
antibacterial12 and phenol oxidase13 activity
(1/20 dilution). 

As expected, workers in the challenged
groups showed more antibacterial activity
than controls (Fig. 1). Their phenol oxidase
activity, however, was lower (Fig. 1), 
indicating that there could be a possible
trade-off between these two immune
responses in challenged workers. Haemo-
cyte counts were similar between the 
two groups (Wilcoxon’s paired signed-rank
test, T-429, n411, NS). Immune-
challenged groups had lower reproductive
output (repeated measures-MANOVA for
log-transformed number of males and
queens: Hotelling’s T41.297, F2,945.839,
P40.024), notably producing fewer queens
(F1,10412.082, P40.006), indicating a pos-
sible trade-off between reproductive output
and immune response. Male offspring from
challenged groups showed higher phenol
oxidase activity than controls, but anti-
bacterial activity (Fig. 1) and haemocyte
counts were comparable between the two
groups (T-429, n411, NS).

As insects do not produce antibodies,
they cannot transfer specific immunity as
mammals do1. Male bumble-bees from
immune-challenged groups have increased
constitutive immunity relative to controls,
which both enhances encapsulation (Fig. 1)
and protects against microorganisms5,8. As
the phenol oxidase enzyme cascade pro-
vides a broader immunity than the costly
antibacterial immune response12, males
may benefit by enhancing their most gener-
al means of prophylaxis. Although the phys-
iological mechanism by which this
trans-generational transfer is achieved is
unknown, the enhanced immunity could be

the result of monitoring cues from worker
bees, as in the density-dependent prophy-
laxis observed in other insects13.
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Nanotechnology

Synthesis of carbon
‘onions’ in water

The fabrication of carbon nanomateri-
als usually calls for expensive vacuum
systems to generate plasmas1,2 and

yields are disappointingly low. Here we
describe a simple method for producing
high-quality spherical carbon nano-
‘onions’ in large quantities without the use
of vacuum equipment. The nanoparticles,
which have C60 cores surrounded by onion-
like nested particles, are generated by an arc
discharge between two graphite electrodes
submerged in water. This technique is eco-
nomical and environmentally benign, and
produces uncontaminated nanoparticles
which may be useful in many applications.

Nanoparticles have previously been pre-
pared using a range of vacuum and non-
vacuum methods3–5. Ours is a non-vacuum
method in which the carbon arc is sus-
tained in deionized water. The apparatus
consists of two submerged graphite elec-
trodes, and the arc discharge is initiated by
contacting a pure grounded graphite anode
(tip diameter, 5 mm) with the carbon cath-
ode (tip diameter, 12 mm) of similar puri-
ty; the discharge voltage and current were
16–17 V and 30 A, respectively. The nano-
onions are mostly found floating on the
water surface, with the rest falling to the
bottom of the beaker through natural 
segregation, giving material of high purity.
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Entomology

Immune defence in
bumble-bee offspring

Immune-challenged vertebrate females
transfer specific antibodies to their off-
spring1–3, but this gratuitous immunity

cannot operate in invertebrates4. Here we
show that constitutive immune defence is
enhanced in sexual offspring of the bumble-
bee Bombus terrestris L. when the parental
colony is immune-challenged. Our findings
indicate that invertebrates may use a differ-
ent component of the immune system to
generate a facultative trans-generational
increase in the immune response. 

Insect immunity is characterized by the
inducible expression of a large array of
antimicrobial peptides and by the constitu-
tive melanization–encapsulation response,
which is based on a cascade involving an
inactive precursor of the enzyme phenol oxi-
dase4,5. Antibacterial activity can be induced,
for example, by lipopolysaccharide (LPS)
extracted from bacterial surfaces. The opera-
tion of the cascade is indicated by the phenol
oxidase activity in the insect haemolymph6,7

and can be monitored by measuring the rate
of conversion of a phenol substrate into
quinone, which then polymerizes to form
melanin. Because both quinone and melanin
are toxic to microorganisms5, hosts with high
phenol oxidase activity are less susceptible to
microbial infection8.

Social insects cooperate in brood care
and make a considerable investment in
their offspring. In annual species such as
bumble-bees, reproduction occurs at the
end of the colony cycle, when sexuals
(daughter queens and males) emerge —
here the term ‘trans-generational’ distin-
guishes the queen and workers from sexual
offspring. Unlike daughter queens, males
do not hibernate, so their reproductive suc-
cess depends on post-emergence survival
after they leave the parental colony and are
exposed to parasites in the same habitat9.
Assuming facultative adjustment of off-
spring immunity, we investigated whether
parasite-challenged parental colonies could
enhance their males’ immunocompetence. 

We used a split-colony design10 with 
11 colonies, each equally split into treat-
ment and control groups. In the immune-
challenged group, 70–80% of workers were
injected weekly with LPS (Sigma L-2755,
0.5 mg ml11 in Ringer’s solution (5 ml)),
which activates the immune system for long
periods11. Control workers were treated in
the same way, but with the omission of LPS.
Colonies completed their life cycle in the
laboratory under standard conditions 
(24 7C, 60% relative humidity). We counted
the number of sexuals and haemocytes
(Neubauer haemocytometer, 1/6 dilution)
and used standard protocols to measure

brief communications

Figure 1 Antibacterial and phenol oxidase activities in the

haemolymph of workers and males from control (orange bars)

and challenged (blue bars) groups from 11 bumble-bee colonies.

In workers, antibacterial activity was higher in challenged 

groups than in controls (Wilcoxon’s paired signed-rank test:

T&46, n411, P*0.02), but phenol oxidase activity was lower

(T143, n411, P40.005). In males, antibacterial activity was

the same (T&431, n411, NS) but phenol oxidase activity was

higher (T&46, n411, P*0.02) in the challenged side than in 

controls. Further experiments showed that increased activity in

males correlates with an increased encapsulation response

against an invader (F1, 2345.25, P40.031). Vmax is measured as

the maximum change in optical density21013 per minute.
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