
Identification of a Sex Pheromone from a Spider 

S. Schulz and S. Toft 
The compounds (13)-3-hydroxybutyric acid and its dimer, (13)-3-[(R)-3-hydroxybutyryloxyl- 
butyric acid, have been identified as sex pheromones of a spider. These compounds elicit 
web reduction behavior by males of Linyphia triangularis (Clerck) on the webs of unmated 
adult females. 

F o r  a long time it has been postulated that 
spiders communicate by using phero~nones 
(1). In spite of several biological studies 
that have Droven their existence Ifor a 
review, see (Z)], no sex phero~nones have 
been identified. The Linv~hiidae are the , . 
second largest spider family with over 3500 
species in 400 genera. The females of many 
of these species build horizontal sheet webs. 
The males use two different mating strate- 
gies (3). In densely populated areas, penul- 
timate female instars are guarded by a male 
until the final molt. after which cooulation 
takes place. If no male is present, the adult 
female ~roduces a ~he ro~none  that is emit- 
ted from the web to attract males (4). 
When a male reaches the web, it may start 
to cut threads of the web and to roll up large 
parts of it to form a small ball. This very 
specific male behavior is observed only on 
the webs of unmated females. Before cut- 
tine threads. the male walks activelv " 
around the web and adds silk to the web in 
a zigzag pattern (zigzag walking) all along 
the periphery a few centimeters inside the 
margin (5). The cutting of the web is done 
in an agitated way ~~ste~natically along the 
marein of the web and the threads susoend- - 
ing the web are cut close to the attachment 
points. After co~npletion of this procedure, 
courtship and copulation start, lasting up to 
5 hours (3). The web reduction behavior is 
believed to reduce the rate of eva~oration 
of the pheromone from the web (4). Thus, 
the male reduces the chances of another 
male reaching the web and interfering with 
him. Encounters between two males on a 
female web lead to termination of the 
courtship of the first male and to fighting 
between the males (6). After mating, fe- 
males make new webs that are'no longer 
attractive to the males (4). 

We became interested in the identifica- 
tion of the sex   her om one of Linvbhia tri- 

a 

angularis (Clerck) , a widespread European 
linv~hiid that lives in forests and Calluna , L 

fields. Penultimate female instar spiders 
were collected in the field and kept in boxes 
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equipped with plastic or glass frames (10 cm 
by 10 cm by 10 cm), between which the 
females built their webs. These frames were 
used with the web reduction behavior of the 
males as an assay to guide us in the identi- 
fication of the sex pheromone. Adult 
males, collected from the field, were placed 
individually on a web from which the fe- 
male had been removed. If the male started 
to cut threads within 5 ~ n i n  after introduc- 
tion, the experiment was counted as posi- 
tive for the presence of pheromone (7). 
The males often responded positively and 
cut threads of the webs of unmated adult 
females, whereas they never reacted on 
webs of mated females. Extracts of webs 
from unmated females were prepared with 
hexane, methylene chloride, methanol, or 
water. These extracts were sprayed onto the 
inactive webs of mated females, and the 
reaction of males toward such material was 
observed. The extracts made with methyl- 
ene chloride, methanol, or water were able 
to induce web reduction, whereas hexane 
extracts proved inactive. 

Methylene chloride extracts of silk from 
un~nated and mated females (called U ex- 
tract and M extract, respectively) were 
analyzed by gas chromatography (GC) and 
gas chromatography-mass spectroscopy 
(GC-MS) . A large, tailing peak occurred in 
the chromatogra~ns of the U extracts, 
whereas it was absent in the M extracts. 
Derivatization with diazomethane im- 
proved the peak shape and gave the chro- 
matograms shown in Fig. 1, indicating that 
the large peak in the U extract is a carbox- 
ylic acid. In addition, a minor, early elut- 
ing peak occurred in the chromatograms of 
the U extracts only. By GC-MS, this com- 
pound was identified as methyl 3-hydroxy- 
butvrate (MHBI . There were similarities 
between ;he mass spectrum of the later 
eluting main component and the Inass spec- 
trum of MHB in the lower Inass region, but 
the mass spectrum of the later eluting main 
component showed in addition characteris- 
tic ions at a mass-to-charge ratio (mlz) of 
101. 128. 160. and 189. Therefore. this 
compound was interpreted to be the dimer 
of MHB, methyl 3-(3-hydroxybutyry1oxy)- 
butyrate (MHBB) . The ions were attributed 
to a loss of CH,CHOHCH,COO (101), 
CH,CH=O (160), and in addition CH,OH 

(128) and CH, (189) from the ~nolecular 
ion. Comparison with a synthetic sample 
(8) confirmed our identification. Analyses 
bv GC-MS of nonmethvlated extracts 
proved that the naturally occurring com- 
pounds were the corresponding free acids, 
3-hydroxybutyric acid (HBA) and 3-(3- 
hydroxybutyryloxy) -butyric acid (HBBA) . 
Traces of methyl crotonate (MC) could also 
be detected in the chromatograms of the 
methylated U extracts. Presumably as a 
result of the small amounts and its eluting 
properties, free crotonic acid (CA) could 
not be detected in the underivatized ex- 
tracts. Methylation of pure samples of HBA 
and HBBA with diazomethane showed that 
no MC was formed during this process, 
proving the presence of CA in the original 
samples. In addition, traces of the tri~ner 
3-[3- (3-hydroxybutyryloxy) -butyryloxy]-bu- 
tvric acid (HBBBAI could also be detected 
iA the chromatograms of some U extracts. 

The absolute configurations of HBA and 
HBBA were determined with methylated ex- 
tracts in GC on a chiral Lipodex E phase (9). 
The natural products were represented by pure 
(R)-enantiomers (Fig. 2). Whereas the enan- 
tio~ners of MHB were well seoarated. MHBB 
could only be separated into its diastereomers. 
To elucidate its configuration, a U extract was 
saponified with potassiuln hydroxide in meth- 
anol to yield MHB, which proved to be 
exclusively the (R)-enantiomer, thus estab- 
lishing the (R, R)-configuration for the natu- 
rally occurring HBBA (Fig. 3). 

Synthetic samples of the identified com- 

15 min 

Fig. 1. Total  on chromatograms of niethylated 
methylene chloride ex!racts'of webs of (A) 
unmated and (B) mated L. triangularis females 
(30m Rt,-5 fused-silica GC column) 
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pounds (8) were tested in the web reduction A C -  
experiment. Both (R)-HBA and (R,R)- 
HBBA were active, whereas CA and the 
nonnatural (S)-HBA were inactive (Table 
I ) .  These results show that (R)-HBA and 
(R, R) -HBBA are sex pheromones of female 
L. triangularis and that they can trigger the 

(R) 

web reduction behavior of the males. In h 
the same web reduction test series, males 

L 
that had tested positively with (R)-HBA B 
were tested with C A  (30 individuals) and 
(S)-HBA (9 individuals). The lack of re- 
sponse in all cases indicates that the web 
reduction behavior is not dependent on 
sexual motivation. 

The pheromones are also likely to play a 
role in the attraction of the males to the I I I 

10 20 min 10 20 min webs. Preliminary olfactometer experi- 
ments with another species, L. montana, Fig. 2. Separation of enantiomers of M H B  and M H B B  on a chiral Lipodex E phase. (A) Natural 

indicate that (R)-HBA and CA lnay be extract as in Fig. 1. (B) Racemic mixture of M H B  and MHBB.  (C) Saponified (KOH, methanol) and 

attractive for males whereas (R,R)-HBBA is 
methylated natural extract. (D) (R)-MHB and (R,R)-MHBB enantiomers. 

not, presumably because of its low vapor 
pressure (9). 

The dimer HBBA occurs in relatively 
large amounts (up to 5 kg per web), but 
HBA (up to 0.05 kg per web) and CA are 
present in much smaller quantities. The 
dimer HBBA and the monomer HBA are 
relativelv unstable comoounds; HBBA dis- 
integrates slowly upon standing into the 
monomer, HBA, and the trimer, HBBBA, 
presumably by autocatalysis. The monomer 
HBA can easily lose water to form CA; 
thus, HBBA may be the precursor of both 
compounds (1 0). 

The polymer of (R)-HBA, poly-(R) -3- 
hydroxybutyrate, is a widespread storage 
form of carbon in microorganisms ( I  I ) .  
Some microorganisms produce extracellular 
enzymes that can selectively cleave the 
polymer into (R, R)-HBBA, the same enan- 
tiomer that occurs on the s~ider  webs (8). , , 

This coincidence suggests that microorga- 
nisms may be involved in the production of 
the dimer. Involvement of ~nicroorganisms 
in the production of pheromones has been 
proposed for some insects (1 2).  

Whether by producing HBBA in rela- 
tively large quantities, either de novo or by 
use of microorganisms, the spider has an 
efficient pheromone delivery system. The 
female spider deposits HBBA on the silk, 
most probably during web construction, 
thus covering a large area with HBBA. 

Once on the silk, the dimer decomposes 
slowly to form HBA, which in turn breaks 
down into CA; the volatility of the com- 
pounds increases with each transformation. 
The advantage for the female of the use of 
such compounds would be an increased and 
constant rate of evaporation of the phero- 
mone, independent of permanent activity. 
Upon arrival, the male immediately reduces 
the rate of pheromone evaporation by re- 
duction of the web surface. After copula- 
tion. the female rebuilds its web without 
pheromone (1 3). 

We also investigated the webs of five 
other linyphiid spiders that are members of 
the three closely related genera Linyphia, 
Microlinyphia, and Neriene. We found HBA 
and HBBA in webs of unmated females of 
L. tenuipalpis, N .  emphana, N .  clathrata, and 
M .  impigra. At least one of the spiders, L. 
tenuipalpis, lives in the same habitat and 
develops during the same time of the year as 
L. triangularis (1 4 ) .  Web reduction in males 
of this species was also induced by (R)- 
HBA. Cross attraction to female webs of a 
related species would be possible if no other 
mechanisms of seoaration are involved, be- 
cause both species seem to use the same 
attraction pheromone. Heterospecific males 
put in contact with webs of virgin females 
containing the natural pheromone some- 
times perform web reduction, although gen- 

Table 1. Results of tests for the inductlon of web reduction behavior in males of L. triangulans by 
synthetic compounds (18) 

Control Test Statistical test 
Compound 

Pos. Neg. Pos. Neg. x2 P 

(6-HBA (R,R)-HBBA 

Fig. 3. Sex pheromones of L. triangularis 

erally at a lower frequency than in conspe- 
cific webs (Table 2). One out of 12 L. 
tenuipalpis males tested on mated L. triangu- 
laris webs sprayed with (R) -HBA performed 
web reduction. 

The reduced res~onsiveness of males on 
heterospecific webs may reflect the presence 
of species-specific chemicals on the web. We 
found that all webs of the linyphiids that we 
investigated were covered with a lipid layer. 
The lipids consist of hydrocarbons, carbox- 
~ l i c  acids, aldehydesi amides, and wax es- 
ters, which are common in the cuticle of 
arthropods (1 5). In addition, long-chain 
methyl-branched alkylmethyl ethers could 
be identified, which form a new class of 
natural products (16). Whereas the pattern 
of the ubiquitous compounds mentioned 
above was more or less similar in the webs of 
all species examined, the alkyl~nethyl ethers 

Table 2. Web reduction response of males in 
conspeciflc and heterospecific webs of u n -  
mated females. 

Webs 

Pos. Neg. Pos. Neg. 

L, triangularis 29 20 8 16 
L,tenuipalpis 2 27 36 27 
N. emphana 5 4 3 15 
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showed strong species-specific differences- It 
is unknown whether these compounds are 
involved in species recognition-

The above-mentioned volatile acids may 
form a less species-specific long-range pher-
omone that is embedded in a species-specif
ic matrix that accounts for close-range rec
ognition- In another linyphiid, Frontinella 
pyramitela, spiders are able to distinguish 
between sexes by use of chemical stimuli 
emitted from the cuticle {17)* 
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jbstimates of the a helix propensity of the 
different amino acids have been made on 
the basis of many different sources including 
statistical surveys (I, 2), host-guest analysis 
(3), model peptides (4-7), directed muta
genesis (8, 9), and molecular dynamics 
calculations (10, 11). To determine a helix 
propensity in the context of a folded pro
tein and to obtain insights into its underly
ing physical basis, we made multiple amino 
acid replacements at each of two positions 
in a helices of T4 lysozyme-

Ideally, the substitution site for such an 
experiment would be in the middle of a 
relatively long, regular helix and would be 
exposed to solvent, remote from charged 
groups, devoid of possible contacts with 
neighboring side chains, and not close to a 
contact site in the crystals. Because all of 
these criteria cannot be met in T4 lysozyme, 
Ser44 and Val131 were chosen as compromis
es (12), All 19 alternative amino acids were 
substituted at position 44 (13), and the 
proteins were purified (14)* For 13 replace
ments (Ala, Arg, Asn, Glu, Gly, He, Leu, 
Lys, Phe, Pro, Thr, Trp, and Val), crystals 
suitable for structural analysis were obtained 
(15), The coordinates have been deposited 
in the Brookhaven Protein Data Bank. 
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statistical significance is rather insensitive to vari
ations in the male response rate. The statistical test 
we used is the x2 test. The response frequency of 
the males seemed to depend also on uncontrolled 
environmental factors such as barometric pressure 
and air humidity. Evaluation of these factors is in 
progress. 

19. We thank S. Westermann for preliminary experi
ments, K. Rosendahl for technical assistance, W. 
Francke for critical review of the manuscript, W. A. 
Konig for supplying the Lipodex E GC column, 
and D. Seebach for additional samples of HBBA. 

23 November 1992; accepted 14 April 1993 

With the exception of Pro, no substitu
tion significantly distorted the a helix back
bone. In the isomorphous structures (ex
cept for Pro) the backbone atoms within 
the a helix superimposed within 0.10 to 
0.14 A (Fig. 1A). For the nonisomorphous 
structures, the corresponding values were 
0.19 to 0.33 A but did not suggest a 
distortion of the helix (Fig. IB). Thus, 
except for Pro there is no clear evidence 
that differences in helix propensity are 
caused by different amounts of strain intro
duced within the a helix. Similar structural 
results were observed for eight variants at 
position 131 (16), 

We determined the thermostabilities of 
the mutant lysozymes (Table 1) by recording 
the circular dichroism as a function of tem
perature (17), Excluding those of Asp and 
Glu, the differences between the free energy 
of unfolding of each mutant and-that of the 
Gly variant used for the site 131 replace
ments are remarkably similar to those at site 
44 (correlation of 97%). In the crystal struc
ture of the Asp131 variant, Asp131 forms a 
salt bridge with Arg154, and we presume that 
electrostatic stabilization also occurs for 
Glu131. The measured AAG values were 
compared with other determinations of helix 
propensity (Table 1). The agreement with 
propensity scales that were derived from 
three studies of model peptides (4-6) was 
good (correlations of 71 to 93%), despite the 
different sequences involved, the differences 
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Structural Basis of Amino Acid a Helix Propensity 
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The propensity of an amino acid to form an a helix in a protein was determined by multiple 
amino substitutions at positions 44 and 131 in T4 lysozyme. These positions are solvent-
exposed sites within the a helices that comprise, respectively, residues 39 to 50 and 126 
to 134. Except for two acidic substitutions that may be involved in salt bridges, the changes 
in stability at the two sites agree well. The stability values also agree with those observed 
for corresponding amino acid substitutions in some model peptides. Thus, helix propensity 
values derived from model peptides can be applicable to proteins. Among the 20 naturally 
occurring amino acids, proline, glycine, and alanine each have a structurally unique feature 
that helps to explain their low or high helix propensities. For the remaining 17 amino acids, 
it appears that the side chain hydrophobic surface buried against the side of the helix 
contributes substantially to a helix propensity. 


