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Electroantennogram (EAG) studies of the formicine genera Lasius and Formica (Hy-
menoptera, Formicidae) were carried out with 3,4-dihydroisocoumarins, recently identified
as trail pheromones within this ant subfamily. The here investigated formicine species Lasius
niger, Formica rufa, F. fusca and F. sanguinea were all responsive towards stimuli of synthetic
3,4-dihydroisocoumarins. Synthesized samples of natural 3,4-dihydroisocoumarins, found in
the hindgut of these species evoke the highest electrophysiological responses while structure
analogues were less efficient. Number and position of the methyl groups of test substances
were important factors for structure activity in EAG. E fusca and L. niger showed a stereo-
isomeric differentiation in EAG responses between (R)- and (S)-isomers of 8-hydroxy-3,5,7-
trimethyldihydroisocoumarin, a component in the hindgut of both species. Higher electro-
physiological activity for (R)-8-hydroxy-3,5,7-trimethyl-3.4-dihydroisocoumarin in compari-
son to the (S)-isomer agrees with better behavior responses of previous trail following tests
in the case of Lasius niger.

Introduction though these ants are very common in Europe and
occur in different habitats. Recently we could
identify 3,4-dihydroisocoumarins as a new class of
trail pheromones of formicine workers in the
rectal bladders of Lasius and Formica species
(Bestmann et al., 1992).

The purpose of the study presented here was to

investigate by means of electroantennogram re-

In formicine ants such as Lasius and Formica
species the workers lay chemical trails with
glandular secretion from a food site back to the
nest so that other nestmates can follow by odour
orientation. The anatomical source of trail phero-
mones of formicine ants is the rectal sac which is
a part of the hindgut in the abdomen (Blum and

Wilson, 1964). In biotests an artificial trail of for-
micine rectal bladder secretion is able to elicit trail
following behavior in worker ants of the same
species (Hangartner, 1967).

The chemical structures of trail pheromones
from few ants species of the subfamilies Myrmici-
nae, Dolichoderinae and Ponerinae are already
known (Attygalle and Morgan, 1985; Attygalle
et al., 1988; Holldobler and Wilson, 1990). The for-
micine subfamily received only little attention al-
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cordings (EAGs) the structure-activity relation-
ships of 3,4-dihydroisocoumarins in the formicine
species Lasius niger L., Formica rufa L., Formica
fusca L. and Formica sanguinea Latr. Synthesized
3,4-dihydroisocoumarins found as natural com-
pounds in the rectal bladders were tested as well
as structure analogues of related species. The re-
lationship of the recorded EAG responses in com-
parison to trail following behavior is discussed.

Materials and Methods

For EAG studies worker ants of Lasius niger L.,
Formica fusca L. (subgenus Serviformica Forel),
Formica rufa L. (subgenus Formica L.) and For-
mica sanguinea Latr. (subgenus Raptiformica
Forel) were used. A queenright colony of Lasius
niger was found in a garden in Erlangen and trans-
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ferred to our laboratory. Only a small number of
Formica rufa, Formica fusca and Formica sangui-
nea workers were taken from nest sites of forests
near Erlangen. The ants were kept in the labora-
tory at 80% relative humidity and at temperature
of 25 + 2 °C. Freshly killed insects such as larvae
of Tenebrio molitor (Coleoptera) and nymphs of
Nauphoeta spp. (Blattoidea) were served as food
as well as honey in an aqueous solution.

Compounds 1, 2, 4, 5§ (Formula 1) were pre-
viously synthesized at our institute for compara-
tive GC-MS analysis (GC purity > 98%), be-
havioral tests and EAG measurements (Bestmann
et al., 1992). Both enantiomers of 8-hydroxy-3,5,7-
trimethyl-3,4-dihydroisocoumarin 1 were available
by stereoselective synthesis (ee > 95%). Further-
more synthetic samples of the structure analogues
(3R,S)-8-hydroxy-3.,5-dimethyl-3.4-dihydroisocou-
marin 2, (3R,S)-8-hydroxy-3,7-dimethyl-3.4-dihy-
droisocoumarin 4 as well as (3R,S)-8-hydroxy-
3-ethyl-7-methyl-3.4-dihydroisocoumarin § were
used for EAG measurements. (3 R,S)-8-hydroxy-
3-methyl-3,4-dihydroisocoumarin 3 (mellein) was
synthesized for these measurements by a previous
described route (Mali er al., 1992).

The number of test substances for one row of
EAG measurements is limited by the living
duration of the antenna preparation. Therefore,
preliminary EAG studies were carried out to
select the most active test compounds (4 maxi-
mum) among (R/S)-1, (R)-1, (5)-1, (R/S)-2,
(R/S)-3, (R/S)-4 and (R/S)-5 for dose response
curves.

Methodology for (R/S)-EAG recording of an
ant antenna is basically similar to that of a lepi-
dopteran which is well established in the literature
(Schneider, 1957). However, some modifications
of the above EAG techniques have been described
later for antennae of other insects (Payne, 1975;
Payne er al., 1975; Dickens, 1984). For electro-
physiological recordings Ag—AgCl glass capillary
electrodes filled with insect Ringer solution
(CaClLbxH,O 2mmol, KCI 5Smmol, NaHCO;
2 mmol, NaCl 130 mmol) were used. The re-
cording electrode was inserted into the distal seg-
ment of the antenna and the indifferent electrode
was inserted in the head capsule near the base of
the antenna both after puncture by a sharpened
tungsten needle. The inserting point of the indif-
ferent electrode was sealed with vaseline in order
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Formula 1. 1, 8-hydroxy-3.5,7-trimethyl-3.4-dihydroiso-
coumarin; 2, 8-hydroxy-3.5-dimethyl-3,4-dihydroisocou-
marin; 3, 8-hydroxy-3-methyl-3.4-dihydroisocoumarin
(mellein); 4, 8-hydroxy-3.7-dimethyl-3.4-dihydroisocou-
marin; 5, 8-hydroxy-3-ethyl-7-methyl-3,4-dihydroiso-
coumarin.

to prevent leakage of the hemolymph and thus
early dehydration of the preparation.

Serial dilutions of the test substances (in the
0.01-100 pg range) were delivered as 20 ul ali-
quots in hexane placed on filter-paper strips
(7x20 mm) which were inserted into small glass
cartridges the nozzles of which were oriented to-
ward the antenna from a distance of 1 cm. Control
cartridges were loaded with pure hexane on filter-
paper. Molecules evaporating from the filter-paper
were carried over the preparation by a filtered
stream of pure air. Serial dilutions were delivered
from the lowest (0.01 ug) to the highest (100 ug)
concentration. This concentration range was se-
lected out of results from previous experiments
showing small responses at 0.01 ug and a satu-
ration effect at about 100 pg. Stimulus duration
was set at 1s at an air flow of 0.5 I/min. A stream
of filtered air continuously flushed the antenna be-
tween stimuli which were separated by intervals of
at least 4 min. A vacuum nozzle was positioned
approximately 10 cm behind the preparation to re-
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move pheromone contaminated air from the area
surrounding the ant antenna.

In order to compare the efficacy of the different
test substances, the values of each test series was
divided by the maximum value of that series
(EAG/EAG,x)- The largest potential difference
observed for the given concentration range was
between 1.0 and 1.5 mV. Normalized values of the
recordings were used to obtain the mean value
(MV) and standard errors (SE) were calculated.
Student’s t-test was used to find out the significant
differences (a < 0.05) among test substances.

Results

Trail pheromone 8-hydroxy-3,5,7-trimethyl-
3,4-dihydroisocoumarin 1, previous identified in
the hindgut of Lasius niger showed the highest
electrophysiological responses among the test
substances 1, 2 and 3 (Fig. 1). Worker ants of
this species gave weaker EAG responses with
8-hydroxy-3,5-dimethyl-3,4-dihydroisocoumarin 2
and 8-hydroxy-3-methyl-3,4-dihydroisocoumarin 3
(mellein). We could observe stereoselective differ-
entiation in olfactory reception of both enantio-
mers of 1. (R)-1 in comparison to its (S)-enantio-
mer elicited higher responses in EAG. Significancy
(a0 = 0.01) of the differences for (R)-1 in opposite
to the (S)-1 enantiomer was calculated at high
doses (100 pg).

In Formica fusca, synthetic compounds of 1, 2
and 3 were used for EAG studies. Previous analy-
sis showed 1 and 3 (mellein) as natural compo-
nents in the hindgut of this species. In EAG with
workers antennae of F fusca the trimethylated
compound 1 was the most efficient 3,4-dihydroiso-
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Fig. 1. Dosage-EAG-response curves of Lasius niger
worker antennae to stimulation with 3.4-dihydroisocou-
marins. Each point represents a mean of 7 replicates.
Vertical bars represent standard errors.
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Fig. 2. Dosage-EAG-response curves of Formica fusca
worker antennae to stimulation with 3.4-dihydroisocou-
marins. Each point represents a mean of 20 replicates.
Vertical bars represent standard errors.

coumarin among the synthetic test substances
(Fig. 2). Compound 2 evoke only weaker electro-
physiological responses, whereas the monomethy-
lated 3 had the smallest electrophysiological ac-
tivity. Significant differences between (R)-1 and
(5)-1 at high doses (100 pg) point out that F fusca
workers are also able to discriminate between
these two enantiomers (a = 0.05).

The hindgut of the red wood ant Formica rufa
contains 3 (mellein) which was previously shown
as the main component of the trail pheromone.
Fig. 3 shows the results of EAG studies with work-
ers antennae towards stimuli of 1, 2 and 3, all com-
pounds as racemic mixtures. Trail pheromone 3 of
this species elicits the highest EAG responses
within the test group of 3,4-dihydroisocoumarins.
Dimethylated 2 had less electrophysiological ac-
tivity whereas trimethylated 1 elicited only very
weak responses. The olfactory discrimination in
this species such as between 3 and 2 is obvious
since the calculated significancy in EAG responses
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Fig. 3. Dosage-EAG-response curves of Formica rufa
worker antennae to stimulation with 3.4-dihydroisocou-
marins. Each point represents a mean of 10 replicates.
Vertical bars represent standard errors.
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between the hindgut compound 3 and 2 is a =
0.002 (100 ug).

For EAG with Formica sanguinea worker ants,
stimuli of synthetic 1, 3, 8-hydroxy-3,7-dimethyl-
3,4-dihydroisocoumarin 4 and 8-hydroxy-3-ethyl-
7-methyl-3,4-dihydroisocoumarin § were given.
The two latter compounds were previously ana-
lyzed as natural ingredients of the F sanguinea
hindgut. Dose-response curves drawn from EAG
measurements of this species are shown in Fig. 4.
Here, 4 and 5 were found to be the most active
compounds with no significant differences,
whereas the electrophysiological activities of 1
were weaker. Stimuli with 3 evoke only very low
electrophysiological responses on the F sangui-
nea antenna.
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Fig. 4. Dosage-EAG-response curves of Formica sangui-
nea worker antennae to stimulation with 3,4-dihydroiso-
coumarins. Each point represents a mean of 20 repli-
cates. Vertical bars represent standard errors.

Discussion

EAG results of this study show the antennal ol-
factory sensitivity of the formicine ants Lasius
niger, Formica fusca, F. rufa and F sanguinea
towards 3.,4-dihydroisocoumarins. These aromatic
compounds were previously identified as a new
class of trail pheromones in the hindgut of for-
micine ants (Bestmann et al., 1992). In most cases
synthetic samples of the species specific natural
hindgut compounds evoke the highest EAG re-
sponses on the antennae of this species in com-
parison to structure analogues. The electrophysio-
logical activity of the test substances which
differed in number and position of added methyl
groups was distinct, indicating that methyl groups
play an important role for the chemoreception of
these 3.4-dihydroisocoumarins.

In Lasius niger and Formica fusca the trimethy-
lated 1 had the highest electrophysiological ac-
tivity in opposite to dimethylated (2) and mono-
methyl analogues (3) which indicates that EAG
activity of 3,4-dihydroisocoumarins decreases for
this species with loss of methyl groups of the aro-
matic compound. Further with 1, a stereospecific
differentiation in EAG could been observed in
both species, L. niger and F fusca, where (R)-1
elicited higher electrophysiological responses than
the (S)-enantiomer. In this respect, the EAG
results of L. niger and F fusca are quite similar,
although the hindgut of both species contains not
the same ingredients, the latter both, 1 and 3, the
former one only 1 as natural components.

In the case of L. niger these EAG results agree
with previous behavior results, because trail fol-
lowing responses of L. niger workers are signifi-
cant better for synthetic (R)-1 in comparison to
(S)-1 (Bestmann et al., 1992). Structure analogues
which had weak electrophysiological activity were
unable to elicit trail following behavior.

Mellein 3 elicited the highest responses in EAG
with F rufa workers among the test substances 1,
2 and 3. In opposite to L. niger and F fusca, a
decrease of EAG activity could be observed for
3,4-dihydroisocoumarins with increasing number
of methyl groups of the 3,4-dihydroisocoumarins
in the aromatic ring. Dimethylated 2 and trimethy-
lated 1 had only low electrophysiological activity
and are unable to elicit trail following behavior.

In EAG measurements with F sanguinea, syn-
thetic samples of the hindgut ingredients 4 and 5
had the highest activity. The comparison between
3 and 4 shows that the absence of the methyl
group at carbon atom C-7 (3) lowers the EAG re-
sponse drastically. An additional methyl group at
C-5 position (1) also leads to weaker electro-
physiological responses, compared to 4, whereas
substitution of a methyl (4) by an ethyl group (5)
at carbon atom C-3 has not very much influence.

The presented EAG results show that 3,4-di-
hydroisocoumarins with various number of methyl
and ethyl groups have different activities in the
EAG with the investigated Formica and Lasius
species. This lead to the consumption that the ol-
factory differentiation of 3.4-dihydroisocoumarins
takes place already on the receptor level on the
ant antenna. We suppose different receptors which
respond distinct for various number of methyl
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groups of 3.4-dihydroisocoumarins, identified as
formicine pheromones. On that basis one can
understand that in previous biotests for example
L. niger and F rufa worker ants recognized and
followed only artificial trails of 3,4-dihydroisocou-
marins with the same number of methyl groups
as their species specific hindgut components. The
comparative results of electrophysiology and be-
havior in formicine ants are in agreement with
previous investigations of the ponerine Lepto-
genys diminuta where both stereoisomers and
structure analogues of the pheromone had some
activity in EAG, whereas in biotest only stereo-
isomers were able to elicit reduced behavior
responses (Kern and Bestmann, 1993).

Although in previous tests trail following be-
havior could been observed only with species
specific gland secretions, it has also been reported
that hungry Formica species follow in some cases
also odour trails of related formicine species
(Horstmann, 1982; Gosswald, 1984) showing also
the ability of olfactory orientation on foreign ant
trails. However, there is no doubt that the antenna
of some ant species must be extremely specialized
for the species specific pheromone because of
their ability to discriminate between stereoisomers
of, for instance trail pheromones (Attygalle et al.,
1988; Bestmann et al., 1992; Steghaus-Kovac et al.,
1992).

Mellein 3 was already found in several natural
products such as in the secretion of the termite
Cornitermes spp. (Blum, 1982), as a metabolite in
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the fungi species Aspergillus melleus (Turner,
1971), volatile constituent of the ponerine Rhyti-
doponera metallica (Brophy et al., 1981) and as a
metapleural bladder product in the myrmicine ant
Crematogaster deformis (Attygalle et al., 1989). It
has also been identified in mandibular glands of
formicine ants Camponotus herculeanus L. (Brand
et al., 1973) and Polyrhachis (Cyrtomyrma) ?doddi
(Bellas and Holldobler, 1985). Payne et al. (1975)
recorded chemoreceptor EAG responses from all
castes of Camponotus herculeanus to stimuli of the
sex pheromone mellein and other volatile compo-
nents of the mandibular gland of this species.

The origin of natural 3,4-dihydroisocoumarin
production found in formicine hindguts is yet un-
known. However, it is interesting that one group
of chemical substances is able to release two dif-
ferent behaviors such as sex and trail pheromones
within the same subfamily of ants.
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