
Chapter 1
General Introduction

Abstract This chapter consists of expanded abstracts of the contents of this book,
beginning with the origin of beeswax, wax synthesis and secretion, and the
ultrastructural correlates of its genesis. Honeybee nests are reviewed in terms of
nest sites, space and density. Two hypotheses, a blueprint or a self-organization,
have been proposed for the organization of the nest contents: the latter being
highly probable. Honeybee variations in wax choice have also been assessed using
waxes of several honeybee species as well as plant and mineral waxes. Waggle-
dancers produce vibratory movements which are pulsed vibrations that increase
during waggle runs. Honeybees secrete the same amount of wax whether queenless
or queenright, and the actual secretion of wax is independent of queen status. The
amount of wax produced is a linear function of the number of young bees in a
colony, but the greatest amount of wax produced/bee, relative to colony size,
occurs in small colonies. The nutrients that workers derive from pollen provide all
the proteins, lipids, vitamins and minerals required for brood-rearing, and the
primary consumers of pollen are nurse bees. Comb-building is conducted by many
individuals, some in festoons, others not. Yet, the basic stimulus for comb-building
is ‘flowering’, which provides the energy required for colony development. Comb-
building pulses require a fullness of the comb threshold, with an excess or surplus
brood and stored food. Cyclical changes of cellular organelles in the wax gland
complex and the chemical composition of beeswax closely coincide with age-
related rates of wax secretion. The mechanical properties and crystal structure of
wax change with chemical additions by honeybees. Wax scales consist of aligned
crystallites and their origin is probably due to a fusion of liquid products reaching
the surface from the different cells in the wax gland complex. Analyses of deri-
vatised comb waxes and their Euclidean distances are similar to those from
morphometric, behavioural and DNA sequence analyses.
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1.1 The Origin of Beeswax

The first correct description of wax scales, their probable origin and uses, was made
by Hornbostel (1744). In subsequent decades, microscopists observed the syn-
chronised rise and fall of the elements of the wax gland complex of honeybees,
epidermis, oenocytes and fat body, and thought that these were highly suggestive of a
direct involvement of all three tissues in wax production. In an attempt to prove a
necessary relationship between the simultaneous development of the wax gland
epithelium, fat cells and oenocytes and wax secretion, Graber (1872) noted that the
adipocytes are interspersed with ‘oenocytes’ (Wielowiejski 1886), and Holz (1878)
offered the first alternative to the ‘sweating’ of beeswax hypothesis. Detailed studies
were conducted that provided strong circumstantial evidence to support this prop-
osition (Rösch 1927; Boehm 1965). Indeed, the wax mirror epidermis belongs to the
Type 1 class of glandular cells (Noirot and Quennedey 1974), and consists of a
system of microtubules that transport wax precursors from the fat body cells and
oenocytes to the surface of the cuticle where they solidify and crystallise to become
wax scales (Cassier and Lensky 1995). Studies of wax synthesis and secretion spe-
cifically identified sites for the origin of the hydrocarbon and fatty acid components
within the wax gland complex, and established the necessary ultrastructual correlates
of genesis and transport. The rates of wax secretion in honeybees of different ages
have been measured, and the chemical composition of the tissues and ultrastructural
changes corresponding with phases of wax production in relation to the division of
labour, finally established (Hepburn et al. 1991).

1.2 Nests and Nesting

The nesting sites of open- and cavity-nesting honeybees are reviewed in terms of
nest sites, space and honeybee density. Space comprises building space for new
combs and living space for clustering bees. In a container of a fixed volume, a
strong colony constructs more than a colony with a smaller population; but, the
amount of comb constructed per bee decreases with increased density and
increases in colony size (Freudenstein 1961). The quality aspects of space as a
stimulus for comb-building include illumination and air movement. Volume, space
and density will only operate on wax production when the colony has reached
some critical, if yet indefinable, threshold. Wax bees move throughout the nest so
there is a close synchrony between the ‘needs’ of specific comb-building areas and
the presence of bees producing wax scales (Muller and Hepburn 1992; Pratt 2004).
During comb-building there are concomitant changes in population size, popula-
tion density, nectar and pollen influx, all of which affect honeybee/comb inter-
actions. Nonetheless, ‘space’ is also a ‘nearest neighbour’ problem for colonies of
cavity-nesting species, which translates to carrying capacity/km2. On the other
hand, it would appear that ‘space’ may well be a ‘nearest neighbour’ distance rule
for the dwarf honeybees (Duangphakdee et al. 2013a).
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1.3 Self-Organization of Nest Contents

The arrangement of the contents of both single vertical combs and horizontally
arranged parallel combs are very similar among all species of honeybees; different
areas of the comb are used repetitively for the same functions. They principally
differ in the formation of their patterns which have been tacitly assumed for
centuries to derive in some mysterious way as ‘‘in the nature of bees’’. Camazine
(1991) erected a series of experiments to validate one of two mutually exclusive
hypotheses for the comb patterns of A. mellifera: (1) a blueprint in which patterns
develop in some pre-ordained and specified way intrinsic to bees; or, (2) a self-
organization hypothesis (‘‘a reaction–diffusion system’’ developed by Turing
1952), by which patterns emerge spontaneously from the dynamic interactions of
the processes of placing, and then displacing, the different elements of the nests.
The original self-organization hypothesis has been challenged, modified, and
ultimately supported by rigorous mathematical analyses of this problem. The
model of the self-organization hypothesis appears extremely robust and parsi-
monious and it remains the prevailing paradigm (Montovan et al. 2013). Expla-
nations for pattern formation in the single comb dwarf and giant honeybee species
are perhaps less difficult. Development of the vertical, single comb nest of
A. florea is accomplished in four months after a swarm settles, and in only a few
days the nest has already been partitioned into an area for honey (top of comb or
‘crown’), an underlying pollen layer, below which both capped and uncapped
larval cells occur. This basic pattern remains until the mature colony swarms some
four months later. The major challenge is the construction of the crown comb
(Duangphakdee et al. 2013b).

1.4 Interspecific Utilisation of Beeswax

A. florea was tested to determine whether they would salvage wax from their own
deserted natal combs in preference to other conspecific combs and from hetero-
specific facsimiles of other species. Preferences for natal comb were significantly
greater than for non-natal combs, with no wax being collected from heterospecific
combs. Behavioural variations for wax choice were also assessed using the waxes
of A. capensis, A. florea, A. cerana, A. dorsata, Japan wax, candelilla wax, bay-
berry wax and ozokerite which were tested in colonies of A. m. capensis, A. florea
and A. cerana. A. m. capensis accepted only the beeswaxes. A. cerana and
A. florea accepted the wax of A. cerana, A. florea and A. dorsata but rejected A. m.
capensis and the other waxes (Hepburn et al. 2009). Comb-building in mixed-
species colonies of A. cerana and A. mellifera was examined with foundation made
from the waxes of these species and given to colonies with either an A. cerana or
A. mellifera queen. The colonies did not discriminate between the waxes, and
comb-building was a cooperative effort by both species (Yang et al. 2010).
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The dwarf honeybees are unusual in that they regularly cannibalise wax from
deserted nests (Pirk et al. 2011).

1.5 Communication of Vibrations and Scents

Communication across the combs of honeybees includes both distance and direc-
tion elements of waggle dances. Potential recruits attending a dancer emit vibra-
tions which elicit a response to give the emitter a sample of nectar. Tooting and
quacking by queens are both airborne sounds and substrate vibrations, which are
carried mainly by the fundamental frequency component. The bees recognize these
signals mainly by their temporal structure and comparisons of the threshold,
emission level, and attenuation with distance, which suggests that they are used
only within a restricted area of the comb (Michelsen 2012). When waggle-dancing
honeybees move on comb they produce vibratory movements which indicates the
location of the waggle dancer and the pulsed vibrations are increased during waggle
runs, so amplifying the signals for remote dance-followers. Because sound intensity
decreases with the density of the medium and with distance, beeswax is a suitable
medium for sound transmission. Pheromones in combs serve as slow release sys-
tems with long time constants and include transmission of colony odour, queen-
rightness, cell capping, kin recognition, footprint pheromones, wax-salvaging
behaviour etc. The specific dance sites that occur on combs are due to chemical
tagging (Tautz and Lindauer 1997). Colony odour masking occurs when receiver
bees are conditioned to the same comb source as introduced bees, which are
accepted (Breed et al. 1988). A series of only a few methyl esters produced by
queens, workers and drones are sufficient to induce the capping of mature brood (Le
Conte et al. 1994); but it has also been proposed that workers cap cells depending on
the depth of larvae in their cells and not on the ratios of ester emissions (Goetz and
Koeniger 1992). Nonetheless, these results are not mutually exclusive in principle.

1.6 Wax Secretion, Comb Construction and the Queen

Discovery of queen substance led to the experimental dissection of the importance
of these chemical signals in comb construction, especially because more combs are
produced in the presence of mated queens than with virgin queens whose phero-
monal bouquets differ substantially (Darchen 1956; Butler and Simpson 1958). In
a series of experiments, Whiffler and Hepburn (1991) showed that bees secrete the
same amount of wax whether queenless or queenright, with either mated or virgin
queens, and living or dead. Moreover, removing mandibular glands or restricting
workers access to the pheromones of queens has no effect on wax secretion.

4 1 General Introduction



Similarly, wax secretion does not differ significantly among colonies with caged or
division board queens, with intact mandibular and abdominal tergite glands or not.
The actual secretion of wax is independent of queen status. However, comb-
building fundamentally differs from wax secretion because colonies headed by
mated queens construct significantly more comb than queenless colonies, results
consistent with other studies on A. mellifera and A. cerana. Collectively, these
results indicate that the bouquet of the mandibular gland of queens cannot alone
fully explain enhanced comb-building by queenright workers. Whatever the source
of the comb-building stimulus, its effect requires direct contact with the queen
because most comb is always built when workers have full access to a free-
running, physical and chemical, mated queen; and, little comb is built when the
colony has access only to the ‘chemical’ or ‘physical’ queen. The independence of
wax secretion, as opposed to comb-building, from the pheromonal influence of the
queen (Whiffler and Hepburn 1991) was subsequently confirmed in experiments by
Ledoux et al. (2001).

1.7 The Significance of Brood

Differences in colony size among Apis species are not equated to the ratio of
drones to workers or associated comb construction. Oviposition-related cell
inspections reveal that a queen’s decision to lay a fertilized egg or not, is deter-
mined by a specific stimulus generated on cell inspection. Uncapped or sealed
queen cells cells are correlated to a reduction in the number of new cell con-
structions, possibly pheromonally mediated. Relative increases in the physiolog-
ical activity of the wax glands in queenright bees are related to the age of the
workers. Capped brood and broodlessness dampen the development of wax glands,
while the presence of open brood stimulates their development, as under queen-
right conditions. Queenright bees produce much more comb than queenless bees;
while queenless, broodright bees construct more comb than queenless, broodless
bees. The amount of wax produced is a linear function of the number of young
bees in a colony, but the greatest amount of wax produced/bee, relative to colony
size, occurs in small colonies. Bees prevented from brood-rearing produce the
same amount of wax as those engaged in both comb-building and brood-rearing.
Colonies precluded from comb construction rear no more brood than those
engaged both in brood-rearing and comb-building. The proportion of drone comb
depends on the amount of drone comb and number of adult drones present in a
colony, and is positively correlated to the number of workers. The combination of
queenright and broodright colonies appears to be a more powerful stimulus than
any other for comb-building.
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1.8 The Role of Pollen in Comb Construction

The nutrients that workers derive from pollen provide all the proteins, lipids,
vitamins, and minerals required for brood-rearing, and the primary consumers of
pollen are nurse bees which feed the brood. The greatest net increase in the mass
and nitrogen content of bees is obtained when bees are fed their normal diet based
on pollen. The greatest rates of growth of young workers occur in their first week
after eclosion, and pollen must be available for the normal development of the wax
glands and for comb construction. Colonies provided with pollen begin brood-
rearing earlier than the other colonies, and under temperate zone conditions, the
relative abundance of pollen-rich plants flowering in spring drives brood-rearing.
Likewise, increased access to pollen or protein resources is positively correlated
with worker longevity. The need for pollen increases with the amount of brood
which, in turn, can only increase in proportion to the availability of pollen. Pollen-
fed bees produce considerably more comb than pollen-deprived bees. The control
against an excess of stored pollen operate as a negative feedback loop.

Pollen foraging seems to be regulated by at least three mechanisms: young
larvae, stored pollen, and empty space. The regulation of pollen foraging activity is
based on the amount of brood which is a positive stimulus, while the quantity of
stored pollen acts as an inhibitory stimulus. These two factors must eventually be
integrated into single inhibitory signal on a sliding scale, which amounts to a
mechanical analogue computer. Brood pheromone affects pollen foragers but not
nectar-foraging behaviour. The dramatic increase observed for pollen foraging
with supplemental brood pheromone suggests that the colony contains a pool of
potential pollen foragers that are not actively foraging. These results support the
stimulus response threshold hypothesis of division of labour. Camazine (1991)
argued that the pattern of comb contents could be generated by a self-organizing
algorithm of three simple rules: (1) the queen lays eggs in the centre of the comb;
(2) workers deposit pollen and nectar at random; and (3) bees preferentially
remove pollen and nectar from the brood nest relative to the honey storage area.
Subsequent theoretical work supports this view.

1.9 Nectar Flows and Comb-Building

Comb-building is conducted in different areas of the nest by many individuals,
some clustered in festoons, others not, while other wax-workings are often the
efforts of individual bees (Lindauer 1952). Yet, the basic stimulus for comb-
building is ‘flowering’, which produces the nectar and pollen essential to provide
the energy required for colony development. These two factors allow colonies to
grow and to complete annual cycles. If conditions are unfavourable colonies will
abscond. This is borne out in the readily observed differences in bee behaviour
between continents which have different climatic seasons. In temperate zones, the
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onset of comb-building is associated with warm fronts, the more intense and closer
together, the greater the colony response. European A. mellifera, are commonly
dormant during winter, but Asian bees are active during the tropical dry season.
Comb-building occurs during the dry season and the rainy season is their dormant
period. Some plants flower during the rainy season and provide sufficient forage
for the dwarf honeybees because they can still complete their comb within three
weeks. Large A. dorsata colonies however cannot subsist on such meagre
resources and seasonally migrate. Comb-building pulses require that comb fullness
reach a threshold, with a balance of brood and stored food. Comb-building peaks
are correlated with periods of high comb fullness, and with correlations between
daily nectar intake and comb construction. Wax production is reduced in the
absence of a nectar flow; likewise, the greater the supply of combs in the nest, the
greater the increase in the number of nectar foragers. Nectar forage, empty combs
and free building space within the nest are correlated with engorgement of the
honey stomach and wax secretion. Once building has begun, the colony will track
only nectar intake to control comb-building. They build when nectar can be col-
lected in the field and, the combs are filled above their thresholds for comb fullness
and nectar intake. The amount of wax is constant among age cohorts and across the
seasons. About half of the wax in a colony is borne by festoon bees, the remainder
from non-festoon bees, except in winter, when non-festoon wax production is
higher than festoon wax production.

1.10 Construction of Combs

The construction of cells and the regulation of the space between combs are
separate but related problems. The space between combs, affected by the bees
themselves, is the very basis of contemporary practical beekeeping. Within a
honeybee multiple comb nest there are several independent comb starts within the
building cluster and at different attachment sites. Then Darchen’s ‘‘rule of paral-
lelism’’ comes into play, because the building bees modify their constructions so
as to keep a reasonably equable and parallel space between combs. Parallelism
overrides other considerations, such as the length of cells. Comb construction is
the result of interplay of vertical and lateral forces acting on the combs which, over
time, lead to many imperfections that are eventually hidden by retouching. A
building cluster can independently exert torsional and tensile loading of a piece of
comb. In the process of twisting comb, cell walls will inevitably be broken;
however, the bees rapidly mend such tears and fractures. Honeybees achieve
reasonably parallel sets of combs, but in the end, they have some means of both
achieving this and of maintaining the distance between combs within limits that
we can recognise as tolerances. This may be due to the detection of the vertical
axis of gravity. Building bees might be able to exploit a sense of gravity that would
allow them to build vertical combs. This was shown by disrupting the function of
an organ and then observing the effects on comb construction. An unimpaired
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sense organ of the honeybee neck is the instrument by which bees detect gravity
and so orient themselves during comb construction, an interpretation supported by
the discovery of magnetic material in a band across the abdomen. Indeed, different
magnetic oxide nanoparticles, ranging from super-paramagnetic to multi-domain
particles, were observed in all body parts of honeybees, but greater relative con-
centrations occurred in their abdomens and antennae. Mixed colonies of A.
mellifera and A. cerana cooperate in normal building behaviour, only the number
of irregular cells built was noticeable. In both pure controls, no worker brood was
reared in the cells built on the foundation made of the wax of the opposite species.
In pure A. mellifera colonies, cell size was modified, whereas those of A. cerana
were constructed without modification but the cells based on A. mellifera wax
were used only to rear drones or for storage.

1.11 Energetics of Honey/Beeswax Conversion

Consideration of the rates of wax production by A. mellifera (combs constructed),
and the costs of construction (sugar required), developed during the period
(1830–1840) of the application of the balance sheet. Moreover, it was known that
the presence or absence of brood, pollen, combs and queens all had a bearing on
wax production. A century later, sugar/wax conversion ratios were defined as the
net amount of sugar consumed against wax production; but there was no insight as
to how the energy assimilated by the bees was partitioned in the colony. Then, in
Taranov’s (1959) experiments, the total amount of wax produced was linearly
related to the amount of sugar consumed. Others reported that comb construction
was proportional to colony size and to nectar income, even though both groups
lacked a measure of energy flow in their studies. The experiments and observations
of this period suffered from a failure to separate the costs of colony maintenance
vis-à-vis the production of wax.

An analytical refinement to compensate for the concentration of the sugar that
the bees had stored in their combs provided a more accurate measure of sugar
consumption. However, two major factors remained in the cost equation: (1) the
relative importance of age structure in wax production; and (2) the problems of
heat production as related to age, colony size and the synthesis of wax itself.
Subsequently, Hepburn et al. (1984) calculated the rate of sugar consumption
(corrected for attrition) and sugar stored in the nascent combs, as well as the rate of
comb construction. The real metabolic rate, averaged over time for bees of dif-
ferent ages, showed that a plateau was reached in bees at about 12 days old, figures
that included an adjusted metabolic rate as a function of bee age.

Because oscillations in metabolic rate vary with age, this does not to imply that
all the energy expenditure above a basal rate was diverted into wax production as
such, because some expenditure would have been associated with the production
of cluster heat. Within defined limits, it becomes cheaper for the bees to produce
wax and to build comb as they become older. This trade-off, or cost calculation,
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comes into play at both individual and colony levels. How wax synthesis and
comb-building are constrained by thermal conditions is not well understood and
there is only indirect evidence that bees cannot, or will not, sustain the costs of
heat and comb production when both are very high. Both wax secretion and
construction rapidly decline in autumn, and virtually cease during winter. It is not
yet possible to adequately assess the relationship of wax synthesis and comb
construction to the thermal conditions of a colony’s nest.

1.12 Construction of Cells

In temperate zones, the onset of and sustained comb-building is always associated
with warm fronts, the more intense and closer together, the greater the colony
response (Koch 1961). European A. mellifera, are commonly dormant during the
dry season (winter), but Asian bees are active during the tropical ‘dry season’;
nearer to the equator there are rainy and dry seasons, and sometimes, a cool or
mild season. Comb-building occurs during the dry season while the rainy season is
the dormant period. Some plants flower throughout the rainy season and the dwarf
honey bees forage because they need smaller amounts of resources to establish
new colonies, which they can complete within three weeks. Large A. dorsata
colonies cannot subsist on such meagre resources, and seasonally migrate to find
available forage (Duangphakdee et al. 2013a). Comb-building pulses require that
for a colony currently collecting nectar, the fullness of the comb must reach a
threshold, with a balance of brood and stored food. Comb-building peaks are
correlated with periods of high comb fullness and weight gain, and with other
correlations between daily nectar intake and comb construction on the following
day and so on (Pratt 1998). Wax production is reduced in the absence of a nectar
flow; likewise, the greater the supply of combs in the nest, the greater the increase
in the number of nectar foragers, which is possibly stimulated by comb volatiles.
Nectar forage and the availability of empty combs, as well as free building space
within the nest are correlated with engorgement of the honey stomach and wax
secretion. Bees build only when they collect nectar; but, comb-building is optimal
when some threshold amount of honey is stored. The regulation of the timing to
build is partly independent of the amount and duration of building. Once building
has begun, the colony will track only nectar intake to control comb-building (Pratt
1999). They build when nectar can be collected in the field and the filling of the
comb is above their threshold for comb fullness and nectar intake. The amount of
wax is constant among age cohorts and across the seasons. About half of the wax
in a colony is borne by festoon bees, the remainder by non-festoon bees, except in
winter, when non-festoon wax production is higher than festoon wax production
(Muller and Hepburn 1992).
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1.13 Conversion of Scale Wax into Combs

The cyclical changes of cellular organelles and the chemical composition of
beeswax precursors found in the haemolymph and gland tissues, closely coincide
with age-related rates of wax secretion. It is one of the divisions of labour, and this
coincidence of physiology and behaviour parallels other polyethisms (Hepburn
et al. 1991). The mechanical properties and crystal structure of wax change with
chemical additions by honeybees. Intact scales contain some non-lipoidal com-
ponents and differ from comb wax in lipid composition. The mechanical properties
of scale and comb wax vary with temperature. There is a linear relationship
between load and elongation in the tensile stress–strain curves to the maximum
sustainable load, so that the yield stress coincides with the ultimate strength of the
material (Hepburn and Kurstjens 1988). New comb wax is an isotropic plastic
whose mechanical properties depend on temperature. Larvae introduce silk into
the comb in a random array so that the cells are structurally isotropic. The addition
of silk improves the load-carrying capacity of the combs. With use, the combs
become fibre-reinforced composite materials, with properties entirely different
from the individual components (Hepburn and Kurstjens 1988; Zhang et al. 2010).
Wax scales form as the liquid wax fractions transude from the pore canals onto the
surface of the wax mirror, where these small droplets coalesce to form thin layers
of wax, this process continues until a wax scale forms (Cassier and Lensky 1995).
The relatively crystalline scale is reduced to an amorphous state during cell
construction; but, given the warmth of the colony and the physical work done on
the wax, an ordered texture is gradually introduced into the combs.

1.14 Material Properties of Scale and Comb Wax

Although the honeybee nest begins with the conversion of wax scales into combs,
these two materials differ in their chemistry, crystal structure, tensile strength and
stiffness which, in turn, are modified by the secretions of honeybees during comb-
building (Hepburn and Kurstjens 1988). The strength of wax scales is about the
same at temperatures between 25 and 35 �C, but above 35 �C, it declines. In
contrast, comb wax is weaker and steadily decreases in strength with increasing
temperature. The relative workability of scale wax is about the same between 25
and 45 �C, but is the converse with comb wax. Wax scales are stronger and more
distensible, but less stiff than comb wax at 35 �C and require more energy to work
than comb (Kurstjens et al. 1985). The reworking of constructed comb is signif-
icantly more cost-effective than starting a comb with wax scales. Salvaging old
comb wax is also energetically advantageous (Pirk et al. 2011). Differences in the
mechanical properties of scale and comb wax show that comb-building involves
chemical modifications of the waxes. The relative amounts and kinds of lipids
affect interspecific stiffness. Likewise, differing kinds and amounts of protein in
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the waxes affect their mechanical properties. Highly-textured scales are converted
from an anisotropic into an isotropic state. Lipases added during chewing modify
the lipid composition of the scale in which stiffness is lost, but regained with the
addition of proteins in comb-building. Beeswaxes are crystalline, the crystallites in
wax scales are aligned, some perpendicular to the surface, others between 62� and
65� to the surface (Kurstjens et al. 1985). Their origin is probably due to a fusion
of the liquid products reaching the surface from the different cells in the wax gland
complex (Cassier and Lensky 1995).

1.15 The Wax Gland Complex

The first correct descriptions of wax scales, their probable origin and uses, were
made by Hornbostel (1744). In subsequent years, microscopists observed the
synchronised rise and fall of the epidermis, oenocytes and fat body of honeybees
and thought that these were highly suggestive of a direct involvement of all three
tissues in wax production. In an attempt to prove a necessary relationship between
wax secretion and the simultaneous development of the wax gland epithelium, fat
cells and oenocytes, Graber (1872) noted that the adipocytes are interspersed with
‘oenocytes’ (Wielowiejski 1886), and Holz (1878) offered the first alternative to
the ‘wax-sweating’ hypothesis. Detailed studies were conducted that provided
circumstantial evidence to support this proposition. Indeed, the wax mirror epi-
dermis belongs to the Type 1 class of glandular cells, and indicates the reality of a
system of microtubules to transport wax precursors from the fat body cells and
oenocytes to the surface of the cuticle, where they solidify and crystallise to
become wax scales. In earlier studies, Sanford and Dietz (1976) and Hepburn et al.
(1991) both reported that the smooth endoplasmic reticulum (SER) is absent from
wax secreting workers, and concluded that the epidermis mainly provides an
elaborate system for wax precursor transport (Reimann 1952; Locke 1961;
Hepburn 1986). Later studies of wax synthesis and secretion specifically identified
sites for the origin of the hydrocarbon and fatty acid components within the wax
gland complex, and established the necessary ultrastructual correlates of genesis
and transport. Volume changes in the wax gland oenocytes, adipocytes and epi-
dermis are described in terms of metabolic activity. However, in further electron
microscopical studies of the wax gland complex, Cassier and Lensky (1995)
reinvestigated the possible role of the epidermis and its transport modalities. They
were able to show that there are indeed large cisternae of SER which are probably
involved in the transport of wax precursors from the oenocytes to the pore canals,
as well as carrying apolipophorins from the haemolymph to the wax mirrors.
Although the entire discussion in this chapter is based on studies of A. mellifera, it
can be noted that a brief paper on the ultrastructure of the wax gland of A. cerana
confirms that this species is conformal with the details given here for A. mellifera
(Du and Li 1991). The rates of wax secretion in honeybees of different ages have
been measured, and the chemical composition of the tissues and ultrastructural
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changes corresponding with phases of wax production in relation to the division of
labour, finally established.

1.16 The Chemistry of Beeswax

Publications on the physical constants of the comb waxes of Asian and European
beeswaxes first appeared a century ago. It was soon shown that carbon chain length
was, on average, shorter in the Asian beeswaxes than in A. mellifera, which
explains the lower melting points of the former. The Asian waxes are more alike
than they are to A. mellifera. In Asian beeswaxes, the amounts of C31 and C33 in
the pool of free fatty acids are reduced, but C25 hydrocarbons increased compared
to that of A. mellifera. The major compound families in beeswax are alkanes,
alkenes, free fatty acids, monoesters, diesters and hydroxymonoesters, while fatty
alcohols and hydroxydiesters are minor constituents. There are notable species-
specific differences among all honeybee species, but all share a complex mixture
of homologous neutral lipids (Tulloch 1980; Frölich et al. 2000). The amounts of
acylglycerols are the same in scale and comb wax, but diacylglycerols dominate
the former and monoacylglycerols the latter. There are more double-bonded fatty
acids in comb wax than in scale wax, and a greater saturation of the fatty acids in
comb wax. Beeswaxes analysed with high temperature gas chromatography yiel-
ded a characteristic elution pattern for the waxes of each honeybee species
(Aichholz and Lorbeer 1999). A parsimonious, unweighted, pair-group analysis
based on the distributions of the chemical constituents for 82 elution peaks of the
derivatized comb waxes of six species of honeybees, and the Euclidean distances
for the beeswaxes, all present a very similar picture to that obtained from mor-
phometric, behavioural and DNA sequence analyses (Phiancharoen et al. 2011).
The wax glands and their products of secretion were highly conserved features
during honeybee evolution.

1.17 Synthesis of Beeswax

The notion that honeybees secrete wax and not gather it from blossoms was first
shown in the mid-18th century (Hornbostel 1744). Later, Huber (1814) observed
that newly settled swarms do not gather pollen but construct combs and he con-
cluded that beeswax was the secretory product of the glands of the wax mirrors and
fuelled by honey. However, the actual amount of fatty material, present in bees
before and after their incarceration in experimental cages and in combs con-
structed in the interim, had to be determined. This Dumas and Edwards (1843) did
and they concluded that the amount of fatty material present at the onset of the
experiment could not account for the wax produced by the end of the experiment;
hence bees both synthesise and secrete wax. A century later, Piek (1961, 1964) fed
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captive bees (1-14C)-acetate, (UL-14C)-glucose and deuterated water and recov-
ered the labels both from bees and newly constructed combs. Then, Lambremont
and Wykle (1979) incubated homogenates of the wax glands with (1-3H)-tetra-
cosanol and recovered the label only in the wax ester fraction, the 3H wax ester
fraction yielded a 3H-fatty alcohol with the same Rf value as authentic tetracos-
anol. Blomquist and Ries (1979) showed that the incorporation of long-chain
primary alcohols, fatty acids and the acyl group of acyl-CoA into wax monoesters
and that (1-14C)-palmitate entry into the monoester pool was enhanced by ATP,
CoA and MgCl2, while the addition of palmitoyl-CoA resulted in a fivefold yield
increase. Subsequently, the specific cellular sites for the origin of hydrocarbons
and fatty acids within the wax gland complex and the necessary ultrastructural
correlates of this activity and of their transport were determined (Hepburn et al.
1991).

1.18 Material Properties of Honeybee Silk

Colourless honeybee silk, *3 lm diameter, is produced through a spinneret at the
tip of the labium-hypopharynx. Successive generations of brood apply silk to the
cell walls, making the cells smaller as silk is deposited in the old brood combs. X-
ray diffraction data show that honeybee silk contains a9-helical proteins ordered
into coiled-coil structures with an axial periodicity of about 28 nm, and form a
four-stranded array parallel to the fibre axis (Lucas and Rudall 1968). Honeybee
fibroin is crystalline, but, when hydrated is only half as stiff as when dry, although
they are equal in strength. The fibroin is hygroscopic and highly distensible when
solvated because of its molecular conformation. The mechanical properties of silk
are independent of temperature. Lithium thiocyanate and urea virtually eliminate
the yield point of honey bee silk tested both dry and in distilled water, and values
for stress in the slope of the solvent-related curves is reduced. The solvents act
directly on hydrogen bonds and then the silks behave as unconnected bends during
tensile deformation (Hepburn et al. 1979). The components, hierarchical structure
and the conditions of their production all affect the mechanical properties of
natural silks. The amino acid sequence in honeybee silk protein provides an
explanation of why the coiled-coil packing is atypically tight; the most abundant
core residue is the small amino acid, alanine. An atomistic simulation for the
unfolding behaviour of a9-helical protein shows that two discrete transition states
correspond to two fracture mechanisms. Six honey bee silk genes have now been
identified, using a combination of genomic and proteomic techniques (Sutherland
et al. 2010). Contemporaneously, Ackbarow et al. (2007, 2009) have begun to
investigate multiple energy barriers and robustness in the fracture mechanics of a9-
helical proteins and to elucidate why they are self-protective and flaw-tolerant.

1.17 Synthesis of Beeswax 13



References

Ackbarow T, Chen X, Keten S, Buehler MJ (2007) Hierarchies, multiple energy barriers and
robustness govern the fracture mechanics of a9-helical and b-sheet protein domains. Proc Nat
Acad Sci 104:16410–16415

Ackbarow T, Sen D, Thaulow C, Buehler MJ (2009) Alpha-helical protein networks are self
protective and flaw-tolerant. PLoS ONE 4(6):e6015. doi:10.1371/journal.pone.0006015

Aichholz R, Lorbeer E (1999) Investigation of comb wax of honeybees with high-temperature gas
chromatography and high-temperature gas chromatography-chemical ionization mass spec-
trometry I. High-temperature gas chromatography. J Chromatogr A 855:601–615

Blomquist GJ, Ries M (1979) The enzymatic synthesis of wax esters by a microsomal preparation
from the honeybee Apis mellifera L. Insect Biochem 9:183–188

Boehm B (1965) Beziehungen zwischen Fettkörper, Oenocyten und Wachsdrüsenentwicklung bei
Apis mellifica L. Zeit Zellforsch Mikrosk Anat 65:74–115

Breed MD, Williams KR, Fewell JH (1988) Comb wax mediates the acquisition of nest-mate
recognition cues in honey bees. Proc Natl Acad Sci 85:8766–8769

Butler CG, Simpson J (1958) The source of the queen substance of the honey-bee (Apis mellifera L.).
Proc Roy Ent Soc Lond 33:120–122

Camazine S (1991) Self-organizing pattern formation on the combs of honey bee colonies. Behav
Ecol Sociobiol 28:61–76

Cassier P, Lensky Y (1995) Ultrastructure of the wax gland complex and secretion of beeswax in
the worker honey bee Apis mellifera L. Apidologie 26:17–26

Darchen R (1956) La reine d’Apis mellifica et les constructions cirières. C R Hebd Seances Acad
Sci Ser D Sci Nat Paris 243:439–441

Du ZL, Li N (1991) The ultrastructure of the wax gland cell of the worker honey bee, Apis
cerana. Acta Ent Sinica 34:289–291 [in Chinese]

Duangphakdee O, Hepburn HR, Rod-im P (2013a) Seasonal movements of the red dwarf
honeybee, Apis florea. (In ms.)

Duangphakdee O, Rod-im P, Hepburn HR (2013b) Nest development in the red dwarf honeybee
Apis florea. (In ms.)

Dumas JB, Edwards HM (1843) Note sur la production de la cire des abeilles. Ann Sci Nat Paris
20:l–8

Freudenstein H (1961) Entwicklung und Leistung der Wachsdrüsen der Honigbiene. Biol
Zentralbl 80:479–492

Frölich B, Tautz J, Riederer M (2000) Chemometric classification of comb and cuticular waxes of
the honeybee Apis mellifera carnica. J Chem Ecol 26:123–137

Goetz B, Koeniger N (1992) Structural features trigger capping of brood cells in honey bees.
Apidologie 23:211–216

Graber V (1872) Vorläufiger Bericht über den propulsatorischen Apparat der Insekten. Sber Akad
Wiss Wien 65:189–204

Hepburn HR (1986) Honeybees and wax: an experimental natural history. Springer, Berlin
Hepburn HR, Kurstjens SP (1988) The combs of honeybees as composite materials. Apidologie

19:25–36
Hepburn HR, Chandler HD, Davidoff MR (1979) Extensometric properties of insect fibroins: the

green lacewing cross-b, honeybee a9-helical and greater waxmoth parallel-b conformations.
Insect Biochem 9:69–77

Hepburn HR, Hugo JJ, Mitchell D, Nijland MJM, Scrimgeour AG (1984) On the energetic costs
of was production by the African honeybee, Apis mellifera adansonii. S Afr J Sci 80:363–368

Hepburn HR, Bernard RTF, Davidson BC, Muller WJ, Lloyd P, Kurstjens SP, Vincent SL (1991)
Synthesis and secretion of beeswax in honeybees. Apidologie 22:21–36

Hepburn H, Radloff SE, Duangphakdee O, Phiancharoen M (2009) Interspecific utilization of
wax in comb-building by honeybees. Naturwissenschaften 96:719–723

Holz H (1878) Das organ der wachsbildung. Bienen-Ztg 34:183–184

14 1 General Introduction

http://dx.doi.org/10.1371/journal.pone.0006015


Hornbostel HC (1744) (orig Melittophilus Theosebastus) Neue Entdeckung, wie das Wachs von
den Bienen Komt. Hamburg Vermis Bibliothek 2:45–62

Huber F (1814) Nouvelles observations sur les abeilles [English translation, 1926]. Dadant,
Hamilton

Koch HG (1961) Der Baubeginn der Bienenvölker als phänologische Ereignis. Z Angew Met
4:69–82

Kurstjens SP, Hepburn HR, Schoening FRL, Davidson BC (1985) The conversion of wax scales
into comb wax by African honeybees. J Comp Physiol B156:95–102

Lambremont EN, Wykle RL (1979) Wax synthesis by an enzyme system from the honey bee.
Comp Biochem Physiol 63B:131–135

Le Conte Y, Sreng L, Trouiller J (1994) The recognition of larvae by worker honeybees.
Naturwissenschaften 81:462–465

Ledoux MN, Winston ML, Higo H, Keeling CI, Slessor KN, Le Conte Y (2001) Queen and
pheromonal factors influencing comb construction by simulated honey bee (Apis mellifera L.)
swarms. Insectes Soc 48:14–20

Lindauer M (1952) Ein Beitrag zur Frage der Arbeitsteilung im Bienenstaat. Z Vergl Physiol
34:299–345

Locke M (1961) The cuticle and wax secretion in Calpodes ethlius (Lepidoptera: Hesperidae).
Q J Microsc Sci 101:333–338

Lucas F, Rudall KM (1968) Extracellular fibrous proteins: the silks. In: Florkin M, Stotz EH (eds)
Comprehensive biochemistry. Elsevier, Amsterdam, 26, pp 475–558

Michelsen A (2012) How do honey bees obtain information about direction by following dances?
In: Galizia CG, Eisenhardt D, Giurfa M (eds) Honeybee neurobiology and behavior. Springer,
Berlin

Montovan KJ, Karst N, Jones LE, Seeley TD (2013) Individual behavioral rules sustain the cell
allocation pattern in the combs of honey bee colonies (Apis mellifera). J Theoret Biol
336:75–86. doi:10.1016/j.jtbi.2013.07.010;arXiv:1211.4298v2 [q-bio.PE]

Muller WJ, Hepburn HR (1992) Temporal and spatial patterns of wax secretion and related
behaviour in the division of labour of the honeybee (Apis mellifera capensis). J Comp Physiol
171:111–115

Noirot C, Quennedey A (1974) Fine structure of insect epidermal glands. Ann Rev Entomol
19:61–80

Phiancharoen M, Duangphakdee O, Hepburn HR (2011) The biology of nesting. In: Hepburn HR,
Radloff SE (eds) Honeybees of Asia. Springer, Berlin, pp 109–132

Piek T (1961) Synthesis of wax in the honey bee (Apis mellifera L.). Proc K Ned Akad Wet Ser C
Biol Med Sci 64:648–654

Piek T (1964) Synthesis of wax in the honeybee (Apis mellifera L.). J lnsect Physiol 10:563–572
Pirk CWW, Crous KL, Duangphakdee O, Radloff SE, Hepburn HR (2011) Economics of comb

wax salvage by the red dwarf honeybee, Apis florea. J Comp Physiol 181:353–359
Pratt SC (1998) Condition-dependent timing of comb construction by honeybee colonies: how do

workers know when to start building? Anim Behav 56:603–610
Pratt SC (1999) Optimal timing of comb construction by honeybee (Apis mellifera) colonies: a

dynamic programming model and experimental tests. Behav Ecol Sociobiol 46:20–42
Pratt SC (2004) Collective control of the timing and type of comb construction by honey bees

(Apis mellifera). Apidologie 35:193–205
Reimann K (1952) Neue Untersuchungen über die Wachrdrüse der Honigbiene. Zoo1 Jahrb Abt

Anat Ont 72:147–188
Rösch GA (1927) Über die Bautätigkeit im Bienenvolk und das Alter der Baubienen. Weiterer

Beitrag zur Frage nach der Arbeitsteilung im Bienenstaat. Zeit Vergl Physiol 6:265–298
Sanford MT, Dietz A (1976) The fine structure of the wax gland of the honeybee (Apis mellifera

L). Apidologie 7:197–207
Sutherland TD, Young J, Weisman S, Hayashi CY, Merrit D (2010) Insect silk: one name, many

materials. Ann Rev Entomol 55:171–188
Taranov GF (1959) The production of wax in the honeybee colony. Bee Wld 40:113–121

References 15

http://dx.doi.org/10.1016/j.jtbi.2013.07.010;arXiv:1211.4298v2


Tautz J, Lindauer M (1997) Honeybees establish specific sites on the comb for their waggle
dances. J Comp Physiol A180:537–539

Tulloch AP (1980) Beeswax—composition and analysis. Bee Wld 61:47–62
Turing AM (1952) The chemical basis of morphogenesis. Phil Trans R Soc Lond 237(641):37–72
Whiffler LA, Hepburn HR (1991) The queen in relation to wax secretion and comb-building in

honeybees. J Comp Physiol A169:209–214
Wielowiejski H (1886) Über das Blutgewebe der insekten. Z Wiss Zoo1 43:512–536
Yang MX, Hepburn HR, Duangphakdee O, Phiancharoen (2010) Comb construction in mixed-

species colonies of honeybees, Apis cerana and Apis mellifera. J Exp Biol 213:1659–1664
Zhang K, Duan H, Karihaloo B, Wang J (2010) Hierarchical, multilayered cell walls reinforced

by recycled silk cocoons enhance the structural integrity of honeybee combs. Proc Natl Acad
Sci 107:9502–9506

16 1 General Introduction




