frame magnetic fields may also prove ad-
vantageous (27). The window is thus
opened to other potential applications
where xenon may be adsorbed in materials
and on surfaces, or dissolved in blood and
other biological systems.

REFERENCES AND NOTES

1. A. Kastler, J. Phys. Radium 11, 255 (1950).

2. M. A. Bouchiat, T. R. Carver, C. M. Varnum, Phys.
Rev. Lett. 5, 373 (1960); T. R. Carver, Science 141,
599 (1963).

3. W. Happer, Rev. Mod. Phys. 44, 169 (1972); W.
Happer et al., Phys. Rev. A 29, 3092 (1984); B.
Driehuys, G. D. Cates, W. Happer, Phys. Rev. Lett.
74, 494371995). .

4. M. A. Springuelhuet, J. L. Bonardet, J. Fraissard,
Appl. Magn. Reson. 8, 427 (1995); M. Pfeffer and O.
Lutz, J. Magn. Reson. A108, 106 (1994).

. D. Raftery et al., Phys. Rev. Lett. 66, 584 (1991).

. B. Driehuys et al., Phys. Lett, A184, 88 (1993).

. C.R. Bowers, H. W. Long, T. Pietrass, H. C. Gaede,
A. Pines, Chem. Phys. Lett. 205, 168 (1993).

8. H. W. Long et al., J. Am. Chem. Soc. 115, 8491
(1993). )

9. K. F. Woodman, P. W. Frank, M. D. Richards, J.
Navig. 40, 366 (1987).

10. M. Mehring, S. Appelt, H. Langen, G. Waeckerle, in
High Precision Navigation 97, K. Linkwitz and U.
Hangleiter, Eds. (Duemmler Verlag, Bonn, 1992), pp.
559-568.

11. M. S. Albert et al’, Nature 370, 199 (1994).

12. Y.-Q.Songetal., J. Magn. Reson. A115, 127 (1995).

13. A. W. Overhauser, Phys. Rev. 91, 476 (1953); ibid.
92, 411 (1953).

14. T.R. Carver and C. P. Slichter, ibid. 92, 212 (1953);
C. P. Slichter, ibid. 102, 975 (1956).

15. Reviewed by K. H. Hausser and D. Stehlik [Adv.
Magn. Reson. 3, 79 (1968)].

16. |. Solomon, Phys. Rev. 99, 559 (1955).

17. A. G. Redfield, IBM J. Res. Dev. 1, 1 (1957).

18. A. Kumar, R. R. Ernst, K. Wuthrich, Biochem. Bio-
phys. Res. Commun. 95, 1 (1980).

19. K. Bartik, M. Luhmer, J. Reisse, paper presented at
the 35th Experimental Nuclear Magnetic Resonance
Conference, Pacific Grove, CA, 1994; Y. Xu, P.
Tang, paper presented at the society of Magnetic
Resonance Annual Meeting, Nice, France, 19 to 25
August 1995.

20. A. Moschos and J. Reisse, J. Magn. Reson. 95, 603
(1991); P. Diehl and J. Jokisaari, ibid. 88, 660 (1990).
Our value for the spin-lattice relaxation time for 29Xe
in partially deuterated benzene is longer than the
value given in these references for fully deuterated
benzene, probably because of Xe exchange be-
tween gas and solution phases.

21. Cross-relaxation between the two spin systems, land
S, is described by the Solomon equations (28, 29):

~N oo,

d
E I = =pll; = lo) — 01s(S; — So)

@
d
ESZ = —ps(S; — So) — as(ll; = lo)
where /, and S, are the z components of the land S
spins and /, and S;, are the equilibrium values; p, and
pg are the autorelaxation rates. The cross-relaxation
rates, o,g and o, are related to each other by

0+ DNs 3

%S = 3G+ N, O @)

where N, and Ng are the concentrations of | and S
spins in the liquid. At time t,,, /, goes through either a

minimum or a maximum, depending on the sign of
[S,{to) — Sgl. At this time, %/Z =0, and from Eq. 2 one

obtains
lt) —lo (_Té ¥sS(S + 1) [Salta) — Sol @
lo pr vl + 1) So

where the high temperature approximation for Sy
and /o was used, Io =~ Il + 1)hv,B/(3kgT), Sg= S(S
+ 1)hysBy/(3kgT), where % is the Planck constant,
kg the Boltzmann constant, B, the external mag-

netic field strength, and T the temperature of the
liquid. o,5 can be estimated by means of Eq. 3 and
the relation between o, and pg', the part of the
‘autorelaxation rate of spins S due to their dipolar
interaction with spins 1. In the fast motion limit,

_S(S+7) -
Og = 20+ 1) p3
From Egs. 3 and 5 one then obtains

)

Ns
s = o pg )

22. In order to estimate the cross-relaxation rate o,g (Eq.
6), we use pg' = (390 )~ 1, determined from the value
of the spin-lattice relaxation times (T,) of '29Xe in
benzene and fully deuterated benzene solution (20).
The ratio of 129Xe (80% enriched) to "H in CgHg is
Ng/N, = 0.0015, using the solubility data of Xe in
benzene (0.011 mole fraction at 1 atm and 25°C)
(30). One obtains a,5 = 1.9 X 107 s71, indepen-
dent of the concentration of I spins (29) and as-
sumed to be the same in the partially deuterated
benzene.

23. Early gas MNR images of a lung were obtained by
Heidelberger and Lauterbur, Society of Magnetic
Resonance in Medicine, 1st annual general meeting,
1982).

24. H.Middleton, R. D. Black, B. Saam, G. D. Cates, W.
Happer, Magn. Reson. Med. 33, 271 (1995).

25. J. B. Miller, J. H. Walton, C. M. Roland, Macromol-
ecules 26, 5602 (1993).

26. R. F.Tiltonand J. I. D. Kuntz, Biochemistry 21, 6850
(1982).

27. A. G. Redfield, Phys. Rev. 98, 1787 (1955); S. R.
Arepalli, C. P. J. Glaudemans, J. G. Doyle Daves, P.
Kovac, A. Bax, J. Magn. Reson. B 106, 195 (1995).

28. A. Abragam, Principles of Nuclear Magnetism (Clar-
endon, Oxford, 1961).

29. J. H. Noggle and R. E. Schirmer, The Nuclear Over-
hauser Effect: Chemical Applications (Academic
Press, New York, 1971).

30. W. F. Linke and A. Seidell, Solubilities (Van Nostrand,
Princeton, NJ, ed. 4, 1958).

31. H. C. Gaede, thesis, University of California at Berke-
ley (1995); H. C. Gaede et al., Appl. Magn. Reson. 8,
373 (1995).

32. A. Haase, J. Frahm, D. Matthaei, W. Hanicke, K. D.
Merboldt, J. Magn. Reson. 67, 258 (1986).

33. P. Mansfield, J. Phys. C 10, L55 (1977).

34. Supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Materials Sciences
Division, of the U.S. Department of Energy under con-
tract DE-AC03-76SF00098. Y.-Q.S. was a Miller Re-
search Fellow, partially supported by the Miller Insti-
tute for Basic Research in Science; S.A. was partially
supported by the Deutsche Forschungsgemein-
schaft; and T. R. was partially supported by the Na-
tional Science Foundation through grant FD93-11913
administered by the Department of Physics.

7 November 1995; accepted 24 January 1996

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 a caste-selective manner, thereby determining many of the functional

differences between queens and workers.

One of the most remarkable aspects of
social insect biology is the separation of
female colony members into reproductive
and nonreproductive castes: queens and
workers (1). A major difference between
the female honeybee castes is the blend of
8- and 10-carbon functionalized fatty acids
found in the mandibular glands. Queens
have predominantly 9-hydroxy-(E)2-dece-
noic acid (9-HDA) and other acids func-
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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tionalized at the last () 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
powerful attractant of workers and one cue
responsible “for the retinue of workers
around the queen. The queen 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 fit their respective
reproductive and nonreproductive roles and
differ only in the position of the functional
group. Here, we report the elucidation of
the biochemical pathway that determines
whether a honeybee female will produce
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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 (11). Thus, both castes have the ca-
pability of producing 10-carbon w- and (o —
1)—functionalized acids, but differ in the
selectivity of their biosynthesis. In this
study we investigated the biosynthesis of w-
and (w — T)—functionalized mandibular ac-
ids in both castes to understand how the
caste-selective pattern arises.

We propose that caste-determined bio-
synthesis of mandibular acids can be viewed
as a bifurcated three-step pathway (Fig. 1).
The w and @ — 1 branches are established at
the first step: hydroxylation of stearic acid
at the 18th (w) or 17th (w — 1) position.
The resulting 18-carbon hydroxy acid
chains are shortened to the major compo-
nents of the blend, 10-HDA and 9-HDA.
Oxidation of the w- and (® — 1)—hydroxy
group to give diacids and keto acids, respec-
tively, completes the process.

To study the biosynthesis of mandibu-
lar acids, we applied specifically deuter-
ated test compounds (12) to excised man-
dibular glands and followed the conver-
sion 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
hydroxy acids more efficiently than
palmitic or decanoic acid (14). Further
experiments confirmed that stearic acid is

OH

o \m -1
Functionalization
OH
HO\/\}’L

PN

l B-Oxidation l
o OH o
HO\/\/\/\/\)k /k/\/\/\)l\ ‘
OH OH
10-HDA 9-HDA
Hydroxy group
oxidation \
o o o
“OW\/\/\/‘L PPN
OH 'OH
° clo:11DA ODA
Workers Queens

Fig. 1. Biosynthesis of w- and (w — 1)-functional-
ized 10-carbon acids from stearic acid in worker
and queen honeybees. C10:1 DA, (E)2-decene-
dioic acid.
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the entry point to the biosynthetic path-
way of the mandibular acids. Assays with
labeled w— and (o — 1)—hydroxy acids
revealed that the (E)2-unsaturated hy-
droxy acids are derived from their saturat-
ed counterparts, and that diacids and keto
acids are derived from the corresponding
hydroxy acids. No isomerization between
10-HDA and 9-HDA was detected, so the
pools of w— and (o — 1)—hydroxy 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 hydroxy
group. (functionalization) 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 observa-
tion that stearic acid is the precursor,
prompted us to demonstrate that the
glands can shorten labeled 18- and 17-
hydroxystearic acid chains to the 12- and
10-carbon length (Fig. 2). No chain elon-
gation occurred when labeled 10-carbon
hydroxy acids were applied to the glands,
so the longer chain homologs arise
through shortening of the 18-carbon hy-
droxy acids. We used a B-oxidation inhib-
itor (16) [2-fluorostearic acid (17)] to con-
firm that functionalization precedes chain
shortening by B-oxidation. Both w— and
(o — 1)=hydroxy acids with more than 10
carbons accumulated when workers and

4004 A
300+ ] Workers
Il Queens
200
@ 1004
5 D
F [
2 O : .
§ w-Hydroxy acids
E 1200 B
<]
£
<
80+
40+
0_

12:0 ° 12:1 10:0 ~ 10:1 8:0
(w - 1)-Hydroxy acids

Fig. 2. B-Oxidation of (A) 18-D, 18-hydroxy- and
(B) 18,18,17-D, 17-hydroxystearic acids to short-
er saturated (:0) and (E£)2-unsaturated (:1) w—and
(w — 1)-hydroxy acids, respectively, in workers
and queens. The bars represent the mean amount
in nanograms of labeled chain-shortened prod-
uct. Error bars show the standard error (1 = 10 for
workers and 8 for queens).
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queens were treated with labeled stearic
acid and the inhibitor (Table 1), confirm-
ing the order of the two processes.

In the treatments with a B-oxidation
inhibitor, labeled 12-hydroxydodecanoic
acid was detected, but 12-hydroxy-(E)2-do-
decenoic acid and the 10- and 8-carbon
acids were not (Fig. 3). Further, the 14- and
16-carbon hydroxy acids were present in
trace amounts (<5 ng) and showed no sig-
nificant incorporation of label in the pres-
ence or absence of 2-fluorostearic acid.
These observations suggest that B-oxida-
tion may be tightly coupled with little re-
lease of intermediate acyl coenzyme A
(CoA) esters between the 18- and 12-car-
bon hydroxy acids. A different set of B-ox-
idation enzymes may continue the chain-
shortening process from the 12-carbon
length onward. At that point, 2-fluoro-
stearoyl CoA could compete with the inter-
mediate 12-carbon hydroxyacyl CoA esters,
thereby inhibiting further B-oxidation.

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. We used
data from several experiments to examine
each step in the pathway.

We studied functionalization by apply-
ing labeled stearic acid and 2-fluorostearic
acid to glands and comparing the amounts
of labeled 18- to 12-carbon w— and @ —
1)-hydroxy acids that accumulated in
each caste (Table 1). 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 functionalization 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-fluorostearic acid, a g-oxidation inhibitor (Inh.) (n
= 8 for both castes). For workers two glands were
perfused per replicate, and for queens one gland
was perfused per replicate.

w-HA (w — 1)-HA
Caste  Inh. accumulation  accumulation
(nmol) (nmol)
Workers — + 0.13 = 0.03* 0.09 £ 0.04
- 0.06 + 0.02 0.04 + 0.01
Queens + 0.73 + 052 0.77 = 0.54*
- 0.05 = 0.02 0.06 = 0.02

*There was a significant difference between the treat-
ments in the presence and absence of 2-fluorostearic
acid (pairwise comparison, Kruskal-Wallis P = 0.05).
There was no significant difference between w—and (w -
1)-hydroxy acids for any one treatment (Kruskal-Wallis, P
> 0.05).



of stearic acid hydroxylated during treat-
ment. In both castes, there was no signif-
icant difference between the accumulated
w—and (@ — 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 wortkers 18-hydroxy-
stearic acid was_shortened to the principal
10-carbon acids, but 17-hydroxystearic acid
was shortened only to a small extent. It was
not possible to assess whether workers have
a low (@ — 1)-hydroxy acid chain-shorten-
ing activity or whether they channel 17-
hydroxystearic acid into products that were
not determined. However, the data re-
vealed that queens and workers have differ-
ent selectivities of B-oxidation consistent
with their respective blends of functional-
ized acids.

To study the third step, we followed the
oxidation of labeled 10-HDA and 9-HDA
to the diacid (C10:1 DA) and the keto
acid (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-

Labeled product (%)

Treatment
[_IControl

180 ' 120 ' 124 100 ' 101 ' 80
Product

Fig. 3. Incorporation of 12-D, stearic acid into
w-hydroxy acids in workers in (A) the absence and
(B) presence of 2-fluorostearic acid. In (A) the con-
trols were glands treated with dimethy! sulfoxide
(DMSO0), in (B) they were glands treated with 2-flu-
orostearic acid in DMSO. Values represent the
percentage of labeled material as determined by
GC-MS; error bars indicate-the standard error of
the mean (n = 8). Columns marked with an aster-
isk differ significantly from the corresponding
blank (P < 0.05, Tukey’s test). Similar results were
obtained with terminal D, stearic acid.

tion in workers is specific for 10-carbon
w—hydroxy acids (18). Our results exclud-
ed the possibility that intact worker glands
were unable to oxidize 9-HDA because of
poor substrate uptake. Mated queens
readily oxidized 9-HDA to ODA. Very
young queens have small quantities of
ODA in their mandibular glands (19), so
they likely had low 9-HDA oxidizing ac-
tivity that was not detected.

This study demonstrates that the -
and (w — 1)—functionalized acids found in
worker and queen mandibular glands are
biosynthesized in a branched, three-step
pathway (Fig. 1), beginning with the o or
@ — 1 hydroxylation of stearic acid, fol-
lowed by chain shortening of the 18- and
17-hydroxystearic acids and the oxidation of
the w- and (o — 1)-hydroxy group. Workers
achieve their caste-selective pattern by pref-
erentially chain shortening w—hydroxy acids
to the 10-carbon length and by oxidizing
only w—-hydroxy acids to diacids. Queens
accumulate more of the 10-carbon (w — 1)—
functionalized acids by preferentially releas-
ing them from B-oxidation at the 10-carbon
length and by chain shortening the w—hy-
droxy acids to the 8-carbon length. Finally,
mated queens readily oxidize 9-HDA to
ODA. Thus, caste-specific differences in B-
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 queen. These
results demonstrate how, in a social insect,
caste-determined biosynthesis of isomeric
compounds can produce markedly differ-
ent glandular blends that are responsible
for many functional differences between
queens and workers.

3004 A

Workers

2004
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Amount labeled (ng)

18:0 12:.0 12:1 10:0 101
Hydroxy acid

Fig. 4. Incorporation of 12-D, stearic acid into w—
and (w — 1)-hydroxy acids in (A) workers and (B)
queens. Error bars indicate the standard error of
the mean (n = 8).
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