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d Instituto de Quı́mica, Pontificia Universidad Católica de Valparaı́so, Av. Brasil 2950, Valparaı́so, Chile

Received 9 August 2006; accepted 1 February 2007

Abstract

The chemistry of the exocrine glands of three species of the small and little-known ant subfamily Cerapachyinae has been
examined for the first time. The mandibular glands of Cerapachys jacobsoni contained acetophenone and skatole, but some indi-
viduals contained, in addition, 4-methyl-3-heptanone and 3-octanol. The mandibular glands of the new species, presently known
as Cerapachys sp. 15 of FI contained 4-methyl-3-heptanone, as the major substance but also 4-methyl-3-heptanol, methyl
6-ethylsalicylate, and traces of 4,5-dimethyl-4-hexen-3-one and homomanicone. The Dufour glands of C. jacobsoni contained
a mixture of higher aldehydes, acetates and other esters, with a small amount of hydrocarbons, all in the range C11eC20. The
Dufour glands of Cylindromyrmex whymperi contained a mixture of long-chain epoxides, the second ant species to display
them. The sternal glands of C. whymperi contain a recruitment pheromone, but only partial identification of the contents was
possible. The venom glands of all three species were devoid of volatile material. The Dufour glands of Cerapachys sp. 15 of FI
and the mandibular glands of C. whymperi had no detectable volatile contents.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The Cerapachyinae are a small subfamily of ants, raised from the status of a tribe by Bolton (1995), by separation
from the Ponerinae. The taxonomic situation of cerapachyine ants has been discussed recently by Ravary and Jaisson
(2002). They also have some similarities to the army ants. The phasic brood reproduction system of the thelytokous
Cerapachys biroi has been studied by Ravary and Jaisson (2002, 2004) and Ravary et al. (2006). Cerapachyinae con-
sists of only two tribes, the Cerapachyini, containing three genera: Cerapachys, Simopone and Sphinctomyrmex, and
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the tribe Cylindromyrmecini containing just the one genus Cylindromyrmex. Since very little is known about these two
tribes, either chemically or behaviorally, we have sought to learn a little of their exocrine chemistry as a basis for
behavioral work. We have already published a review paper summarizing our knowledge of the mandibular gland
contents of 33 species of ponerines (Morgan et al., 1999), and another considering the abdominal glands (chiefly
the Dufour glands) of 26 species of ponerines, including at least one species from each of the common tribes, and
summarizing results on 19 examples of venom glands and four examples of pygidial glands (Morgan et al., 2003).
Out of all this work, similarities were observed, for example, the frequent occurrence of alkylpyrazines in the man-
dibular glands, and groups of diterpenes in the Dufour glands, but nothing that was characteristic of subfamily or tribe.

Cerapachys ants, found in the New World tropics, and tropical Asia and Australia, form relatively small colonies
which prey on other arthropods. Most Cerapachys ants are specialists of other ants. They attack ant nests (usually by
a group raid) and bring larvae and pupae to their own nests. The species so far studied show group recruitment to ant
nests, which means that most of them may have glands for trail pheromones. In the group-raiding Cerapachys turneri
the trail pheromone comes from the poison gland, but appears to be reinforced by recruitment signals from the pygid-
ial gland (Hölldobler, 1982). We describe here our examination of the exocrine secretions of the comparatively
unknown cerapachyine ants. We have analysed the glands of two species of Cerapachys, to represent the tribe Cerapa-
chyiini and one species of Cylindromyrmex to represent the Cylindromyrmecini. So little is known of the behaviour of
cerapachyines that no conclusions can be drawn about the function of the substances in these glands, but they are not so
different from those found in the Ponerinae, that we can expect to see similar kinds of behaviour stimulated by them.

2. Methods and materials

A colony of Cylindromyrmex whymperi (Cameron 1891) was collected on the forest floor at Rincon de la Vieja NP,
Acguanacaste, Costa Rica. Cerapachys jacobsoni Forel 1912 was collected at Gunung Halimun (Mount Halimun) in
West Java, Indonesia. A colony of Cerapachys sp. 15 (species code of F. Ito, hereafter sp. 15 of FI) was collected in
Ulu Gombak, West Malaysia, in Dec 2004. Voucher specimens are deposited in Bogor Zoological Museum and
University of Malaya.

Foraging workers were collected for dissection and analysis (Table 1). Dufour glands and poison glands were
dissected separately, and the dissected glands immediately sealed in thin-walled glass capillaries according to the
solid-sampling technique (Morgan and Wadhams, 1972; Morgan, 1990). In the case of the species presently known
as Cerapachys sp. 15 of FI, five Dufour glands were dissected and sealed separately in capillaries, but otherwise whole
gasters were used.

Gas chromatographyemass spectrometry was carried out on two instruments. The work on C. jacobsoni and
C. whymperi was performed on a Hewlett Packard 5890 Gas Chromatograph and 5970 Mass Selective Detector
Table 1

Composition of the secretion of Dufour glands of workers of Cerapachys jacobsoni (N¼ 10)

Component Compound Method of identification Mean proportion (%� SD)

1 Undecane RT, MS 5.55� 2.41

2 Tridecane RT, MS 5.02� 1.49

3 Pentadecane RT, MS 0.61� 0.18

4 Dodecyl acetate RT, MS 5.13� 2.69

5 Tetradecanal MS 15.41� 4.32

6 Heptadecene MS 0.86� 0.39

7 Tetradecanol RT, MS 4.02� 2.14

8 Tetradecyl acetate RT, MS 47.57� 9.21

9 Hexadecanal MS 0.84� 0.49

10 Hexadecanol RT, MS 3.46� 1.63

11 Dodecyl octanoate MS 3.00� 1.23

12 Octadecanal MS 1.75� 0.73

13 Tetradecyl octanoate MS 4.08� 2.05

14 Eicosanal MS 2.71� 1.34

Mean total amount (mg) 9.34� 6.24

Compounds are listed in their order of elution in chromatography.
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quadrupole mass spectrometer with 70 eV ionization. Chromatography was carried out on a fused silica capillary col-
umn (either 12 m� 0.32 mm with a 0.3 mm coating of polydimethylsiloxane; or a 30 m� 0.25 mm column with
a 0.25 mm film of the same phase, SGE, Milton Keynes, UK). Samples were heated in the injector to 150 �C before
crushing in a Keele solid-sample injector (Morgan, 1990). Initially, for each ant body part, the oven was programmed
from 30 �C to 150 �C at 8 �C and then held isothermally. For Cerapachys sp. 15 of FI, analysis was carried out using an
Agilent 6890N Gas Chromatograph coupled to a 5973N Mass Selective Detector (a quadrupole mass spectrometer
using 70 eVelectron impact ionization). The system was controlled by a Hewlett Packard computer with MSD Chem-
Station. The chromatography was carried out on a non-polar column (Hewlett Packard HP-5, 30 m� 0.25 mm with
a 0.25 mm film thickness of methylsilicone). The samples in the sealed glass capillaries were introduced in the same
way. In both cases after the initial investigation of the kind of compounds present, the programme was then modified
appropriately to the retention times of the substances found. The carrier gas was helium at l ml min�l throughout.

Mass spectral identifications were confirmed wherever possible by comparison of retention times and mass spectra
with those of synthetic standards. Where pure standards were not available, identification was based on comparison
with spectra in our own collection and in the computer library (NIST/EPA/NIH Mass spectral Library, 2002).

For stereoselective gas chromatography a modified cyclodextrin was used as stationary phase. Separations were
carried out by using a fused silica capillary column (25 m� 0.25 mm) coated with Hydrodex b-6-TBDM (Macherey
& Nagel, Düren, Germany) with a temperature of 6 �C for 3 min then programmed at 2 �C min�1 to 190 �C. A hexane
extract of six heads of workers of Cerapachys sp. 15 was used for the chiral analysis of 4-methyl-3-heptanone and
4-methyl-3-heptanol.

Pure enantiomers of 4-methyl-3-heptanone were synthesized according to the method of Enders (1984). The
SAMP-hydrazone of 3-pentanone was lithiated by lithium diisopropylamide and subsequently alkylated with propyl
iodide to give the (S) enantiomer with an optical purity of 97%.

3. Results

3.1. C. jacobsoni

The mandibular glands of C. jacobsoni were of two kinds, either in some workers containing 4-methyl-3-hepta-
none, 3-octanol, acetophenone and skatole (3-methylindole) in approximately equal quantities, in others there was
only acetophenone and skatole. There were not enough samples to say which was more characteristic of these workers,
nor was there evidence of two worker castes. Of the abdominal glands, only the Dufour gland contained volatiles,
which consisted of a rich mixture of C11eC20 alkanes, alcohols, aldehydes and esters. The chief components were
tetradecyl acetate and tetradecanal (Table 1). Neither the venom gland nor the pygidial gland revealed any compounds
sufficiently volatile to be detected by gas chromatography.

3.2. Cerapachys sp. 15 of FI

The mandibular gland contained a curious mixture of acetate- and propionate-derived (Morgan, 2004) volatile
compounds. The major component of the secretion was 4-methyl-3-heptanone (Table 2), a very familiar substance
in ant mandibular glands (Blum, 1981; Morgan et al., 2003). As here, 4-methyl-3-heptanol often accompanies the
Table 2

Percentage composition of the mandibular gland secretion of Cerapachys sp. 15 of FI, with standard deviations (N¼ 10)

Compound name % �SD

4-Methyl-3-heptanone 50.57 9.70

4-Methyl-3-heptanol 19.10 6.32

4,5-Dimethyl-4-hexen-3-one 0.81 0.49

Homomanicone 0.99 0.52

Methyl 6-ethylsalicylate 29.37 8.97

aMean total amount per ant (ng� SD) 309� 262

a Total amount is approximate since 4-methyl-3-heptanol was used for calibration and the result does not allow for different mass spectral

response of the different compounds present.
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ketone. There were very small amounts of 4,5-dimethyl-4-hexen-3-one, and homomanicone (4,6-dimethyl-4-nonen-
3-one), and much larger amounts of methyl 6-ethylsalicylate (methyl 2-ethyl-6-hydroxybenzoate). This compound
had already been synthesized in the laboratory during the study of the trail pheromone of Tetramorium impurum,
methyl 6-methylsalicylate, but shown there to be inactive (Morgan et al., 1990). Both enantiomers of 4-methyl-3-
heptanone were present, in the ratio of 4R:4S of 1:4. Complete separation of the isomers of 4-methyl-3-heptanol could
not be achieved. There was no (3R,4R)-4-methyl-3-heptanol, and very small amounts of the (3S,4S)-isomer. The two
erythro enantiomers (3S,4R)- and (3R,4S)-4-methyl-3-heptanol constituted 95% of the total.

No volatile substances were found in the Dufour glands nor in the entire abdomens.

3.3. C. whymperi

The Dufour glands were interesting in that this was the second ant species to contain a long-chain epoxide. The
compound, 9,10-epoxynonadecane, was identical to that found in the ponerine ant, Amblyopone reclinata (Morgan
et al., 2003). In that case the identification was confirmed by accurate mass determination on the two characteristic
fragments at m/z 155 and 169, the molecular ion at m/z 282, and the fragmentation pattern of the nonadecane-9,10-diol
obtained by opening of the epoxide. The chief component in the Dufour glands was eicosenal, tentatively identified as
(Z)-11-eicosenal by comparison of its retention time with a synthetic sample. The composition of the secretion is given
in Table 3. The sternal glands were also examined for C. whymperi because it had already been established that the
sternal glands provided the recruitment pheromone for the species (Gobin et al., 2001). There were seven components,
the 2nd to 7th all appear to belong to the same group, with strong ions at m/z 82 and molecular masses between 196 and
210, but their structures have not been solved. The percentage composition and information about the mass spectra are
given in Table 4. Sadly, no more material could be obtained to continue this study.
4. Discussion

4.1. C. jacobsoni

4-Methyl-3-heptanone is a commonly encountered substance in ant mandibular glands among myrmicines and formi-
cines (Blum, 1981), and was found in three species of ponerine ants, Harpegnathos saltator, Odontoponera transversa and
Pachycondyla villosa (Morgan et al., 1999). Acetophenone was shown to have a strong deterrent effect against Drosophila
melanogaster in a simple bioassay (Dettner et al., 1992). Tetradecyl acetate was isolated from the Dufour glands of
Formica rufibarbis (Bagnères et al., 1991) and is frequently found among other esters in Dufour glands of ants (Blum,
1981), and in the stingless bee Nannotrigona testaceicornis (Cruz López et al., 2001), but was not encountered among
the ponerine ants so far examined (Morgan et al., 2003). Hölldobler (1982) reported the trail pheromonewas a combination
of the poison gland and pygidial glands secretions, but we found no volatile compounds in either of these glands.

4.2. Cerapachys sp. 15 of FI

This Malaysian species forms small nests of up to 150e180 individuals. Its behaviour is under study by F. Ito. The
mandibular glands contained a mixture of volatile compounds. The familiar ketone 4-methyl-3-heptanone and its cor-
responding alcohol have been found in the mandibular glands of many ant species. Chiral analysis showed both
Table 3

Composition of the Dufour glands secretion of workers of Cylindromyrmex whymperi

Component Compound Method of identification Mean proportion (%� SD)

1 8-Heptadecene MS, RT 0.76� 0.38

2 9-Nonadecene MS, RT 7.94� 3.02

3 9,10-Epoxynonadecane MS 12.91� 2.45

4 Nonadecenal MS 10.12� 3.43

5 Eicosenal MS, RT 71.06� 5.72

Mean total amount (ng) 800� 500



Table 4

Composition of the secretion of the sternal glands of workers of Cylindromyrmex whymperi, in order of elution

Component Partial identification Mass spectral information Composition (%)

1 Probably C11H22O Mþ 170, m/z 96 (65%), 81 (30), 69 (55), 55 (40), 41 (100%) 2.9

2 Probably C13H24O Mþ 196, m/z 139 (8%), 135 (7), 121 (10), 107 (15),

85 (65), 82 (60), 71 (30), 57 (100), 43 (80)

1.4

3 Probably C13H24O Mþ 196, m/z 139 (5%), 135 (5), 121 (10), 107 (15),

85 (73), 82 (48), 71 (30), 57 (100), 43 (92)

73.9

4 Probably C13H24O Mþ 196, m/z 139 (26%), 135 (7), 123 (30), 109 (40),

85 (17), 82 (22), 71 (35), 57 (40), 43 (100)

7.0

5 Probably C14H26O Mþ ?, m/z 137 (2%), 135 (2), 121 (5), 107 (10),

83 (100), 82 (25), 71 (10), 57 (10), 43 (35)

0.7

6 Probably C14H26O Mþ ?, m/z 139 (15%), 135 (5), 121 (13), 109 (63),

85 (17), 82 (21), 71 (48), 57 (44), 43 (100)

1.1

7 Probably C14H26O Mþ 196, m/z 139 (2%), 135 (3), 121 (5), 107 (10),

85 (10), 82 (46), 71 (60), 57 (18), 43 (100)

12.9

aMean total amount 750 ng

a Amount is approximate since hexadecane was used as quantification standard.
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enantiomers were present but in unequal amount. In the mandibular glands of males and females of the ant Atta
sexdens rubropilosa we found only (S)-4-methyl-3-heptanone (do Nascimento et al., 1997). The alcohol 4-methyl-
3-heptanol contained chiefly the two erythro enantiomers, which is a situation different from that in male mandibular
glands of A. sexdens rubropilosa (do Nascimento et al., 1997) where an equal mixture of the diastereomers (3R,4S)-
and (3S,4S)-4-methyl-3-heptanol is found. In the venom gland of the ponerine ant Leptogenys diminuta, (3R,4S)-
4-methyl-3-heptanol alone provides the trail pheromone (Attygalle et al., 1988).

Normanicone was first identified in the mandibular glands of the myrmicine ant Manica rubida (Bestmann et al.,
1988). We have found the compound also in the glands of the North American myrmicine Pogonomyrmex salinus (do
Nascimento et al., 1993), where it accompanies 4-methyl-3-heptanone, a compound present in many other species of
Pogonomyrmex (McGurk et al., 1966). Methyl 6-methylsalicylate has been found in the mandibular glands of a num-
ber of ants (Blum, 1981), in the mandibular glands of the ponerine Gnamptogenys pleurodon (Duffield and Blum,
1975), in the pygidial gland of Gnamptogenys menadensis (Morgan et al., 1990), and also as a trail pheromone in
the venom of T. impurum (Morgan et al., 1990). Methyl 5-methylsalicylate was identified along with methyl 6-
methylsalicylate in the mandibular glands of another ponerine, Pachycondyla (Bothroponera) soror (Longhurst
et al., 1980). Methyl 6-ethylsalicylate was identified in the defensive secretion of some New Zealand tenebrionid
beetles (Gnanasunderam et al., 1984), but the ethyl-substituted compound has not been identified in ants before.
4.3. C. whymperi

Little is known about Cylindromyrmex ants. These rare ants nest in cavities in decaying wood or live stems (de
Andrade, 1998). C. whymperi is found in Central and western South America and the Galapagos Islands. The discov-
ery of the epoxide 9,10-epoxynonadecane among ponerines and cerapachyines is a link between these subfamilies, but
little more than that since the Dufour gland secretions of ponerine ants can be so variable with species (Morgan et al.,
2003). Eicosenal as a major component in C. whymperi is a new compound in ants. The related (Z)-11-eicosenol is
characteristic of the venom apparatus of Apis honeybees (Pickett et al., 1982; Schmidt et al., 1997) and has been found
in the Dufour gland of a stingless bee (Patricio et al., 2003). The substances found in the pygidial glands will require
further work to solve their chemical structures.
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Gobin, B., Rüppel, O., Hartmann, A., Jungnickel, H., Morgan, E.D., Billen, J., 2001. A new type of exocrine gland and its function in mass

recruitment in the ant Cylindromyrmex whymperi (Formicidae, Cerapachyinae). Naturwissenschaften 88, 395e399.

Hölldobler, B., 1982. Communication, raiding behavior and prey storage in Cerapachys (Hymenoptera: Formicidae). Psyche 89, 3e23.

Longhurst, C., Baker, R., Howse, P.E., 1980. A multicomponent mandibular gland secretion in the ponerine ant Bothroponera soror (Emery).

J. Insect Physiol. 26, 551e555.

McGurk, D.J., Frost, J., Eisenbraun, E.J., Vick, K., Drew, W.A., Young, J., 1966. Volatile compounds in ants: identification of 4-methyl-

3-heptanone from Pogonomyrmex ants. J. Insect Physiol. 12, 1435e1441.

Morgan, E.D., 1990. Preparation of small scale samples from insects for chromatography. Anal. Chim. Acta 236, 227e235.

Morgan, E.D., 2004. Biosynthesis in Insects. Royal Society of Chemistry, Cambridge, pp. 57e68.

Morgan, E.D., Wadhams, L.J., 1972. Gas chromatography of volatile compounds in small samples of biological materials. J. Chromatogr. Sci.

10, 528e529.

Morgan, E.D., Jackson, B.D., Ollett, D.G., Sales, G.W., 1990. Trail pheromone of the ant Tetramorium impurum and model compounds: struc-

tureeactivity comparisons. J. Chem. Ecol. 16, 3493e3510.

Morgan, E.D., do Nascimento, R.R., Keegans, S.J., Billen, J., 1999. Comparative study of mandibular gland secretions of workers of ponerine

ants. J. Chem. Ecol. 25, 1395e1409.

Morgan, E.D., Jungnickel, H., Keegans, S.J., do Nascimento, R.R., Billen, J., Gobin, B., Ito, F., 2003. Comparative survey of abdominal gland

secretion of the ant subfamily Ponerinae. J. Chem. Ecol. 29, 95e114.

do Nascimento, R.R., Jackson, B.D., Morgan, E.D., Clarke, W.H., Blom, P.E., 1993. Chemical secretions of two sympatric harvester ants,

Pogonomyrmex salinus and Messor lobognathus. J. Chem. Ecol. 19, 1993e2005.

do Nascimento, R.R., Morgan, E.D., König, W.A., Della Lucia, T.M.C., 1997. Absolute configuration of 4-methyl-3-heptanone and 4-methyl-3-

heptanol from mandibular glands of virgin males and females of Atta sexdens rubropilosa. J. Chem. Ecol. 23, 1569e1575.

NIST/EPA/NIH Mass spectral library, 2002. National Institute of Standards and Technology, USA, Version 2.0.
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