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Abstract--5ewly emerged honeybee workers were fed during 1 or 2 weeks 
with sucrose containing either heavy water, sodium acetate with deuterium, 
sodium acetate-l-‘%, or uniformly labelled glucose-“C. The various lipid 
fractions were isolated in order to investigate the origin of the secreted wax 
components. In feeding acetate with deuterium or l*C the isolated hydrocarbons 
and free w’ax acids were strongly labelled, but not the esters or their component 
acids and alcohols. Feeding uniformly labelled glucose or heavy water caused no 
extreme differences in the labelling of different lipid fractions. Radioactivity of 
the oenocytes was 30 per cent higher than that of the fat cells (micro-autoradio- 
graphic assays) after feeding acetate-l- 14C, but no distinct difference was found 
after feeding uniformly labelled glucose-‘%. In order to interpret these facts 
we supposed that the oenocytes take up directly the acetate fed to the animals, 
whereas the fat cells do not. The hypothesis is put forward that oenocytes 
synthesize wax acids and hydrocarbons from acetate originating from the glyco- 
lysis in the fat cells, and that fat cells synthesize the esters as well as their 
component acids and alcohols from acetate originating from the glycolysis in 
these cells. 

INTRODUCTION 

THE secretion of wax by the honeybee workers was first described by JOHN in 1684, 
who observed that the wax permeates through the folds at both sides of the 
abdomen, contrary to earlier investigators, who supposed that wax was collected 
by the bees from the plants they visit in the field. In 1814 HUBER concluded from 
his experiments that the production of wax is a faculty of the bees themselves. 
A review of the work of other authors was given by DREYLING (1905), who con- 
cluded from anatomical investigations that wax permeates via pores in the cuticle. 
This conclusion was rejected in 1952 by REIMANN, who found no evidence for 
such pores in his electromicrographs. However, wax-secreting pores were found 
in larvae of Calupodes ethhs (Lepidoptera) by LOCKE (1960). 

How beeswax flows out through the abdominal cuticle is still unknown. The 
conception of HOI,DGATE and SEAL (1956) that the secondary wax layer of 
Tenebrio-pupae develops by crystallization of the excess of wax in the cement does 
not hold good in the case of Apis adults, since GLYNNE-JONES (1955) stated that 
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a cement layer is not formed on the primary wax layer. BEAXIENT (1955) described 
a liquid fat formed by Periplaneta, which consists of two fractions with a mol. wt. of 
respectively 120-170 and 300-350. He thinks that wax flows through the cuticle 
as a liquid. 

The cuticulin layer of Rhodnius (WIGGLESWORTH, 1947) and Tenebrio 

(WIGGLESWORTH, 1948a) consists of lipoproteins (WIGGLESWORTH, 1948c). 
According to DENNEL and MALIK (1956), in Periplaneta and Calliphora this layer 
consists of proteins and sterols in the form of lipoproteins. 

Since the formation of the cuticulin layer runs parallel to the secretory cycle of 
the subepidermal oenocytes, WIGGLESWORTH (1948b) supposed that this layer is 
formed by the oenocytes. The fat cells and oenocytes play a prominent part in 
the biosynthesis of beeswax (HOLLANDE, 1914; R&cH, 1930; REIMANN, 1952). 
HOLLAXDE assumed that both fat cells and oenocytes transmit their products to 
the wax glands. REIMANN (1952) discovered the relation between the oenocytes 
and fat cells. From this work we cite: 

Gleichzeitig mit der Entwicklung der Wachsdriise beginnt die Entfaltung des FettkBrpers. 

Hierbei verschwindet der grossvakuolige Charakter des Plasmas in den Fettzellen, wie er 

von schliipfenden Bienen bekannt ist. Der Kern vergrijssert seinen Umfang und verliert 

dadurch seine abgeplattete Form. Wshrend fiir die Fettzellen, deren Gr(isse schon bei 

schliipfenden Bienen sehr verschieden ist, eine Zunahme des Volumens nicht sicher 

nachgewiesen werden konnte, ist sie bei den Oenocyten sehr deutlich. 
Fettzellen und Oenocyten treten in engste Beziehungen. Eine Gesetzmlssigkeit llsst 

sich hierbei nicht feststellen. Die Fettzellen k&men nur an einer Stelle etwas eingedellt 

werden ; ein andermal liegt die Oenocyte tief in die Fettzelle. Liegt eine Fettzelle zwischen 
zwei Oenocyten, die sich gleichzeitig vergrBssert haben, so wird sie von beiden Seiten 

zusammen gepresst; das kann soweit gehen, dass zwischen die Oenocyten zuletzt nur mehr 

ein schmaler Plasmastreifen als Rest der Fettzelle erhalten bleibt. 
Aus dem histologischen Bild ist zu schliessen, das zwischen Fettzellen und Oenocyten 

ein Stoffaustausch stattfindet. Ich hatte den Eindruck, dass dabei sogar die Plasmasubstanz 

der Fettzellen verbraucht wird. Nicht selten hlngt nur mehr ein kleiner Rest einer Fettzelle 

wie eine Kappe halbmondfejrmig an der Oenocyte. Die Zellmembran wird an der Grenze 
von Oenocyte und Fettzelle (die ZellwSinde werden sonst deutlich geWrbt) an einzelnen 

Beriihrungsstellen aufgel&t. Ein Ubertreten von Fettstoffen, die sich bei Osmierung 
schwarz firben, aus der Fettzelle in die Oenocyte konnte nie bemerkt werden. 

According to WARTH (1947) beeswax consists of hydrocarbons (about 12 per 
cent), esters (about 72 per cent) and free wax acids (about 13 per cent). In earlier 
publications (PIER, 1961, 1962) we stated that when newly emerged honeybee 
workers were fed with sucrose containing either deuterium-labelled sodium acetate 
or sodium acetate-1-14C, the isolated hydrocarbons and free wax acids were 
strongly labelled, whereas the esters or their component acids and alcohols were 
weakly labelled. This applies equally to the compounds isolated from the bees as 
well as to those isolated from the secreted wax. In order to study these effects 
more closely we have continued the experiments by feeding young bees with 
labelled glucose and labelied acetate. In this way we hoped to demonstrate 
differences in the radioactivity between the oenocytes and the fat cells. 
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MATERIAL AND METHODS 

In order to investigate the biosynthesis of wax components, experiments were 
carried out in .the months of May, June, and July with newly emerged workers of 
which about ;‘50 were kept in five Liebefelder cages in the presence of dead 
queens (DE GROOT, 1953a, b) in order to induce the building of combs. These 
bees were fed during lo-20 days with a sucrose paste containing tracers. Thereafter 
the animals were killed with chloroform, dried (after excision of the gut), and 
extracted with petroleum ether (b.p. 40-60°C). This extract and the combs 
dissolved in petroleum ether were fractionated into hydrocarbons, fatty acids, 
wax acids, and alcohols. In the experiments with deuterium the fatty acids and 
the wax acids were obtained in one fraction. 

For obtaining these various fractions a combination of techniques was applied 
as described by SPENGLER and W~~LLNER (1954), FUCHS and DE JONG (1954) and 
SEIDEL et al. (1944). Th e wax obtained by extraction was dissolved in a minimal 
quantity of carbon tetrachloride and separated into fractions by means of 
chromatography on columns of alumina (Brockmann). Fraction 1 was obtained by 
successive elution with carbon tetrachloride and toluene, fraction 2 by using 
chloroform with 5oi0 acetic acid, and fraction 3 by means of ether. 

After evaporation, fraction 1 was taken up in the smallest possible quantity of 
petroleum ether (b.p. 40-60°C) and separated on a column of silica gel (pre- 
viously heated to red heat) by means of petroleum ether (fraction 1 a) and 
ether (fraction 1 b). After determination of the respective ester, saponification, 
and acid values it appeared that fraction 1 a consisted of hydrocarbons, 1 b of 
ester 1 (ester value 70-76; probably myricylcerotate), fraction 2 of ester 2 (ester 
value 86-88; esters with acids C-16), and fraction 3 of free wax acids. 

These various fractions were evaporated to dryness, combusted in a Pregl oven, 
and from the resulting water the atom-per cent-excess of deuterium was deter- 
mined by means of the falling drop method (KESTON et aE., 1937). 

The fractions obtained from the animals fed with 14C-labelled acetate and 
glucose were combusted and the CO, converted into barium carbonate. From an 
‘infinitely thick layer’ of this carbonate the activity was determined by means of 
a thin-end window counter (Philips tube 18505 and Philips scaler PW 4035). 
According to CALVIN et al. (1949) the values obtained in this way (expressed as 
counts/min) are proportional to the specific activity and thus suitable for 
comparison. 

In two series, first after feeding actate-1-14C, and second after feeding uniformly 
labelled gluco:je- 14C, we observed the radioactivity of both oenocytes and fat cells 
by means of micro-autoradiography. 

The fat bodies, present above the wax glands as a monocellular layer, were 
isolated and fixed to the object glass by means of chromiumalum gelatin (GATENBY 
and COWDRY, 1937-ref. in GRAY, 1954). After drying in air the slides were 
covered with a Kodak AR 10 stripping film; afterwards they were irradiated during 
4 weeks at 5°C. After processing, the slides were stained with haematoxylin after 
Ehrlich at 5°C for 2 hr (BENGE, 1960). 
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The microphotographs were made by phase contrast in monochromatic green 
light (magnification 400 x ). 

EXPERIMENTS 

(1) Experiments with heczzy water 

Bees were fed during 2 weeks with sugar paste containing 2 per cent hea\) 
water. After that period their body fluid contained 0.27 atom-per cent-excess 
deuterium. After excision of the gut the weight of the bees was 93 g from which 
amount 7 g wax could be extracted by means of petroleum ether. The comb 
had a weight of 4 g. The results of the experiments are shown in Table 1. 

TABLE ~-ATOM-PER CENT-EXCESS DEUTERIUM AFTER INGESTION OF HEAVY WATER 

Water of the food 

Water of the gut (distilled) 
Body water (distilled) 

Petroleum ether extract of eviscerated bees 

Hydrocarbons 
Alcohols 

Total acids 
Petroleum ether extract of combs 

Hydrocarbons 
Total acids 

2.000 
0.39 i. 0.01 
0.27 + 0.01 

0.19 * 0.01 
0.13 + 0.02 

0.09 * 0.04 

0.15 i 0.02 
0.24 + 0.01 

0.15 f 0.03 

0.15 kO.06 

?z* = 10 

II = 10 

n = 10 
n = 6 

n = 4 
II = 6 

n =lO 

n = 4 

12 = 4 

* n = number of analyses. 

(2) Experiments with deuterio-acetate 

Bees were fed during lo-20 days with sucrose containing 1 per cent of 
deuterium-labelled sodium acetate (atom-per cent-excess 42). The weight 
(without gut) was 210 g (dry weight 65 g), 5 g wax could be extracted by means of 
petroleum ether. The comb had a weight of O-7 g. The atom-per cent-excess of 
the lipid fractions is given in Table 2. 

TABLE 2-ATOM-PER CENT-EXCESS DElJTERIUM AFTER INGESTION 01, 

DEUTERIUM-LABELLED SODIUM ACETATE 

Food 

Body water 
Water of the gut 
Extract of eviscerated bees 

Hydrocarbons 
Alcohols 
Total acids 

Extract of the comb 

0.20 f 0.02 

0.06 + 0.01 
0.06 k 0.01 
0.03 + 0.01 
0.32 k 0.08 
0.01 + 0.01 
0.17 * 0.02 
0.06 f 0.01 

n*= 3 

fl =lO 
N = 10 
n = 10 

n = 3 
n = 6 

n = 3 
II = 6 

* n = number of analyses. 
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(3) Experiments with acetate-1-14C 

567 

About 1000 bees were fed with 550 g sugar paste, mixed with 0.223 g 
sodium acetate-1-14C (activity of the acetate after combustion and conversion 
into barium carbonate was 22 counts/min; sp. act. 5.7 x 10~~~ mC). From 35 g 
dry material we extracted 3 g lipids. The petroleum ether extract of the comb 
weighed 5 g. 

From Table 1 we may conclude that, whenever heavy water is given, the tracer 
is incorporated more or less equally in the various lipid fractions of the eviscerated 
bees (highest value is found in the extract of the combs). This could be expected, 
as water will take part in nearly all the equilibrium reactions involved in the 
synthesis of different compounds in the animal. 

TABLE 3-RADIOACTIVITY OF THE VARIOUS LIPID FRACTIONS ISOLATED 
AFTER FEEDING SODIUM ACETATE-l -‘“C, EXPRESSED AS COUNTS/MIN 

- 

Food 
Food stored in comb 
CO, excreted (after 4 hr) 
CO2 excreted (after 2 days) 
CO2 excreted (after 4, 5 days) 
CO% excreted (after 7 days) 
CO2 excreted (after 11 days) 
I’etroleum ether extract of crop (honey stomach) 
I’etroleum ether extract of ventriculus 
I’etroleum ether extract of end gut 
I’etroleum ether extract of eviscerated bees 

Fraction hydrocarbons 
Fraction ester 1 (ester value 76)* 

Alcohols 
Acids 

Fraction ester 2 (ester value 88)* 
Alcohols 
Acids 

Fraction free wax acids 
l’etroleum ether extract of comb 

Fraction hydrocarbons 
Fraction ester 1 (ester value 70)* 

Alcohols 
Acids 

Fraction ester 2 (ester value 86)* 
Alcohols 
Acids 

Fraction free wax acids 
Chitin 
IRest (chiefly amino acids) 

Counts/min 
22.0 
17.1 
27.5 
55.8 
29.1 
22.1 
38.7 

132.2 
623.7 
155.1 
124.7 
126.5 

18.7 
21.5 

39.9 
84.6 

129.4 
32.6 

137.6 

13.7 
15.6 

9.9 
22.5 

131.0 
15.1 
17.6 

- 

* Fraction ester 1 consists of esters with acids C-24; myricylcerotate. 
Fraction ester 2 of esters with C-16 acids. 
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However, from Tables 2 and 3 we may infer that in feeding acetate, great 
differences arise in the extent to which the different isolated substances are 
labelled. In the extracts of the animals as well as in those of the combs, by far the 
strongest labelling is found in the hydrocarbons and in the free wax acids. The 
esters, their fatty acids, and their alcohols were labelled much more weakly whether 
we fed deuterio-acetate or 14C-labelled acetate. These results, combined with 
the histological data mentioned in the Introduction, point to synthesis of the 
various compounds in different kinds of tissues. 

The numbers in Table 3 not concerned with lipid substances may give an 
impression of the distribution of the tracer in other compounds or tissues. 

(4) Experiments with glucose-14C 

In these experiments the bees were fed during 10 days with 400 g sugar 
paste containing 250 PC uniformly labelled glucose-14C. The bees built 1720 mg 
of comb. The results are shown in Table 4. 

TABLE +RADIOACTIVITY OF THE VARIOUS LIPID FRACTIONS ISOLATED AFTER FEEL)IN(: 

UNIFORMLY LABELLED GLUCOSE-14C,EXPRESSEDAS COUNTS/MIN 

Food 
CO, excreted (after 1 day) 

CO, excreted (after 2 days) 

CO, excreted (after 4 days) 

CO, excreted (after 6 days) 
Petroleum ether extract of the head 

Petroleum ether extract of the thorax 
Petroleum ether extract of the legs 
Petroleum ether extract of the abdomen 

Petroleum ether extract of the ventriculus 
Petroleum ether extract of the rectum 

Petroleum ether extract of the eviscerated bees 

Fraction hydrocarbons 
Fraction alcohols 
Fraction fatty acids 

Petroleum ether extract of the comb 

Fraction hydrocarbons 

Fraction alcohols 
Fraction fatty acids 

Fraction wax acids 

Counts/min 

494 
167 

366 

418 
446 

56 
9 

24 

297 
207 

30 

556 
421 
480 

519 
580 

544 

581 

334 
307 

It is clear that, after feeding uniformly labelled glucose, the different lipid 
fractions are labelled in the same order of magnitude. 

(5) Micro-autoradiographic assays 

In accordance with the observations (see Introduction) that the fat cells 
and the oenocytes play a prominent part in the biosynthesis of beeswax, it was 



SYNTHESIS OF WAX IN THE HONEYBEE (APIS Ml?I.LlI;ERA L.) 569 

TABLE S-THE RADIOACTIVITY OF THE OENOCYTES AND THE FAT CELLS EXPRESSED AS THE 

NUMBER OF GRAINS PER 9p2 PRESENT IN THE EMULSION ABOVE THE CELLS, AFTER FEEDING 

.scETATE-I-~~C. :BACKGROUND= 1.5 GRAIN~/~~~. O/F = QUOTIENTOFTHEAVERAGE ACTIVITY 

OF THE OENOCYTES AND THAT OF THE FAT CELLS. TZ = NUMBER OF 9/2UNITS 

Prep. 
number 

Grains/9p* 
above the 
oenocytes 

Grains/9p” above 
the fat cells at a 
distance of 2~ 

from the oenocytes 

Ojr: 

fl n 

1 
2 
3 
4 
5 
6 
i 
$8 

53.3 k4.5 7 34.2 + 2.2 13 1.56 k 0.17 
44.1 + 2.1 8 27.2 L- 3.0 22 1.62f0.11 
38.7 f I.5 12 32.6 +_ 1.8 16 1.17 f. 0.19 
34.9k1.9 15 25.1 kO.7 14 1.39 + 0.10 
36.3 k 2.5 10 32.4 rt I.4 20 1.21 + 0.12 
48.4 i 2-3 11 38-2 + 2.7 6 1.27kO.14 
46.Ok2.2 IO 40.5 + 1.5 10 1.14*0.09 
48.Ok2.0 8 33.4 k 1.6 7 1.44 k 0.09 

Ave::age 43.7 k 1.5 81 33.0 f 0.8 108 1.32 + 0.06 
- 

TABLE ~-THE RADIOACTIVITY OF THE OENOCYTES AND THE FAT CELLS EXPRESSED AS THE 
NUMBER OF GRAINS PER 9/2 PRESENT IN THE EMULSION ABOVE THE CELLS, AFTER FEEDING 

GLIJCOSE-'~C. E~ACKGROUND = 1.5 GRAIN~/~~~. O/F = QUOTIENT OF THE AVERAGE ACTIVITY 
OF THE oENOCYTES AND THAT OF THE FAT CELLS. n = NUMBER OF 9~~ UNITS 

- 

Prl?p. 
number 

Grains/9p2 
above the 
oenocytes 

Grains/9p2 above 
the fat cells at a 
distance of 2~ 

from the oenocytes 

n 

8.3 f0.9 15 12.1 + 0.9 18 0.69 k 0.17 
7.7 kO.6 13 8.3 f 0.7 15 0.93 + 0.16 
8.3kO.6 13 9-9 + 0.8 13 0.84 & 0-l 5 
8.7 kO.6 12 9.5 * 0.7 13 0.92 + 0.14 

IO.7 zk 1.1 9 11.0+0.5 12 0.97 + 0.15 
10.3 f0.7 9 13.1 k 0.7 17 0.79 * 0.12 
11.4kO.5 16 12.1 + 0.4 15 0.94 k 0.08 
10.1 IL 0.6 16 12.4kO.5 15 0.82 + 0.10 

n 

Average 9.4 + 0.1 103 IO.1 k 0.1 118 0.93 + 0.02 
- 

interesting to examine the activities of these two tissues after feeding radioactive 

acetate or glucose. 

The animals were fed with a sugar paste containing either 10 PC 

sodium acetal:e-1-14C or 10 PC uniformly labelled glucose-14C per g. 
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In order to exclude chemographic phenomena (i.e. chemical actions of the 
different cells on the strip) we also examined unlabelled preparations. So 
differences could be ascertained between the density of the grains over the different 
cell types and the parts of the preparations where only strip and glass were present. 

The results of these experiments are shown in Tables 5 and 6. 

DISCUSSION 

As oenocytes and fat cells occur only in insects, HOLLANDE (1914) supposed 
that both kinds of cells are involved in the production of the initial compounds 
necessary for the production of wax. According to WIGGLESWORTH (1947, 1948) 

Intestinal canal Labelled acetate* 

Body 

I / \ 

/ 

Wax glands Wax acids* 
\ 

t hydrocarbons* t 
f 

esters 
I 

FIG. 1. Hypothetical representation of the synthesis of the components of beeswax. 

and KRAMER and WIGGLESWORTH (1950) the oenocytes of Rhodnius, Tenebrio, 

and Periplaneta are additionally responsible for the production of the cuticle 
lipids. As in honeybees a transport of substances from fat cells and oenocytes to 
the wax glands has been demonstrated (R~scH, 1930) and later on a transmission 
of products from fat cells to oenocytes has been observed (REIMANN, 1952), there 
seems to be a close relationship between these two kinds of cells and the wax 
glands. 

After feeding sucrose containing deuterio- or 14C-labelled acetate the hydro- 
carbons and the free wax acids were strongly labelled, whereas the esters as well 
as the acids and alcohols that compose them were weakly labelled. This result, 
combined with the histological data mentioned above, points to synthesis of the 
esters on the one hand and the free wax acids and hydrocarbons on the other 
hand in different kinds of tissues. 

We formed the hypothesis that the tissue responsible for the synthesis of the 
esters is unable to take up acetic acid or active acetate, but is able to take up 
monoses from the body fluid. It is in accordance with this hypothesis that in the 
experiments in feeding heavy water or uniformly labelled glucose-l*C no pro- 
nounced differences have been observed in the labelling of the various fractions. 

The tissue responsible for the synthesis of the highly labelled wax acids and 
hydrocarbons must be able to take up acetate (or some related compound) derived 
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from the degradation of sugars in the other tissue. This could account for the 
observations of REIMANN (1952). Both tissues, oenocytes and fat cells, transmit 
their lipid products into the wax glands. In connexion with the investigations of 
R&XH and REI!MANN it is obvious that the ester-making tissue consists of fat cells 
and that the oenocytes make the wax acids and the hydrocarbons. The hypothesis 
is represented in Fig. 1. 

It is in accordance with this hypothesis that after feeding labelled acetate 
the oenocytes have a higher radioactivity than the fat cells. The differences 
between the activity in the case of the micro-autoradiographic assays are small 
compared with those of the biochemical assays. The fat body, however, also 
plays a prominent part in the amino acid metabolism in insects (SHIGEMATSU, 1958). 
It has been shown (URICH, 1961) that the fat body is not only an important storage 
organ but also an organ in which numerous specific anabolic processes occur. 

The activity of many enzymes related to the catabolic processes is relatively 
low in the fat body of insects (URICH, 1961). Probably the fat body plays an 
important part in anabolic processes. In Bombyx the protein synthesis stands out 
(SHIGEMATSLI, 1958); in Apis mellifera it is the lipid synthesis that is very striking. 
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