
detected using microdots containing either
0.1 (lane 6) or 0 (lane 7) copies per haploid
genome, indicating a detection limit of
about one secret-message DNA strand per
haploid human genome. The amplified
band in lane 4 of Fig. 1c (arrow) was excised,
subcloned and sequenced. Use of the
encryption key (Fig. 1b) to decode the resul-
tant DNA sequence (Fig. 1d) yielded the
encoded  text, containing probably the most
significant secret of the original microdot
era: “June 6 invasion: Normandy” (Fig. 1d).

In preliminary experiments, microdots
containing 100 copies of secret-message
DNA per human haploid genome which
had been attached using common adhesives
to full stops in a printed letter, and posted
through the US mail, yielded the correct
PCR amplification product (data not
shown). Our technique could therefore be
used in a similar way to the original
microdots: to enclose a secret message in an
innocuous letter.

It should be possible to scale up the
encoded message from the size of our sim-
ple example, perhaps by encoding a longer
message in several smaller DNA strands. It
should also be possible to use smaller
microdots, which could be used for a vari-
ety of purposes, including cryptography
and specific tagging of items of interest.
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show aggression towards an introduced bee
that is either a nestmate (from the group’s
natal colony) or a non-nestmate (from an
unrelated colony). Group size was reduced
from ten to three bees to make it possible
for a single experimenter to inject all group
members within a short period. Because the
effects of octopamine injection are short-
lived (about 60 min)3, we treated bees with
more persistent octopamine agonists:
either 2,3-xylylaminomethyl-28-imidazo-
line (XAMI)4 or N8-(4-chloro-o-tolyl)-N-
methylformamidine (DCDM)5.

Bees given abdominal injections of 1.0
or 1.5 mg XAMI were significantly more
likely to react aggressively towards non-
nestmates than towards nestmates, but bees
injected with saline were not (Fig. 1a).
Comparisons with saline-injected bees sug-
gest that the effect of XAMI was the aggre-
gate result of two trends: decreased
aggression towards nestmates and increased
aggression towards non-nestmates. Only in
one case was a trend significant by itself

(aggression towards non-nestmates, with a
dose of 1.0 mg; this was significant only at
the a4 0.05 level, and many statistical tests
were performed). Higher doses of XAMI
(2.5 and 5.0 mg) did not influence nestmate
recognition but did cause a significant tran-
sient impairment of locomotor activity
(data not shown), which might have inter-
fered with the expression of aggressive
behaviour. These results are consistent with
depressed responses to both nestmates and
non-nestmates in bees treated with the two
higher doses (Fig. 1a). Octopaminergic
agonists have been shown to have an effect
on locomotion in other species6.

To determine whether the results with
XAMI reflected an octopaminergic process,
we tested DCDM, an octopamine agonist
from a different chemical family to XAMI.
Results with DCDM were very similar to
those with XAMI (Fig. 1b). Another indica-
tion of the specificity of the recognition
effect is that it was eliminated when bees
were treated with both DCDM and
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FFiigguurree  11 Effect of octopamine agonists on nestmate recognition in honeybees: a, XAMI; b, DCDM; c, DCDM
plus mianserin (an octopamine antagonist). P-values are derived from two-way G-tests: *P* * 0.05; **P* 0.01;
***P* 0.001. The number of introductions in each experiment is given in each bar. Purple bars, nestmate;
orange bars, non-nestmate.

Neurochemicals aid bee
nestmate recognition

The theory of kin selection1, which revolu-
tionized the study of social behaviour,
requires the discrimination of relatives from
non-relatives. Many animals possess this
ability, but the underlying neurobiological
mechanisms have not been studied. Here
we provide evidence for the neurochemical
modulation of nestmate recognition: treat-
ment with octopamine agonists improves
the discrimination of related nestmates from
unrelated non-nestmates in honeybees.

We used a modification of a laboratory
assay2 that measures the probability that a
group of five-day-old, laboratory-reared
adult worker honeybees (Apis mellifera) will

100

0

20

40

60

80

35 35 35 35

*
**

100

0

20

40

60

80

35 35 34 35

**

100

0

20

40

60

80

30 30 30 30

100

0

20

40

60

80

38 38 33 34

100

0

20

40

60

80

20 20 20 20

*

Saline XAMI

100

0

20

40

60

80

60 60 70 70

100

0

20

40

60

80

70 70 70 70

100

0

20

40

60

80

50 50 50 50

Saline DCDM

100

0

20

40

60

80

**

40 40

Saline DCDM+mianserinDCDM

1.0 µg 1.0 µg 

1.5 µg 2.5 µg 

2.0 µg 5.0 µg 

5.0 µg 2.5 µg DCDM 
2.5 µg mianserin 

2.5 µg 

***

***
**

4040 40 40

In
tr

od
uc

tio
ns

 w
ith

 a
gg

re
ss

io
n 

(%
)

a b

c


