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Abstract

The combwaxes of the honeybee species Apis mellifera, Apis cerana, Apis dorsata, Apis laboriosa, Apis florea and Apis
andreniformis have been examined by high-temperature gas chromatography. Combwax consists of a complex mixture of
homologous neutral lipids. These compounds containing up to 64 carbons were chromatographed intact on a 10 mx0.2 mm
high-temperature stable SOP-50-PFD (50%-diphenyl /50%-1H,1H,2H,2H-perfluorodecyl methyl polysiloxane)-coated Duran
glass capillary column. The use of this stationary phase results in lower retention values and, at last, in lower thermal stress
of the analytes. In order to minimize the discrimination effect due to adsorption and/or degradation, a two-step derivatization
was performed resulting in the formation of tert.-butyldimethylsilyl esters of the long chain fatty acids and trimethylsilyl
ethers of complex hydroxyesters, respectively. The derivatization procedure was optimized using a modification of the
extended Donike test. In addition this test allows the quantification of the thermal stability of the derivatives performed. The
derivatization procedure was applied for combwax analysis. More than 80 compounds were separated and their peak areas
semiquantitatively exploited. [ 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

Combwax of the honeybees (Apis spp.), the so-
called beeswax, was originally the only natural wax
of commercial interest. A neolithic beeswax sample
was dated back to the 4th Millennium B.C. [1] and is
evidence of early beekeeping in human settlements.

*Corresponding author.
E-mail address: reiner.aichholz@pharmanovartis.com (R. Aich-
holz2)

Beeswax, produced by abdominal glands of worker
bees, is a valuable substance and has many uses in
industry, pharmacy and medicine. This is not the
only reason to obtain a comprehensive knowledge of
its composition. Chemotaxonomic distinction of the
various honeybee species (Apis spp.) by the comb-
wax they produce is aso of apidological interest.
The diversification of the genus Apis is based on
their morphology, behavior and distribution [2,3].
Today nine honeybee species have been differen-
tiated: Apis mellifera (western honeybee), Apis
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cerana (eastern honeybee), Apis koschevnikovi (red
honeybee), Apis nuluensis, Apis nigrocincta, Apis
dorsata (giant honeybee), Apis laboriosa (rock
honeybee), Apis florea (dwarf honeybee), and Apis
andreniformis (bush honeybee). According to Rut-
tner, the taxonomic rank of Apis laboriosa and Apis
dorsata is not fully confirmed [4].

The chemistry of the combwax lipids produced by
A. mellifera has been studied extensively by Tulloch
[5] and Stransky and Streibl [6,7]. The structural
elucidation of the individual classes of compounds
was carried out after thin-layer chromatographic
fractionation. Regarding the results of these exami-
nations, beeswax mainly consists of complex mix-
tures of hydrocarbons, free fatty acids, monoesters,
diesters, triesters, hydroxymonoesters, hydroxy-
polyesters, fatty acid monoesters, fatty acid polyes-
ters and some unidentified compounds. Each com-
pound family is a series of homologues differing in
chain length by two carbon atoms. The structures of
the principal homologous series of beeswax lipids
are shown in Fig. 1.

It was shown earlier that gas chromatography
(GC) can be used for the analysis of beeswax [5]. In
course of these investigations differences of the
elution pattern of four different honeybee species
were found. These results are of limited information
due to insufficient resolution of the packed columns
used. Therefore, only few of the existing compound
series could be determined.

The use of wall-coated open tubular capillary
columns for the analysis of beeswax by GC has been
published in recent years [8-10]. In spite of the
considerable progress of column efficiency and
inertness of open tubular capillary columns, some of
the problems concerning the analysis of beeswax by
GC dtill remain unresolved until today. Free fatty
acids and hydroxymonoesters were adsorbed and/or
decomposed during the analysis owing to the lack of
a derivatization [8]. Conventional GC was used for
the detection of adulteration of beeswax.
Bruschweiler et a. [9] described a method which
results in the discrimination of the complex wax
esters series and only approximately 65 to 70% of
the wax constituents were taken into account.

Recently we described the analysis of beeswax
after derivatization with N-methyl-N-tert.-butyldi-
methylsilyltrifluoroacetamide (MTBSTFA) by high-
temperature GC (HTGC) [10,11]. The main com-

pound series of beeswax, including the hydroxyesters
and diesters, could be analyzed successfully for the
first time. One prerequisite for this successful appli-
cation was the use of tailor-made low-bleeding glass
capillary columns coated with a highly fluorinated
polysiloxane. This stationary phase results in signifi-
cant lower retention values and an improved signal-
to-noise ratio even at high column temperatures.
Nevertheless, silylation in context with HTGC can
cause some problems as indicated by the extended
Donike test [12,13]. Decomposition of trimethylsilyl
esters of long-chain fatty acids depends on the
column inertness and is a system inherent phenom-
enon of capillary columns.

Underivatized beeswax was also investigated
using supercritical fluid chromatography. Only the
hydrocarbon, monoester and diester series were
recorded whereby compound families containing
exchangeable hydrogen atoms were completely ad-
sorbed during the chromatographic process [14].

In order to extend the knowledge about the
composition of combwax of different honeybee
species this paper describes a comprehensive in-
vestigation using HTGC. The above mentioned
problems could be limited by a two-step derivatiza-
tion procedure to minimize the decomposition of the
fatty acid silylester and to enhance the volatility and
thermal stability of compounds.

The combwax of the honey bee species A. melli-
fera, A. florea, A. andreniformis, A. dorsata, A.
laboriosa and A. cerana was analyzed on glass
capillary columns coated with poly(diphenyl/
1H,1H,2H,2H-perfluorodecylmethyl)siloxane [10]. In
a first step, flame ionization detection (FID) was
used to illustrate the characteristic fingerprint of the
combwax of each honeybee species.

Characterization of the individual compounds was
performed by HTGC—chemical ionization mass spec-
trometry (CI-MS) and will be described in a sub-
sequent report [15].

2. Materials and methods
2.1. Gas chromatography
A Carlo Erba Mega 5160 equipped with a FID

system (420°C) and a cold on-column injector was
used for analysis of the derivatized beeswax samples.
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Optimization of the derivatization procedure by
means of the Donike test was carried out on 20
mXx0.3 mm Duran glass capillary columns coated
with a 0.15 pm film of poly(50% diphenyl/50%
1H,1H,2H,2H perfluorodecylmethyl)siloxane (SOP-
50-PFD). The analyses of the individual combwaxes
were performed on 10 mX0.2 mm Duran glass
capillaries, coated with a 0.10 pm film of SOP-50-
PFD, methoxysilane terminated [10]. The synthesis
of the stationary phase, preparation of the columns,
and testing of the column performance are described
in detail elsewhere [10,13,16]. Hydrogen was used as
carrier gas with a linear velocity of 0.5 m/s. The
oven temperature was programmed as follows: 80—
330°C at 5°C/min for the Donike test and 80—380°C
at 6°C/min for the combwax analysis. Data acquisi-
tion was carried out on a Chromcard system (Carlo
Erba).

2.2. Extended Donike test

The extended Donike test described by Blum [13]
was used to study the stability of the trimethylsilyl
ester (FA-TMS) and tert.-butyldimethylsilyl ester
(FA-TBDMS) of fatty acids, respectively.

In order to develop a two-step derivatization
procedure a set of aliphatic alcohols and 12-hydroxy-
stearic acid were added to the extended Donike test.
A 1-mg amount of each compound listed in Table 1
was dissolved in a mixture of 0.8 ml pyridine and 0.8
ml isooctane. The test solution is unstable and has to
be used immediately. To 0.1 ml of the clear solution
0.2 ml N,O-bis-(trimethylsilyl)-trifluoroacetamide
(BSTFA) or N-methyl-N-tert.-butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA) were added,
respectively. In the case of MTBSTFA the sample

was heated to 70°C for 20 min. The sample was
finaly diluted with 0.7 ml pyridine and an aliquot of
0.5 pl injected for analysis.

A two-step derivatization was carried out by
adding 0.2 ml MTBSTFA to 0.1 ml test solution.
The mixture was allowed to stand at ambient tem-
perature for 3 min followed by adding 0.2 ml
BSTFA. After 10 min 0.5 ml pyridine were added
and a volume of 0.5 ul were injected for analysis.

2.3 Derivatization of combwax

In order to remove honey residues the combs were
treated two times with water in an ultrasonic bath
during 20 min, then they were rinsed with a small
amount of ethanol and dried at 50°C.

A 5-mg amount of crude beeswax was dissolved
in a mixture of 0.5 ml dry pyridine and 0.3 ml
MTBSTFA and heated to 70°C for 5 min. Then 0.3
ml BSTFA was added to the hot solution and heated
for 5 min at 70°C. The hot derivatization solution
was filtered over a 0.5 pm, 13 mm Millex FH ; filter
cartridge (Millipore, Bedford, MA, USA). A 100-ul
volume of this solution was diluted with 500 pl
isooctane and an aliquot of 0.5 wl was injected for
GC andlysis.

2.4. Chemicals and samples

BSTFA, MTBSTFA and al solvents were pur-
chased from Fluka (Buchs, Switzerland). The com-
pounds of the extended Donike test are available
from Fluka, except for 1-tetracosanol, 1-octacosanol
and 12-hydroxystearic acid, which were obtained
from Sigma (Steinheim, Germany; see Table 1). The
combwax of the following honey bee species was

Table 1

Composition of the extended Donike test and abbreviations of the individual derivatized compounds (see Fig. 3)

Alkane Alcohol Fatty acid

Name Abbreviation Name Abbreviation Name Abbreviation
Hexadecane Cy 1-Dodecanol A,-TMS Capric acid FA ,-TBDMS
Eicosane Cy 1-Hexadecanol A - TMS Myrigtic acid FA,,-TBDMS
Tetracosane C,. 1-Eicosanol A,-TMS Stearic acid FA ;-TBDMS
Octacontane Cy 1-Tetracosanol A,,-TMS Behenic acid FA,,-TBDMS
Dotriacontane Cs, 1-Octacosanol A - TMS Cerotic acid FA,.-TBDMS
Hexatriacontane Cys Mélissic acid FA,,-TBDMS

12-Hydroxystearic acid

TMSO-FA ,-TBDMS
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investigated: A. mellifera, A. cerana, A. dorsata
(Kathmandu, Nepal); A. laboriosa (Kodari, Nepal);
A. florea (Chiang Rai, Thailand); A. andreniformis
(Borneo, Indonesia).

The collection of the wax samples was supported
by local apiarists and/or honey hunters.

3. Results and discussion
3.1. Derivatization

In some instances derivatization of compounds
containing exchangeable hydrogen atoms is required
prior to HTGC analysis. In practice not only the
thermal stability of the analytes is of importance but
also the remaining catalytic activity of the capillary
columns at elevated temperatures [13]. Some con-
stituents of beeswax lipids contain aiphatic hydroxy
groups and aliphatic carboxylic acid groups besides
other functional groups. Therefore, an appropriate
derivatization is unavoidable.

The different chemical reactivity of the functional
groups in context with the stability of the resulting
derivative can cause problems during the develop-
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ment of a successful derivatization procedure. Tri-
methylsilylation is well known for both, aliphatic
hydroxy groups and aliphatic carboxylic groups. One
drawback of trimethylsilylation is the insufficient
thermal stability of long-chain FA-TMS esters at
temperatures above 300°C. Blum described the use
of an extended Donike test and demonstrated the
excessive degradation of the FA-TMS esters on
cyanopropyl phases [13]. The column activity was
expressed by the activity factor Q, which was
calculated using the formula shown in Fig. 2.
Recently we reported the column performance of
SOP-50-PFD-coated Duran glass capillary columns
[10]. The FA,,-TMS ester shows some unwanted
degradation. Therefore a more stable derivative is
desirable for the analysis of fatty acids with a carbon
number >30. The improvement of the thermal
stability of FA-TBDMS ester in comparison to the
thermal stability of the respective TMS esters was
tested. The extended Donike test was derivatized
with BSTFA and MTBSTFA, respectively, which
leads to FA-TMS and FA-TBDMS esters. The
calculated activity factors (Q) versus elution tem-
perature of both fatty acid derivatives are shown in
Fig. 2. According to earlier results the FA-TMS
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™ T T

200 240 280
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Fig. 2. Activity factors (Q) of TMS esters of fatty acids and TBDMS esters of fatty acids obtained by the GC—FID analysis of the Donike
test using a 20 mx0.3 mm Duran glass capillary column coated with a 0.15 wm film of poly(diphenyl/1H,1H,2H,2H-per-
fluorodecylmethyl)siloxane (SOP-50-PFD). Note the increase of thermal stability of the TBDMS esters in comparison to the TMS esters.
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esters are subjected to decomposition at temperatures
above 200°C. Only a dlight decomposition of the
FA-TBDMS esters can be observed on the SOP-50-
PFD-coated column.

The derivatization of aliphatic alcohols with
MTBSTFA requires higher temperatures and/or the
addition of tert.-butyldimethylchlorosilane to en-
hance the silylation power of the reagent [17] (e.g.,
the quantitative derivatization of beeswax con-
gtituents  with aliphatic hydroxy groups using
MTBSTFA was achieved only after heating to 70°C
during 16 h [10]). A second drawback of TBDMS
derivatives is the distinct increase of the elution
temperature (see Fig. 2) in comparison to the respec-
tive TMS derivatives. In order to reduce both, the
elution temperature of the compounds containing
aliphatic hydroxy groups and the time of sample
preparation, a two-step derivatization procedure was
applied according to the method described by Wool-
lard [18]. This method yields TMS ethers of fatty
alcohols and TBDMS esters of fatty acids.

R. Aichholz, E. Lorbeer / J. Chromatogr. A 855 (1999) 601-615

In order to optimize this derivatization procedure,
the extended Donike test was modified by addition of
a set of aliphatic 1-alcohols and 12-hydroxystearic
acid. In afirst step MTBSTFA was added to the test
mixture to derivatize the more reactive carboxylic
groups. In a second step BSTFA was added yielding
TMS ethers of the aliphatic hydroxy groups. In order
to exclude undesirable side reactions, the success of
the derivatization procedure was checked by GC—
MS analyses. The resulting chromatogram of the
final procedure is shown in Fig. 3. The TMS ether
derivatives of the fatty alcohols (A-TMS) show no
significant reduction of the peak area even for the
higher homologues (e.g., A,,-TMS in Fig. 3). An
additional indication of the selective derivatization is
the complete conversion of 12-hydroxystearic acid to
12-trimethylsilyloxystearic  acid-tert.-butyldimethyl-
silyl ester. This two-step derivatization combines
both, the advantage of a more stable FA-TBDMS
derivative and lower retention times of TMS ethers
of compounds containing aliphatic hydroxy groups.
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Fig. 3. Extended Donike test gas chromatogram on a 20 mx0.3 mm Duran glass capillary column coated with a 0.15 pm film of
poly(diphenyl / 1H,1H,2H,2H-perfluorodecylmethyl)siloxane (SOP-50-PFD) conditioned at 330°C (0.5 m/s hydrogen, constant flow,
80—330°C, program rate 4°C/min, on-column injection). The composition of the extended Donike test mixture is shown in Table 1.
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3.2 Solubility of combwax

A general problem is the poor solubility of long
chain aliphatic lipid compounds in organic solvents.
Heterogeneous solutions can cause discriminations
during derivatization and finally in the analysis. The
use of akanes (e.g., hexane, isooctane) or halo-
genated solvents (e.g., chloroform, methylene chlo-
ride) in presence of silylation agents, was less
successful. Even after heating and/or ultrasonic
treatment insoluble constituents remained. The heat-
ing of the silylation mixture to 80°C, using pyridine
as solvent results in a clear solution. After cooling to
ambient temperature the appearance of a precipitate
was observed. Therefore, the final dilution prior to
analysis must be prepared with the hot silylation
mixture.

Crude combwax produced by the honeybees is of
different optical appearance. The usua colors varied
between white and dark brown. In particular brown
colored waxes contain more insoluble constituents of
unknown nature, which must be filtered from the hot
solution prior to HTGC analysis.

3.3 Sationary phase

Polysiloxane-coated capillary columns are suc-
cessfully used in the characterization of complex
natural lipid mixtures by GC. The selectivity of
different stationary phases were recently utilized for
the analysis of wax esters, e.g., Refs. [19,20], and
steryl esters [21-23]. The separation of compounds
within each carbon number group into species with
different chain lengths (e.g., 14:0-14:0 and 10:0—
18:0) or different degrees of unsaturation have been
established using polysiloxanes containing methyl,
phenyl and/or cyanopropyl side chains bonded to the
polymer backbone. The separation of analytes with
different chain length or number of double bonds is
just one of the objectives in the characterization of
natural waxes. An additional approach is the de-
tection of intact wax components with a molecular
mass up to approximately 1000 g/mol. For this
reason, the dimensions of the column will be a
compromise between the optimum in terms of res-
olution and the minimized exposure of the analytes
at high temperatures. With respect to these require-
ments, the use of 10 mx0.2 mm columns, coated

with a 0.10 pm film of stationary phase, is rec-
ommended. For lipid analysis by HTGC, we recently
described the use of poly(50% diphenyl/50%
1H,1H,2H,2H-perfluorodecylmethyl)siloxane.  This
stationary phase shows extraordinary low retention
temperatures for apolar lipids like triglycerides and
wax esters [11]. Unfortunately, owing to the com-
parably low selectivity to double bonds, no sepa-
ration of saturated and unsaturated wax esters was
observed. The SOP-50-PFD enabled the investiga-
tion of the homologues of diesters and hydroxy-
diesters at temperatures between 360 and 380°C.
Using this phase, under convenient chromatographic
conditions, approximately 90% of the volatile bees-
wax constituents could be characterized by HTGC
(Figs. 4-9).

34. Combwax analysis

The combwax of the individual honeybee species
was investigated with HTGC. In general a charac-
teristic elution pattern of each Apis species was
observed. This elution order is in good agreement
with earlier investigations [5,8]. Alkanes, akenes,
free fatty acids, monoesters, diesters and hydroxy-
monoesters are the predominant compound families.
Fatty alcohols and hydroxydiesters are minor con-
stituents. The concentration of the individual com-
ponents was derived from the uncorrected peak areas
(Table 2). According to the results of Tulloch only a
few of the characterized compounds exceed 5%
values [5]. These compounds are defined below as
major compounds. Some of the peaks are mixtures of
compounds with the same carbon number, e.g.,
saturated and monounsaturated wax esters were
eluted in the same peak. Therefore, in Table 2 only
the carbon numbers and not the systematic name of
the individual wax constituents were used.

34.1. Hydrocarbons

Stransky and Streibl reported three homologous
series of alkanes, in which the odd chain n-alkanes
with a chain length of C,,—C,; are the most domi-
nant compounds [7]. The degree of unsaturation
increases with the chain length of the hydrocarbons.
In this study a total content of about 11 to 28%
hydrocarbons in beeswax was established. The al-
kane C,, exceeds 5% in the waxes of A. mellifera,
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Table 2
Comparison of the compound composition of derivatized combwax of A. mellifera, A. cerana, A. florea, A. andreniformis, A. dorsata and
A. laboriosa by GC—FID analysis on a SOP-50-PFD column (the peak numbers correspond to Figs. 4-9)

Structure Peak A A A A A A
mellifera cerana florea andreniformis dorsata laboriosa

Alkane C,, 1 0.4 11 0.4 0.3

n.i. (carbohydrate ?) 2 0.3 0.4 0.5 0.3 0.5

Alkane C, 3 15 0.9 15 7.0 43 38

n.i. (carbohydrate ?) 4 04 0.3 0.3

n.i. (carbohydrate ?) 5 0.4 0.6

n.i. (carbohydrate ?) 6 0.3 0.3 0.3

n.i. (carbohydrate ?) 7 0.3

Alkene C,, 8 0.6 0.5

n.i. 9 0.6

Alkane C,, 10 6.2 8.2 6.3 4.9 36 36

n.i. 11 0.8 0.9 0.6

n.i. 12 0.4

Fatty acid C,, ? 13 11 0.8 0.8

n.i. 14 0.4 0.3 0.3

n.i. 15 05 0.4

Alkene C,, 16 0.6 10 1.0

Alkane C,q 17 26 23 3.0 2.8 12 17

n.i. 18 0.3

Fatty acid C,, 19 0.7 03 0.4

n.i. 20 0.4

Alkene C,, 21 0.8 23 0.3

Alkane C,, 22 15 12 18 09 10

n.i. 23 0.3

Fatty acid C,, 24 6.0 14 0.7

Alkene C,, 25 21 0.4 30 0.6 19

Alkane C,, 26 0.3 05 0.5 0.4 0.4

Fatty acid C,¢ 27 21 0.5

Diene C,, 28 0.4

Alkene C, 29 5.4 0.6 1.0 17

Alkane C 30 0.3 04

Fatty acid C,g 31 26 12 0.4 05

Fatty alcohol C,, 32 0.3 18 0.4

Diene C,, 33 0.9

Alkene C,, 34 10 14 0.8

Fatty acid C,, 35 21 19 0.4 0.4

Fatty alcohol C,g 36 0.3

Diene C,, 37 11

Alkene C,q 38 13 0.6

Fatty acid C,, 39 16 0.2 0.3 0.6

Diene C,, 40 1.0

Alkene C,, 41 0.7

Monoester C,, 42 0.5 0.7

Fatty acid C,, 43 15 03 14 18

Monoester C,, 44 6.6 0.7 15 13 26.8 24.9

n.i. 45 0.3

Fatty acid C,¢ 46 0.3 0.4 0.7 0.8

Monoester C,, 47 4.6 0.9 34 15 4.7 45

Hydroxymonoester C,,, 48 0.4 33 23

Hydroxymonoester C,, 49 0.9 0.4 9.6 8.4

Monoester C,, 50 57 4.8 9.7 7.7 0.7 1.0

Hydroxymonoester C,, 51 4.0 45
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Table 2. (Continued)

Structure Peak A A A A A A
mellifera cerana florea andreniformis dorsata laboriosa
Hydroxymonoester C,, 52 08 04 04 0.8 25 26
Monoester C,, 53 119 23.7 17.0 10.7 0.9 16
Hydroxymonoester C,, 54 28 13 13
Hydroxymonoester C,, 55 18 3.3 43 0.5 0.6
Monoester C,, 56 9.0 22 7.3 4.7 17 2.7
Hydroxymonoester C,, 57 0.9 9.2 0.4 0.4
Hydroxymonoester C,, 58 23 29 4.7 0.3 0.4
n.i. 59 0.5 0.4 0.6
Monoester C, 60 2.6 0.6 18 13 12 16
Hydroxymonoester C,, 61 0.6 44 0.3 05
Hydroxymonoester C,, 62 1.6 15 19 0.5 0.9
Monoester C,, 63 0.4 0.5 0.4 0.3 0.4 05
Hydroxymonoester C, 64 0.5 0.8 0.3 0.7
Hydroxymonoester C, 65 0.3 0.8 0.7 0.3 0.5
Hydroxymonoester C, 66 03 0.3 05
Diester C, 67 1.0 0.6
Diester C,, 68 12 0.7 0.7 5.6 41
Diester C,, 69 1.0 0.9
Diester Cg 70 12 0.6 1.0 1.0 24 20
Hydroxydiester C,, 71 0.7 0.4 1.0 0.7
Diester C, 72 0.8 0.6 0.5 0.3
Diester C, 73 14 23 52 4.2 1.0 0.9
Hydroxydiester C,, 74 0.6 04 04
Diester Cy, 75 11 11 0.9
Diester Cy, 76 20 53 4.2 34 0.4
Hydroxydiester C,, 77 1.0 11 16
Diester Cs, 78 0.7 0.7
Diester Cs, 79 12 16 17 16
Hydroxydiester C 80 10 0.6 0.9
Diester Cg, 81 04 0.6 0.3 0.5
Hydroxydiester C.q 82 0.3 0.6 0.4
Total 93.2 914 91.8 93.4 92.0 92.9

n.i.=Not identified.

A. cerana and A. florea. In the wax of A. andrenifor-
mis the most dominant akane is pentacosane
(CysHs,, 7%).

Furthermore, Stransky and Streibl identified six
homologous series of monounsaturated alkenes in the
combwax of A. mellifera [7]. The most common
homologues were identified as odd chain akenes
(C,,—C,4) with a cis double bond at position C,,.
Upon the results of this study the situation of the
unsaturated hydrocarbons seems to be more com-
plex. Some of the alkene peaks are broadened (e.g.,
peak 29 in Fig. 5) due to the insufficient selectivity
of the SOP-50-PFD for the separation of the posi-
tional isomers and the cis/trans isomers, respective-
ly. Therefore, the exact alkene composition in all

investigated combwaxes remains open. Heptatriacon-
tene (C,,H-,) was found to be a major compound in
the comb wax of A. cerana (5.4%). The combwax of
A. dorsata can be distinguished from the wax of A.
laboriosa by a comparable low content of akenes
(0.6% in A. dorsata versus 5.3% in A. laboriosa).
An exception is the wax of A. andreniformis. An
increase of the chain length of both, the alkanes (up
to C,) and akenes (up to C,y) was observed.
Additionally, both homologous series were accom-
panied by a set of various dienes (C,,—C,,). Due to
the broadened peaks (e.g., see peak 39 in Fig. 7) it
can be assumed that the composition of the dienesis
also complex. The presence of dienes in beeswax
was reported elsewhere but without exact determi-
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Fig. 4. GC—FID profile of TBDMS/TMS-derivatized crude combwax of Apis mellifera on a 10 mx0.2 mm glass capillary column coated

with a 0.10 pm film of SOP-50-PFD (0.5 m/s hydrogen, constant flow, 70—380°C, program rate 6°C/min, on-column injection). For peak
assignment and uncorrected peak areas, see Table 2.
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Fig. 5. GC-FID profile of TBDMS/TMS-derivatized crude combwax of Apis cerana on a 10 mx0.2 mm glass capillary column coated

with a 0.10 wm film of SOP-50-PFD (0.5 m/s hydrogen, constant flow, 70—-380°C, program rate 6°C/min, on-column injection). For peak
assignment and uncorrected peak areas, see Table 2.



R. Aichholz, E. Lorbeer / J. Chromatogr. A 855 (1999) 601-615

611

| Apis florea .
50
E 56
3 10
55 7
{ 76
5Ja
17 2 77
R N T 4 60?/62 2 ||
6 | |2 31 ls2]| 64165 70 »
2 NI Jsf 1S | ) 44 | ﬁesr L ! Mﬂ 82
L .f‘l )U\" | J 35 " ‘ ‘ U ,U L 66 LU th bt —
oo M W I Awr\,}\w;{ LU UG W M= e
59
10 15 20 25 30 35 " 45 5 o

min

Fig. 6. GC—FID profile of TBDMS/TM S-derivatized crude combwax of Apis florea on a 10 mx0.2 mm glass capillary column coated with

a 0.10 pm film of SOP-50-PFD (0.5 m/s hydrogen, constant flow, 70-380°C, program rate 6°C/min, on-column injection). For peak
assignment and uncorrected peak areas Table 2.
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Fig. 7. GC—FID profile of TBDMS/TMS-derivatized crude combwax of Apis andreniformis on a 10 mx0.2 mm glass capillary column

coated with a 0.10 pm film of SOP-50-PFD (0.5 m/s hydrogen, constant flow, 70—-380°C, program rate 6°C/min, on-column injection). For
peak assignment and uncorrected peak areas, see Table 2.
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Fig. 8. GC—FID profile of TBDMS/TMS-derivatized crude combwax of Apis laboriosa on a 10 mx0.2 mm glass capillary column coated
with @ 0.10 pm film of SOP-50-PFD (0.5 m/s hydrogen, constant flow, 70—-380°C, program rate 6°C/min, on-column injection). For peak

assignment and uncorrected peak areas, see Table 2.
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Fig. 9. GC-FID profile of TBDMS/TMS-derivatized crude combwax of Apis dorsata on a 10 mx0.2 mm glass capillary column coated
with a2 0.10 pm film of SOP-50-PFD (0.5 m/s hydrogen, constant flow, 70—380°C, program rate 6°C/min, on-column injection). For peak

assignment and uncorrected peak aress, see Table 2.
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nation of position and geometry of the double bonds
[24].

34.2. Free fatty acids

Beeswax contains a homologous series of satu-
rated, unbranched free fatty acids with an even
carbon number. In this investigation the free fatty
acids from C,, to C,, were identified as the respec-
tive TBDMS derivatives with a total amount of 1%
(A. florea) to 18% (A. mellifera). The remarkably
high content of fatty acids in combwax of A.
mellifera (18%) is reported elsewhere [5]. The most
abundant acid of the investigated wax sample of A.
mellifera is tetracosanoic acid (5.8%). This finding is
in agreement with other investigations [5,9].

34.3. Monoesters

The monoesters (see Fig. 1) are important com-
pounds of the beeswax lipids. According to Tulloch,
they comprise two types of structures: saturated wax
esters, which are predominantly alkylpamitates
(C44—C,), and unsaturated esters which are long
chain akyl esters of oleic acid (C,s—C.,). As
reported recently the separation of saturated and
unsaturated wax esters with the same carbon number
cannot be achieved on capillary columns coated with
the stationary phase SOP-50-PFD [10]. The differen-
tiation of the respective compounds was performed
by HTGC-CI-MS using methane or ammonia as
reagent gas [15].

The total content of the monoesters comprises
between 26.9% (A. andreniformis) and 40.8% (A.
mellifera) of the detected peak area. Maor com-
pounds are the monoesters C,; in A. mellifera
(11.9%), A. cerana (23.7%), A. florea (17.0%), A.
andreniformis (10.7%) and C,, in A. dorsata
(26.8%) and A. laboriosa (24.9%).

34.4. Hydroxymonoesters

Tulloch characterized hydroxymonoesters in bees-
wax [25]. There are two types of hydroxyesters
present: long chain acohols, esterified by a hydroxy
acid, mainly 15-hydroxypamitic acid, or esterifica-
tion of the primary hydroxy group of a diol, mainly
with pamitic acid (see Fig. 1). This compound
family was successfully determined by HTGC as
TMS ether with a chain length in between C,, and
C.,. Two isomers of hydroxymonoesters of each
carbon number were identified with HTGC (e.g.,

peaks 50 and 51). Both structural isomers could be
separated on the SOP-50-PFD phase.

The content of the hydroxymonoesters was be-
tween 9% (A. mellifera, A. florea) and 23% (A.
dorsata, A. laboriosa). Two hydroxymonoesters are
the major compounds: C,, in A. dorsata (9.6%) and
A. laboriosa (8.4%) and C,5 in A. cerana (9.2%).

34.5. Diesters

In beeswax two groups of diesters with a chain
length between C,, to C,, are present. One group
consists of diol diesters, the second group are
acylated hydroxyesters (see Fig. 1) [25]. In spite of
their high molecular mass, the determination of the
homologous series by HTGC is till possible. The
total content of diesters in beeswax is in the range
7% (A. mellifera) to 16% (A. florea), whereby the
diesters C,, (A. dorsata, 5.6%), C. (A. florea,
5.2%), and C,, (A. cerana, 5.3%) are major com-
pounds. Similar to the hydroxyesters, two types of
diesters within nearly al carbon numbers could be
distinguished.

34.6. Hydroxydiesters

Hydroxydiesters were never reported before and
are found in this study in a range between <0.3% (A.
mellifera) and 3.9% (A. andreniformis). This type of
complex esters was analyzed as TMS ether deriva
tives and they have a chain length between C., and
C.g. Presumably this class of compounds also con-
sists of two types of structures. Both types of
hydroxymonoesters, hydroxypalmitic acid esters and
pamitic acid diolesters, are acylated by hydroxy-
pamitic acid (see Fig. 10). This homologous series
appears on the chromatogram in the same region as
the diester series.

34.7. Fatty alcohols

Free fatty alcohols are minor compounds [26].
Two homologous compounds were identified in the
wax of A. mellifera: C,; (0.3%) and C,5 (0.3%).
Moreover in A. cerana (1.8) and A. florea (0.4%)
the C,, alcohol was identified.

3.5. Taxonomical considerations
The detailed investigation of the combwax of the

species A. mellifera, A. florea, A. andreniformis, A.
dorsata, A. laboriosa and A. cerana show remark-
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Palmitic acid diolesters acylated by hydroxypalmitic acid

Fig. 10. Proposed structures of the hydroxydiesters.

able differences in the composition. The content of
the individual compound classes is, apart of some
exceptions, not very expressive (see Table 3). A
doubtless more typical feature of the individual
honeybee species is the characteristic elution pattern
of the individual homologous series (Figs. 4-9).
Thirty-four wax samples of A. mellifera, five of A.
cerana and three of A. dorsata were analyzed with
HTGC and a nearly identical elution pattern of each
species was observed. Brand-Garnys and Sprenger

reported similar results in an investigation of waxes
of different races of the species A. mellifera [8]. The
authors observed that races of honeybees can only be
distinguished after careful calculation of the peak
area ratio of selected compounds. Referring to these
results and the results of our study, we suppose that
the combwax of A. koschevnikovi, A. nuluensis and
A. nigrocincta show also a specific chromatographic
elution pattern. In order to complete the investigation
and confirm the above mentioned statements the

Table 3

Content of the individual principle compound families of combwax of A. mellifera, A. cerana, A. florea, A. andreniformis, A. dorsata and
A. laboriosa

Compound family A. mellifera A. cerana A. florea A. andreniformis A. dorsata A. laboriosa
Alkanes total 12.8 114 125 185 10.8 10.8
Alkenes total 29 7.4 75 59 0.6 53

Diene total - - - 34 - -
Hydrocarbons total 15.7 18.8 20.0 27.8 11.4 16.1

Fatty acids total 18.0 3.6 0.8 2.6 49 43

Fatty alcohols total 0.6 18 04 - - -
Monoesters total 40.8 334 41.1 275 36.9 375
Hydroxymonoesters total 9.2 18.1 9.1 13.6 233 23.6
Diesters total 74 12.2 15.7 129 119 8.8
Hydroxydiesters total - 3.0 2.3 39 14 11

Esters total 57.4 66.7 68.2 57.9 735 71.0

Total 91.7 90.9 89.4 88.3 89.8 91.4
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HTGC analyses of the combwax of these species
must still be carried out. An exception is the
differentiation of the species A. dorsata and A.
laboriosa, since both waxes show nearly identical
elution patterns. Only the low content of alkenes
(<2%) in the combwax of A. dorsata can be taken
into consideration for the differentiation from A.
laboriosa (see also Table 3). Therefore a clear
delimitation of the taxonomic rank of A. dorsata and
A. laboriosa on the basis of HTGC analyses is
difficult and should be corroborated by the anaysis
of additional wax samples.

4. Conclusions

This work demonstrates the feasibility of the
investigation on crude beeswax by HTGC. The
combwax of six honeybee species (Apis spp.) was
examined using tailor-made glass capillary columns.
Combwax consists of a complex mixture of neutral
lipids and the characterization of the intact com-
pounds needs a careful optimized analytical method.
The two-step derivatization procedure applied en-
ables the simultaneous detection of complex wax
esters like diesters, hydroxyester and hydroxy-
diesters, beside alkanes, alkenes, fatty acids and
monoesters, even at elevated temperatures. With the
aid of HTGC nearly 90% of the volatile constituents
could be characterized and the uncorrected peak
areas of more than 80 compounds were registered.
The combwax of A. andreniformis was analyzed for
the first time. In this combwax dienes were identified
as one of the principal compound series.

Referring to the results of this study, the use of
HTGC allows the unequivocal and rapid differentia-
tion of individual honeybee species by means of their
typical peak pattern of the combwax they produce.
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