
frame magnetic fields may also pro1.e ad- 
vantageous (27). The  window is thus 
opened to other potential applications 
where xenon may be adsorbed in inaterials 
and on surfaces, or dissolved in blood and 
other biological systems. 
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Caste-Selective Pheromone 
Biosynthesis in Honeybees 

Erika Plettner, Keith N. Slessor,* Mark L. Winston, 
James E. Oliver 

Queen and worker honeybees (Apis mellifera L.) produce a caste-related blend of func- 
tionalized 8- and 10-carbon fatty acids in their mandibular glands. The biological functions 
of these compounds match the queen's reproductive and the worker's nonreproductive 
roles in the colony. Studies with deuterated substrates revealed that the biosynthesis of 
these acids begins with stearic acid, which is hydroxylated at the 17th or 18th position. 
The 18-carbon hydroxy acid chains are shortened, and the resulting 10-carbon hydroxy 
acids are oxidized in acaste-selective manner, thereby determining many of the functional 
differences between queens and workers. 

O n e  of the most remarkable aspects of 
social insect biology is the separation of 
female colony members into reproductive 
and nonreproducti1.e castes: queens and 
workers ( 1 ) .  A major difference between 
the female honeybee castes is the blend of 
8- and 10-carbon filnctionalized fattv acids 
found in the mandibular glands. dueens 
have predominantly 9-hydroxy-(E)2-dece- 
noic acid (9-HDA) and other acids f ~ ~ n c -  
tionalized at the penultimate (w  - 1)  posi- 
tion, among them 9-keto-(E)2-decenoic 
acid (ODA) (2). Workers have acids func- 
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Smon Fraser Universty. Burnaby, British Columbia V5A 
1 S6, Canada. 
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tionalized at the last (w )  position such as 
10-hydroxy-(E)2-decenoic acid ( 10-HDA), 
its saturated counterpart, and the corre- 
sponding diacids (3). The  queen's acids, 
9-HDA and ODA, are components of the 
queen mandibular pheromone (QMP), a 
~owerful  attractant of workers and one cue 
responsible 'for the retinue of workers 
around the aueen. The  aueen asserts her 
reproductive dominance by mediating some 
worker activities associated with colony 
growth and reproduction through her QMP 
signal (2 ,  4 ,  5). The  worker-produced acids 
are secreted in brood food (6)  where they 
may function as preservatives (7) and larval 
nutrients (8). Thus, queens and workers 
produce compounds that f ~ t  their respective 
reoroductl1.e and nonrenroducti1.e roles and 
- L 
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queen or worker substances in her mandib- 
ular glands. 

The  functionalization pattern of the 
mandibular acids in queens and workers was 
thought to be mutually exclusive until 
ODA was found in the glands of some 
queenless workers (9) and traces of 9-HDA 
in queenright workers (10). Conversely, 
mated queens contain small amounts of 10- 
HDA (1 1 ). Thus, both castes halve the ca- 
pability of producing 10-carbon w- and (w - 
1)-functionalized acids, but differ in the 
selectility of their biosynthesis. In this 
study we investigated the biosynthesis of w- 
and (w - -1)-fi~nctionalized mandibular ac- 
ids in both castes to understand how the 
caste-selecti1.e pattern arises. 

W e  propose that caste-determined bio- 
synthesis of mandibular acids can be viewed 
as a bifurcated three-step pathway (Fig. 1) .  
The o and w - 1 branches are established at 
the first step: hydroxylation of stearic acid 
at the 18th (w) or 17th ( o  - 1)  position. 
The  resulting 18-carbon hvdroxv acid 
chains are shirtened to the 1l;ajor Compo- 
ilents of the blend, 10-HDA and 9-HDA. 
Oxidation of the o -  and (w - 1)-hydroxy 
group to gi1.e diacids and keto acids, respec- 
tilvely, completes the process. 

T o  study the biosynthesis of mandibu- 
lar acids, we applied specifically deuter- 
ated test compounds (1 2)  to excised man- 
dibular glands and followed the conver- 

u 

slon of the acids by gas chromatography- 
mass spectrometry (GC-MS) (13). A 
comparison of the incorporation of fatty 
acids of different chain length revealed - 
that stearic acid was incorporated into the 
hpdroxy acids inore efficiently than 
palmitic or decanoic acid (14). Further 
experiments confirmed that stearic acid is 

Functionalization i' k-' 

Hydroxy group 
oxidation 

0 

ko7aok 
0 

C10:l DA ODA 

Workers Queens 

Fig. 1. Blosynthess of w- and (w - 1)-funct~onal- 
zed 10-carbon acids from stear~c acid n worker 
and queen honeybees. C10: 1 DA, (Q2-decene- 
d~oic acid. 

the entry point to the biosynthetic path- 
way of the mandibular acids. Assays with 
labeled w- and (w - 1)-hydroxp acids 
rel~ealed that the (E)2-unsaturated hy- 
droxv acids are derived from their saturat- 
ed c d u i ~ t e r ~ a r t s ,  and that diacids and keto 
acids are derived from the corresponding 
hydroxy acids. N o  isomerization between 
10-HDA and 9-HDA was detected, so the 
pools of o- and (w - 1)-hydroxp acids 
appear to be independent (15) .  

Because the precursor to the mandibu- 
lar acids is longer than the products, the 
biosynthetic pathway must include at least 
two processes that could occur in either 
order: the introduction of the hpdroxy 
group (f~~nctionalization) and chain short- 
ening. Extracts of mandibular glands con- 
tain small but detectable amounts of the 
12-  and 14-carbon homologs of the man- 
dibular acids. This fact, and the obser1.a- 
tion that stearic acid is the orecursor. 
prompted us to demonstrate that the 
glands can shorten labeled 18- and 17- " 

hpdroxpstear~c acid c h a i ~ ~ s  to the 12- and 
10-carbon length (Fig. 2 ) .  N o  chain elon- 

u u 

gation occurred when labeled 10-carbon 
hydroxp acids were applied to the glands, 
so the longer chain homologs arise 
through shortening of the 18-carbon hy- 
droxy acids. W e  used a p-oxidation inhib- 
itor (1 6 )  [2-fluorostearic acid (1 7 ) ]  to con- 
firm that f~~nctionalization  recedes chain 
shortening by P-oxidation. Both w- and 
(w - 1 )-hvdroxv acids with more than 10 
carbons adcum~;lated when workers and 

3001 O Workers 
I Queens A r 

n - w-Hydroxy acids 

queens were treated with labeled stearic 
acid and the inhibitor (Table I ) ,  confirm- 
ing the order of the two processes. 

In the treatments with a p-oxidation 
inhibitor, labeled 12-l~pdroxpdodecanoic 
acid was detected, but 12-hpdroxy-(E)2-do- 
decenoic acid and the 10- and 8-carbon 
acids were not (Fig. 3). Further, the 14- and 
16-carbon hvdroxv acids were Dresent in 
trace amoun;s (<; ng) and sho\$:ed no sig- 
nificant incorporation of label in the pres- 
ence or absence of 2-fluorostearic acid. 
These observations suggest that p-oxida- 
tion may be tightly coupled with little re- 
lease of intermediate acyl coenzyme A 
(CoA) esters between the 18- and 12-car- 
boil hpdroxp acids. A different set of p-ox- 
idation enzymes may continue the chain- 
shortening process from the 12-carbon 
length onward. A t  that point, 2-fluoro- 
stearoyl CoA could compete with the inter- 
mediate 12-carbon hudroxuacvl CoA esters. 
thereby inhibiting fGther 'p-dxidation. 

Formation and chain shortening of w- 
and (w - 1)-hydroxy acids was detected in 
both castes with labeled stearic acid (Fig. 
4).  However, both castes bias biosynthesis 
toward their predominant end product to 
achieve their characteristic blend. LVe used 
data from several experimeilts to examine 
each step in the pathway. 

W e  studied f~lnctionalization by apply- 
ing labeled stearic acid and 2-fluorostearic 

u 

acid to glands and comparing the amounts 
of labeled 18- to 12-carbon o- and (w - 
1)-hydroxy acids that accumulated in 
each caste (Table I ) .  Because all the hy- 
droxy acids found in the mandibular 
glands are derived from 17- and 18-hy- 
droxystearic acids, and the latter are the 
product of the filnctionalization reaction, 
the total labeled hydroxy acid accumulat- 
ed gives an indication of the equivalents 

Table 1. Hydroxylation is not biased in workers or 
queens. Amounts of labeled hydroxy acids (HAS), 
12 and 18 carbons long. accumulated during 10- 
min perfusions with D. stearic acid as the sub- 
strate, in the presence (+) and absence (-) of 
2-fluorostear~c acid, a p-oxidallon nhbtor (Inh.) (n 
= 8 for both castes). For workers two glands were 
perfused per replcate, and for queens one gland 
was perfused per replcate. 

w-HA (w - 1)-HA 
Caste Inh,  accumulation accumulation 

(nmol) (nmol) 

(w - 1)-Hydroxy acids 

Fig. 2. p-Oxidaton of (A) 18-D, 18-hydroxy- and 
(8) 18,18,17-D, 17-hydroxystearc acids to shod- 
er saturated (:0) and (a2-unsaturated ( : l )  w- and 
(w - 1)-hydroxy acids, respectively, in workers 
and queens. The bars represent the mean amount 
In nanograms of labeled chain-shoriened prod- 
uct. Error bars show the standard error (17 = 10 for 
workers and 8 for queens). 

Workers + 0.13 i 0.03* 0.09 i 0.04 
- 0.06 i 0.02 0.04 t 0.01 

Queens + 0.73 ? 0.52' 0.77 i 0.54' 
- 0.05 i 0.02 0.06 i 0.02 

'There was a slgnlflcant difference between the treat- 
ments In the presence and absence of 2-fluorostear~c 
acld (pa~n%tlse comparison, Kruskal-Wallis P 5 0.05). 
There was no slgnfcant difference between w- and (w - 
1)- hydroxy aclds for any one treatment (Kruskal-Walls, P 
> 0 05) 
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of stearic acid hydroxylated during treat- 
ment. In both castes, there was no signif- 
icant difference between the accumulated 
w- and (w - 1)-hydroxy acids, supporting 
the hypothesis that hydroxylation is not 
biased. 

We studied chain shortening by follow- 
ing the incorporation of label into shorter 
hydroxy acids from labeled 18- and 17- 
hydroxystearic acids (Fig. 2) .  In queens 18- 
hydroxystearic acid was shortened to the 
8-carbon homolog, and 17-hydroxystearic 
acid to 9-HDA. In workers 18-hydroxy- 
stearic acid was-shortened to the princ~pal 
10-carbon acids; but 17-hydroxystear~c acid 
was shortened onlv to a small extent. It a-as 
not possible to asskss whether workers have 
a low io - 1 )-hvdroxv a c ~ d  chain-shorten- 
lng act~vity or \i,hethkr they channel 17- 
hydroxystearic acid into products that were 
not determ~ned. However, the data re- 
vealed that queens and workers have differ- 
ent selectivities of P-oxidat~on consistent 
with the~r  respective blends of filnct~onal- 
ized acids. 

To study the third step, we followed the 
oxidation of labeled 1.0-HDA and 9-HDA 
to the diacid (C10:l  DA) and the keto 
acld (ODA), respectively, in both castes. 
Workers and newly emerged virgin queens 
oxidized 10-HDA to the diacid (15), but 
they did not detectably oxidize 9-HDA to 
ODA. Studies with worker gland homoge- 
nates indicated that hydroxy group oxida- 

I 
1 

1 401 T 
2 I 1  

@Treatment 
Control 

A 

& F e z 5  & B I 
1 8 0  1 2 0  121  1 0 0  101  8 0  

Product 

Fig. 3. lncorporatron of 12-Dl stearic acrd rnto 
w-hydroxy ac~ds In workers in (A) the absence and 
(B) presence of 2-fluorostearic ac~d. In (A) the con- 
trols were glands treated wrth dimethyl sulfoxrde 
(DMSO), in (B) they were glands treated with 2-flu- 
orostearic acid in DMSO. Values represent the 
percentage of labeled material as determ~ned by 
GC-MS, error bars indrcate the standard error of 
the mean (n = 8). Columns marked wiith an aster- 
isk drffer srgnificantly from the corresponding 
blank (P < 0.05, Tukey's test). Sim~lar results were 
obtained wrth terminal D, stearrc acid. 

tion in workers is suecific for 10-carbon 
o-hydroxy acids (1 8).  Our results exclud- 
ed the possibility that intact worker glands 
n;ere unable to oxidize 9-HDA because of 
poor substrate uptake. Mated queens 
readilv oxidized 9-HDA to ODA. Verv 
young queens have small quantities of 
ODA in their mandibular glands (19), so 
they likely had low 9-HDA oxidizing ac- 
tivitv that was not detected. 

This study demonstrates that the w- 
and iw - 1)-filnctionalized acids found In 
worker and queen mandibular glands are 
biosvntheslzed in a branched, three-steu 
pathway (Fig. I ) ,  beginning with the o ;r 
o - 1 hvdroxvlation of stearic acid, fol- 
lowed bd chai; shortening of the 18- and 
17-hvdroxvstear~c acids and the oxidation of 
the o- and ( o  - 1)-hydroxy group. Workers 
ach~eve their caste-selective uattern bv  ref- , L 

erentially chain shortening w-hydroxy acids 
to the 10-carbon length and by ox~dizing 
only o-hydroxy acids to diacids. Queens 
accumulate more of the 10-carbon (w - 1)- 
f~~nctionalized acids bv vreferentiallv releas- , L 

ing them from p-oxidation at the 16-carbon 
length and by chain shortening the o-hy- 
droxy acids to the 8-carbon length. Finally, 
mated queens readily ox~dize 9-HDA to 
ODA. Thus, caste-speclfic differences In P- 
and hydroxy group oxidation steps in the 
biosynthetic pathway of the mandibular 
acids lead to the unique chemical signa- 
tures of the workers and the aueen. These 
results demonstrate horn, in a social insect, 
caste-determined biosvnthesis of isomerlc 
compounds can produce markedly differ- 
ent glandular blends that are responsible 
for many functional differences between 
queens and workers. 

3001 A Workers T 

Queens 

Hydroxy acid 

Fig. 4. Incorporation of 1 2-Dl stearic acid Into w- 
and (w - 1)-hydroxy acids in (A) workers and (B) 
queens Error bars ~ndicate the standard error of 
the mean (n = 8) 
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