysg; but by this time, only 11 per cent
of the unmarkec worker bees forming the rest of the colony,
were also ccllecting pollen in deteriorating weather condit-
ions (Fig.21). This showed thot noarked untreated worker bees
accurately reflected the bechoaviour of the rest of the colony
and that the failurce of the virus-infccted and anacsthetized
workeyr beces to collect pollen when they were most active
between days four and cleven can be confidently contrasted
with the average of 35 per cent of the unmerked bees that
were gothering pollcn at the sone tinme,

Table 21 shows that holf the number of worker bees that
had been infected with sacbrood virus and placed in the
observation hive hod disappearcd after about elcven days, and

all had disappccred by eighteen days, whereas more then half



Fig.20. (A and B, page 1i1). The numbers of marked
worker bees seen returning to their colonies from
foraging flights during one hour each day after equal
numbers had been injected with sacbrood virus or
extracts of healthy larvae, or had been anaesthetized
for five minutes with carbon dioxide when they were
5 days old.
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The percentages of marked bees seen returning
to thelr colony with pollen loads during each
day after 150 had each been injected with
sacbrood virus ([J), or with extracts of
healthy larvae (@ ) or had been anaesthetized
for five minutes with carbon dioxide (X)
(data from Fig.20B.). The percentages of
unmarked, untreated worker bees gathering
pollen (O) seen during the same periods was

at least 500 bees per day.
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Table 21. Number of worker bees present in the observation hive on
each of 30 successive days after they were injected when

5 days old with sacbrood virus or an extract of healthy

larvae (Experiment B).

Days after injection

No.
Inoculum of

bees 1 2 3 & 5 6 7 8 910111213 1415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Sacbrood 35 303303030 27 25202018 1510 8 5 5 3 3 2 0 0 O O
virus
Extract
hofth 30 30 30 30 30 30 30 30 30 30 28 28 27 22 22 22 22 22 21 20202018 171212 8 6 6 6 5
ealthy

larvae

1 da
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Table 22. Hnlf-lives (in days) of groups of worker bees
kept in cages at 35 C. withofit pollen after
reGéi&ing the suie treatment as bees placed
in colonies for the study of their behaviour

in the field (see Figs. 26 & 27).

Experiment
Treatment Replicates C D
Mean Mean

Injected

sacbrood virus 3 20 + 040 21 £ 0-57
Injected

extracts of 3 52 + 1-5 51 + 13
healthy larvae

Anaesthetized

with CO2 for 3 - 4o + 1.7

5 min.
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the number of uninfected heces stayed till about twenty-four
deys.

In the colony experinents, about half the nwiber of
worker bees infected with sacbrood virus or anaesthetized
with carbon dioxide or that were injccted with virus-free
extracts had disappcared by about eleven, twelve and sixteen
days respectively (Fig.20), wherces Table 22 shows that the
half-lives of sinilar groups of worker bées that had been
infected with sacbrood virus and kept in coages at 35°C. were
about twenty days and the healthy worker bees, including
thosce anaesthetized with carbon dioxide, lived about fifty
days.> .

¢. Discussion

The bees thot were already gathering pollen when they”
were infccted with sacbrood virus did not change to gathering
necteor as happens almost irmedistely when such bees orc
ancesthetized with carbon dioxide (Ribbands, 1950). Even
though the bees were secreting sacbrood virus into their
pollen loacés, there had been insufficient time for the virus
tco hove seriously affected their bcehaviour. This parallels
the effect of sacbrood virus on metebolisn, which is no¥d
significantly chonged, for excmple, in caged bees till after
about scven deys (section 4.5). TPor this reason, the sub-
sequent experiments were made with young bees before they
were duc to start foraging.

The lives of viorker bees infected with sacbrood virus
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were shorter in the observation hive and colonies than they .
were in cages, but this could well heve been due to the haz-
ards of foraging, as suggested by the lives of healthy worker
bees also being shortened, by a similar proportion, incolonies
(Tizs.19 & 20 and Tables 21 & 22). The fact that infected
worker bees began foraging sooner than healthy worker bees,
was expected in view of earlicr results (sections 4.2 and4.3)
and night be due to @ process of physiological ageingexpressed
perhaps by the loés of protein reserves. ond the otrophy of
hypopharyngeal glonds, possibly similar to the results of
Hassenhein (1950) and Wang & Moeller (1970) on bees infected
with Nosema apis Zander. However, ny resulss show that most
worker bees infected with sachrood virus foil to collect
pollen cnd this change in boheviour is exactly the same &as
that caused by anaesthesia with carbon dioxide. It seemns
reoasonable to suggest that o common mechanism is involved.
A temporary accusmulation of acid metabolites may be caused by
anoxia due to carbon dioxide end may trigger the change in
behaviour (Ribbands, 1950), end this sequence of events could
also be the result of the impeired metabolism in worker bees
infected with sacbrood virus (sections 4.4 and 4.5) possibl&
becausc of doiicge to oxidative pathways. This danage may be
centred in the brain, especially as rmuch sacbrood virus
cccwrmlates there (Bailey, 1970).

Accordingly, studics werewmade to find out if there was
any visible damage to the brain of bees infected with sacbrood

virus,
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4.7, Tffect of sacbrood virus on the broins of adult

honeybees.

As discussed in the previous section (4.6c), sacbrood
virus may affect the behaviour of bees by deranging oxidative
metabolisn,

It is = well Xxmnowm fact that the nitochondria are the
chief, if not the exclusive, sites of oxidative phosphoryla-
tion. Cytochrome c oxidase, which is vital for the respiro-
tory chain, and sceveral other enzynes of the Krebs cycle
appeax to be localized in these structures exclusively and
arec, therefore, considered to be the main sites of cnzymes
linking phosphorylation to oxidation (Siekevitz, 1952; du
Bry & Hassclbach, 1956; Schneider, 1956, 1959; Schneider &
Hogeboorn, 1956). Demage to nitochondria first iupairs
oxidative phosphorylation and cventually abolishes it
conmpletely. The doccreasc of phosphorylation parallels the
degree of dcstruction of the cristae mitochondriales, whose
structural integrity sceens to be a requirement for this
process (XKaorlson, 1963; Bursell, 1S570).

Observations on the brains of adult bees, particularly
on the nitochondria, infected with sacbrcod virus were, there-
forec, nadc as folléws:

4.7a. Hethods

Nevly energed drones and 5-day-old worker bees, which
had been fcd with sucrose and pollen, were each anaesthetized

6

with carbon dioxide and injected with 107~ units of sacbrood



Fig.22. Electron-microphotographs of mitochondria

from brain cells of drones seven days after
they were injected with (1-6) sacbrood virus

and (7-12) with extracts of healthy larvae.
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virus or an equivalent extract of healthy larvae (section
2.5), and then incubated in cages at 35°C. (section 2.6).
Their brains were renoved seven days later. One half of
cach brain was treated for histological studies with the
light wmicroscope or with the electron microscope (section
2.8), and the other half of drone brains was tested serologi-
celly (section 2,7) to mcke sure that much virus had mmltip-
lied. The infectivity of the brains of wo rker bees was
tested serologicelly (section 2.7) with entire brains of
similarly treated individuals of the sane group.

No histological abnorimalitics in the brains of worker
heecs or drones were observed with the light microscope.
Studies with the electron micrescope showed that many mito-
chondria of the broin cells of infected drones had no cristae
(T'ig.22.1--6) but they werc very distinet or nmuerous in the
nitochondris of sinilar uninfected drones (Fig.22.7-12).
However, this differencc wod net cvident in the broins of
worker becs infectel with sacbrood virus. —

Serologpgical tests for socbrood virus on tic brains of
droncs and worker bees were all positive. ,

b. Discussion ;

The results indicate that sacbrood virus nay cause

sone demage to the mitochondria of brain cells. This seemed
nost evident in droncs perho;s becouse more virus nmultiplies
in then thon in the brains of worker bees (Bailey, 1970).

Damage to nitochondria would damage oxidative pathways and
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could result in an accumulation of acid metobolites.
However, these results are inconclusive, and quantit-

ative studies on the netabolism of isclated mitochondria

from bees infected with sacbrood virus would, perhaps, give

more definite information,
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4.8, Bffect on the ovaries of the gueen honeybee

As sonc of the effects of sacbrood virus and carbon
dioxide =anaesthesia on worker becs seenm very siwmilar, studies
were nade on the effect of the virus on gueen honeybees, in
which it multiplies (Boiley, 1970), especially on their
ovaries, as it has been stated that anaesthesioa with carbon
dioxide causcs unnated queens to lay unfertilized eggs
carlicr thon similer untreated individunls.

The reproduction of individuals in 2 normnal honcybec
colony depends on & single fertile femcle oxr "queen", which
is usually the only feriele with well developed, active
ovaries. The ovarics of worlier bees usually remain
vestigeal and inactive, although in a queenless colony they
often develop ond lay unfertilized cggs which produce drones.

Queen honeybees usuolly mate in flight within about
seven days after they emerge from their cells, but this
flizht nay be deloyed up to about three weeks. Nated
quecns start to oviposit 3 to 4 doys after mating, whereas
unnated gqueens prevented from lcaving the colony start to

ay unfertilized eggs only after several weeks (Ribbands,
1953; Butler, 1954).

The ovary of the queen honeybee has been adequately
described by Snodgress (1956). The ovary is polytrophic
and the moture elongated ova are towards the proxinal end
of the ovarioles.

The effecct of_sacbrood virus on the ovaries of the
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queen were studied as follows:
a. Iethods:
Four 3-dey-old unmated gqueen honeybees were each

6

injected with 107~ units of sacbrood virus and enother four
were sinilorly injected with on equiveolent extract of healthy
larvee after they had been anaesthetized by chilling at 4%,
After treatment each queen was placed in a queenless colony,
one gueen per colony, ond the entrancc of each colony was
covered with & metal grid with slots wide enough to allow
worker bees to pass through but too narrow for the queen.
The coitbs in all colonics were excmined seven days and four-
teen deys after treatment for eggs. The ovories of all
treated queens werc removed fourtecen days after treatnent
and histological studics made on thenm with & light micro-
scopc as described in section 2.8a.

Four noted, ovipositing quecens were also injected with

sacbrood virus and a ginilar number with an extract ofhcolthy

larvae as before. After treatment each queen was kept in a
separate cage at 3500. with attendant workers. The ovaries
of all queen bees werc reacved fourtcen days after treatment
and examined histologicolly.

b. Results and Discussion

Only three unmated queens infected with sacbrood virus
and one uninfected wnmated queen werc alive fourteen days
after treatments. This was not because of their treatment
but because the colonics they were in were swall and many had

absconded or had been robbed to death by large neighbouring
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colonies, Neverthcless, in spite of this, and although ncno
of the surviving queens had oviposited, Table 23 end PFig.23
show thet the ovaries of the unmated queens infected with
sacbrood virus were lorger and the ova more nature (Fig.24,
Ai) than those of the unmated hezclthy individual (Fig.24 Aii),
Table 23 also shows that the ova of unmated queens infected
with sacbrood virus became similer in size to those of mated
ovipositing queens (Fig.24B) and that the ovaries of mated,
ovipositing queens were unaffected by the virus.

The fact that sacbrood virus causes ova tu mature early
in unmated queen honeybees rescmbles the effect on their
ovaries of anaesthesia with corbon dioxide, dewonstrated by
Mackenson (1947). This result, and the fact thot sacbrood
virus did not affect the ovaries of meted qucens also shows
that the virus does not multiply ot the expense of protein

destined for the ovaries.



Table 23. Size of ova (in p) at the proximal end of the ovarioles
of queen honeybees 14 days after they were injected with
sacbrood virus or extracts of healthy larvae.

Type of Queen Bee

3 3 Uninated f Mated

Tnocul No.of Mean length  Mean breadth | 2% °f  Mean lengtn Mean breadth

roculium Queens & Queens

Sacbrood 3 478-8 % 34-0 2286 + 340 3 463+5 + 25-8 212+5 % 30
virus
Extract of

healthy 1 95-4 63-0 3 L7534 + 32+3 224+ = 5.7
larvae
Significance

of difference <0+01 <0-01 N.S. N.S.

between means

(P)

S—
N
(4]



Fig.23.

Sections of ovaries of unmated queen honeybees
fourteen days after they were injected with

(4) sacbrood virus and (B) extracts of healthy

larvae. . X®&0 L
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4.9, Sone comparisons of the effects of sacbrood virus
with those of acute bee paralysis virus.

The particles of sacbrood virus and of acute bee
paralysis virus are identical in size and shape and have
similar sedimentation rates (Bailey, Gibbs & Woods, 1964)
and both multiply in adult bees. Sacbrood virus multiplies
in the hypopharyngeal glands of worker bees and in the brains
of drones (Bailey, 1969, 1970) and much acute bee paralysis
virus has also been showvn to be present in the hypopharyngeal
glands of worker bees and in the brains of worker bees and
drones (Bailey & Milne, 1969). Particles of acute bee
paralysis virug has also been found in the fat-body cells of
worker bees (Furgela & Lee, 1966). Notwithstanding these
similarities, however, some of their effeccts on beesg are
unexpectedly different. For example, whereas groups of bees
infected with acute bee paralysis virus and kept at 35°C,
remain apparently healthy, with a half-life of about 21 days
(Bailey, 1965) bees similarly injected and kept at 30°C. all
die ofvacuté.ﬁaralysis within about seven days of infection
(Bailey & Milne, 1969). Sacbrood virus, which also multi-
plies in the hypopharyngeal glands of w rker bees and in the
brains of drones at least asmuch as acute bee paralysis virus,
causes no visible symptons at either temperature.

In view of my results with sacbrood virus, therefore,

I nade some experiments to see what the effects of acute bee

paralysis virus were, on the pollen consumption of young
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worker bees and on the hypopharyngeal glands and fat bodies
of workers.
a. Methods

Preparation of virus extract

A suspension containing acute bee paralysis virus was
prepared by grinding 10 heads of acutely paralysed worker
bees (Bailey & Gibbs, 1964) in 10 ml. distilled water and a
quarter volume of carbon tetrachloride, clarifying the
extract at 8000 g. for 10 min. and diluting 0.1 ml. in 100 nl.
of sterile distilled water, producing a suspensicn containing
the equivalent of 10> of a head per ml,

iml. of this suspension, equivalent to 10~°

of a head,
was injected into the haemococl of each worker bee after it
had been anaesthetized with 002. Jome of the injected bees
were tested, to see that the virus had multiplied, by sero-
logical tests with extracts of their heads (section 2.7) 6
days after injection, using antiserun prepared in rabbits
against purified acute bec paralysis virus (Bailey & Milne,
1969) and by mensuring their mortality in cages at 30°C.
Lxperiments

A, Young worker becs: As newly emerged worker bees

are too delicate to be injected easily, 4-day-old worker

bees, which had been deprived of pollen, were each injected
with 11, of the extract of acute bee paralysis virus. A
similar number of worker bees were also injected with 10"'6

units each of sacbrood virus and another group with extracts
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of heelthy larvae (section 2.5). A1l treated cages were
kept at 35°C. and provided with pollen 48 hours later.

Their rectal contents were examined for pollen
(section 4.28) and the histology of their hypopharyngeal
glands studied (section 2.8) six days after treatment.

b. Results

Table 24 shows that after six days in cages at 35°¢,
young worker bees infected with acute bee paralysis virus
and provided with pollen 48 hours later, had consumed the
same quantity of pollen as healthy individusls, whereas
those infected with sacbrood virus had not consumed any
polldn, as usual. However, the hypopharyngeal glands of
the bees infected with acute bee paralysis virus were sig-
nificantly (1<0.,001) smaller than the healthy bees and
contéined no secretory globules (Fig.35 B and C); they
resembled the hypopharyngecl glands of worker bees infected
with sacbrood virus (Fig.25A) or those of worker bees that
had not eaten any pollen (Fig.14C.).

Table 25 shows that the hypopharyngeacl glands and thei:
secretory globules of mature worker bees six days ofter ?
infection with ccute bee paralysis virus (Fig.26) were
similar to those of healthy bees (Fig.15B), whereas bees
infected with sacbrood virus had significantly smaller
(PL0.001) hypopharyngeal glonds with smaller (P£0.02)
secretory globules (Table 15, TFig.154).

Fig.27 shows that no protein granules remained in the
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Table 24. Size of hypopharyngeal glands, secretory
globules (in ) and the arount of pollen
in the rectum of L-day-old worker bees,
caged at 35°C. and supplied with pollen,
six days after they were injected with
sacbrood virus, acute bee paralysis virus
or extracts of healthy larvae.
Mean Mean
No. of size of number of
Inoculum |bees Mean length|Mean breadth | secretory | pollen
exaizined globules grains x 1
Sacbrood | 45 48-0 £ 1-90{ 281 * 0-94 - -
virus
Acute bee
paralysis| 12 47.8 + 0-85| 27:3 + 0-79 - 9 ¢+ 1-80
virus
Extract of]
healthy 12 h25-8 + 2-69{ 89-6 + 1.85 {5-0 + 0:15| 9 = 0-81
larvae
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larvae

Table 25. Size of hypopharyngeal glands and secretory
globules (in ) of mature adult worker bees
six days after they were injected with
sacbrood virus, acute bee paralysis virus or
extracts of healthy larvae (cf. Table 15).
No. of
Inoculum bees Mean length Mean breadth Secretory
examined globules
SéCbrood
virus 12 714 + 2-1 528 + 1-5 3.0 £ 0-12
Acute bee .
paralysis 12 117-0 + 3.2 82-8 £ 1.3 6:3 £ 010
virus
" Extract of
healthy 12 117-9 + 1.8 91-2 + 2-5 6:3 + 0-19
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Table 26. Half lives (in days) of groups of worker bees
in cages at 35°C. and 30°C. receiving the
same treatments as worker bees in experiments
A and B.
Temperature and experiment
No. 35°C., 30°C.
Inoculum tOf A B A B .
ests
Mean Mean Mean Mean
Sacbrood
virus 3 20 + 0«41 21 +# O-41 | 19 # 0-58 20 + 0.58
Acute bee :
paralysis 3 19 + 0-41 19 = O+ 6 + 0:58 6 + 0-58
virus
Extract of ’
heal thy 3 50 + 1-23 35+ 211 | 53 £ 0-88 32 x 0.-88
larvae




141

fat-body cells of mature worker bees six days after they had
been infected with acute bee pearalysis virus, as in those
infect.d with sacbrood virus (Fig.16A), whereas similoxr
healthy worker bees had about 20 granules per fat-body cell
(Table 16, Fig.16B.).

Serological tests of viorker bees infected with acute
bee paraljsis virus were positive.

The half-life of groups of bees infected with acute
bee paralysis virus were about six days at 3000,, whereas at
35°C, their half-lives were nineteen days (Table 26).

c. Discussion

Some effects of acute bee-~parslysis virus resemble
those of sacbrood virus. For excmple, at 3500. they shorten
the lives of young bees or mature bees to about three weeks,
equivalent to that of bees deprived of protein. This
probably reflects the foct that the viruses causec the loss
of stored protein from the fat-body cells. However, acute
bee paralysis virus does not cause young bees to loée their
appetite for pollen. Moreover, unlike sacbrood virus it
does not cause the loss of secretory globules from the hypo-~
phoryngeal glands of mature worker bees. This, and the
failure of young worker bees infected with acute bee paraly-~
gis virus to accumulate secretory globules in their hypo-
pharyngeal glaﬁds‘éven though they eat rtuch pollen, shows
that the virus probably disrupts protein transport within and

between tissues more fundomentally than sacbrood virus.
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This seems compatible with the fact that acute bee paralysis
virus effects or causes damage to bees far more seriously

than sacbrood virus, at least at 30°¢.
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Part 5, GENIRAT, DISCUSSION AND CONCLUSIONS

Sacbrood virus multipliés in larvae of the honeybee
without severely affecting their vital physiological mechan-
isms. Infected larvae grow and develop almost normally,
dying ultimately (a) with failure to ecdyse and (b) to under-
g0 special changes necessary for pupation, such as the
digestion of protein granules ond the lysis of fat cells
containing these granules.

Similarly, the virus does not severely affect adults.
Much sacbrood virus multiplies in their breins, especially
of drones, and it changes their behaviour in colonies, but
it does not shorten the lives, in coges, of drones or of
workers that have been deprived entirely of pollen. By
contrast, infection decrcecases the prolonged lives of workers
that have consumed pollen to little more than the length of
life of individuals deprived of pollen, or of drones, which
do not ect pollen. Therefore the main effect of infection
with sacbrood virus is to neutrelise the life-prolonging
system thot depends upon the assimilated constituents of
pollen, probably protein. Infected bees then die apparently
of senility, as healthy bees. Lack of protein has other
secondary effects such as causing hypopharyngesal glands to
retrogress or atrophy which in turn probably accounts for
the failuré of infected bees to attend the queen and drones.
These effects of infection with sacbrood virus also corres-

pond with those in senile bees, such as their failure to
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mzintain the usual metabolic rate of bees at temperatures
below 3500. or to resist chilling.

The most striking effect of sacbrood virus on adults is
on their behaviour. This, although changed ranains apparen-
tly normal; it does not seem likely to be caused by lesions
to the brain in which the virus rultiplies. The failure of -
young bees to eat pollen, the early foraging activities of
worker bees without gathering much pollen, and even the early
maturation of the eggs in unmated queens also resemble events
in healthy but senile individucls, and most significantly
perhaps, in those anaesthetized with carbon dioxide.
Presumably sacbrood virus and anaesthesia with carbon
dioxide couse these effects through a cormon mechanism. As
cnaesthegia with carbon dioxide does not shorten the lives
of healthy bees thot have eaten pollen before they are
anaesthetized, its effect more probably corresponds to a
result of senility that, in turn, affects behaviour.
Accumulated aeid metabolites have been suggested as a cause
of bees changing from pollen-gathering to nector-gathering
and of bees abandoning hive duties after anaesthesia with
carbon dioxide or other forms of anoxia (Ribbands, 1953).
Were the decreased metabolic rates of senile ox virus~
infected bees caused by damage to oxidative processes then
the same accurmleated acid metabolites coused by anacsthesia
with carbon dioxide could well be the result. Damage to

nitochcndrie, evident in the brains of drones infected with
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sacbrood virus, may even be due to changes associated with
genility end such damage would derange oxidative mechanisms.
The change in behaviour observed in bees infected with

Nosema apis Zander hos also been suggested to be due to a

process of "physiological ageing" (Wang & Hoeller, 1970).
This process of ageing may well be due to the loss of protein
reported by theseand earlier authors (Lotmar, 1939).

A mecheanism activated in this way as a result of
senility may be important in healthy coionies by making
pollen unattractive to the oldest individuals, which other-
wigse might be attracted to returning pollen-gatherers (von
Frisch, 1968), thereby hindering recruitment of younger bees.
Perhaps the younger bees are nore able to perform the
involved mechenical processes of pollen-goathering. Senile
bees may similerly be diverted from hive duties as are bees
that have been anaesthetized with carbon dioxide, and so they
Probably continue most usefully as nectar-gatherers. The
sane unknown nechanism is probably activated by infection
with sacbrood virus.

Whatever causes the change in behaviour of infected
bees, its effect is probébly importont in the epizoctology
of sacbrood. Young bees clear away the larvae that died of
sacbrood probably by ingesting much of the virus during the
process, so becomning infected. The comparatively very few
infected beecs that gather pollen contaminate their loads with

infective sacbrood virus. Therefore, were very nany of thenm
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to collect pollen, which is recdily consumed by young sus-
ceptible individusls in the colony (Butler, 1954) the virus
would soon find its woy to the larvaoeand kill more of them.
Sacbrood virus that mcy be introduced into the nectar
gothered by infected bees would be much diluted among the
rest of the incoming nectar, which is quidkly and widely
distributed (Ribbands, 1953), whereas pollen loads that are
stored remain entirely within the cell where they are placed.
Any virus in them would remain concentrated and more likely
then virus in nectar to infect & bee. However, sacbrood,
although endemic and common, rarely becomes very severe in
nature (Bailey, 1967, 1969) partly because of the effect of
the virus on the béhaviour of adult bees and partliy due to
the shortened lives of infected bees and their susceptibility
t0 cold, all of which probably deccreases their chances of
sprending infection. These effects also show that inchf—
ion of adult bees with sacbrood virus could cause unusual
losses of bees, eépecially during winter when their lives
become longest after they consume much pollen in autunn
(Lotnar, 1939).

The contrasting effects of infection by sacbrood virus
and acute bee paralysis virus in the same host and environ-
mental conditions suggest that precise specific factors
control the multiplicetion of each virus. Acute bee
paralysis virus apnears to affect more vital metabolic

processes of the bee than sacbrood virus, resulting in
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severe pathological effects, at least at low temperatures.
Sacbrood virus resembles the arthropod-borne wviruses
of animels and plants, not only in being of similar size and
in being unenclosed in protein crystals, unlike nost of the
known pathogenic viruses of other insects, but also in
multiplying as an inapparent infection and accwmulating in
the salivary glends of adults. Adult honeybees may be
considercd as vectors of sacbrood virus, and inscct vectors
of other animal and plant viruses may well suffer behaviour
changes analogous to those in bees, and thot are similarly

important to the spread of disease.
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