
interpret experiments in particle and in

nuclear physics. Without the quark-antiquark

pairs, it is impossible to quantify the associ-

ated uncertainty.

A breakthrough came 5 years ago, with the

first wide-ranging calculations incorporating

the back-reaction of up, down, and strange

quark pairs (10, 11). This work used a mathe-

matical representation of quarks that is rela-

tively fast to implement computationally (12),

and these methods enjoyed several notewor-

thy successes, such as predicting some then-

unmeasured hadron properties (13). This for-

mulation is, however, not well suited to the

nucleon, and so a principal task for lattice

QCD remained unfinished.

Dürr et al. use a more transparent formula-

tion of quarks that is well suited to the nucleon

and other baryons (hadrons composed of three

quarks). They compute the masses of eight

baryons and four mesons (hadrons composed

of one quark and one antiquark). Three of

these masses are used to fix the three free

parameters of QCD. The other nine agree

extremely well with measured values, in most

cases with total uncertainty below 4%.

For example, the nucleon mass is com-

puted to be 936 ± 25 ± 22 MeV/c2 compared

with 939 MeV/c2 for the neutron, where c is

the speed of light and the reported errors are

the statistical and systematic uncertainties,

respectively. The final result comes after care-

ful extrapolation to zero lattice spacing and to

quark masses as small as those of up and down

(the two lightest quarks, with masses below 6

MeV/c2). The latter extrapolation may not be

needed in the future. Last July, a Japanese col-

laboration announced a set of lattice-QCD

calculations (14) of the nucleon and other

hadron masses with quark masses as small as

those of up and down. 

These developments are serendipitously

connected to the work honored by this year’s

Nobel Prize in physics. The lightest hadron—

the pion—has a mass much smaller than the

others. Before QCD, Nambu (15) proposed

that this feature could be understood as a con-

sequence of the spontaneous breaking of chiral

symmetry (16). In QCD, it has been believed,

the spontaneous breaking of this symmetry by

the vacuum predominates over an explicit

breaking that is small, because the up and

down quarks’ masses are so small. Lattice

QCD (4, 10, 11, 13, 14) simulates and, we see

now, validates these dynamical ideas in the

computer. Moreover, this success puts us in a

position to aid and abet the understanding of

the role of quark flavor (17), including asym-

metries in the laws of matter and antimatter

(18), for which Kobayashi and Maskawa

received their share of the Nobel Prize.

Dürr et al. start with QCD’s defining equa-

tions and present a persuasive, complete, and

direct demonstration that QCD generates the

mass of the nucleon and of several other

hadrons. These calculations teach us that even

if the quark masses vanished, the nucleon

mass would not change much, a phenomenon

sometimes called “mass without mass” (19,

20). It then raises the question of the origin of

the tiny up and down quark masses. The way

nature generates these masses, and the even

tinier electron mass, is the subject of the LHC,

where physicists will explore whether the

responsible mechanism is the Higgs boson or

something more spectacular.
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Insects use a variety of strategies to fight

pathogens at different stages of infection,

which may guide antimicrobial development

for human use.
Rogue Insect Immunity
David S. Schneider and Moria C. Chambers

MICROBIOLOGY

T
wo recent studies have quietly and sub-

versively broken the models we’ve

used to describe insect immunity.

Impressively, they’ve accomplished this by

using gross observational studies rather than

mechanistic approaches. On page 1257 in this

issue, Haine et al. (1) suggest that what we’ve

considered the central pillar of insect immu-

nity—antimicrobial peptides—may perform

a “mopping up” role in clearing pathogens.

Hedges et al. (2) show that heritable epige-

netic properties can have as large an impact on

insect immunity as any genetically encoded

pathway yet tested. Both studies teach us

important lessons about the way a host organ-

ism interacts with microbes and may have

immediate practical applications.

We often study host-pathogen interactions

in insects to model human infections. A good

illustration of this approach was the discovery

that the immune-activated signaling pathway

mediated by the Toll receptor in the fly

Drosophila melanogaster is partially con-

served by a family of Toll-like receptors in

humans (3, 4). This is now a cornerstone of the

field, and much of the recent work in insects

has involved further dissection of the molecu-

lar details of the Toll pathway and the related

Immune deficiency (Imd) pathway (5). When

activated by microbes, these two pathways

induce the massive production of antimicro-

bial peptides by host cells, and the loss of sig-

naling that is caused by mutations in pathway

components deeply compromises the fly’s

immune response (6).

Haine et al. show that the vast majority of

bacteria are cleared from an insect before

antimicrobial peptides are produced. In the

mealworm beetle, Tenebrio molitor, imme-

diate-acting immune responses, such as

engulfment of bacteria by phagocytes (spe-

cialized immune cells) and melanization (in

which bacteria are killed by reactive oxy-

gen) likely do most of the heavy lifting when

it comes to clearing microbes; more than

99.5% of injected bacteria are cleared from

beetles, in the first hour of infection, before
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any antimicrobial peptides are detectable.

The authors hypothesize that the inducible

antimicrobial peptide system removes resid-

ual microbes that are selected for resistance

to the first wave of immune effectors.

The importance of this finding is that it pro-

vides a new logic for the order of immune

events. The immediate-acting immune re-

sponse followed by inducible antimicrobials in

insects resembles the events that send a patient

to the doctor—the patient’s immune system

fails to clear some microbes and the doctor

gives them antimicrobials to cure the infection.

This two-step approach to immunity works

well for insects, but in the clinic, resistance is an

inevitable outcome of antibiotic use. What is

different between these two systems? In

insects, we observe pairs of constitutive

responses and subsequent “mopping up”

antimicrobials that have been selected through

evolution. By contrast, the drugs we use in the

clinic are chosen because they are cheap,

immediately effective, and cause few side

effects, not because they prevent further resist-

ance. Another possible difference is that insects

produce dozens of antimicrobial peptides at

once to fight infections, whereas a patient

might be given one or two antibiotics. It may be

difficult for microbes to evolve resistance to a

large panel of antimicrobials. Haine et al.

found that even though antimicrobial peptides

are produced, and bacterial levels are knocked

down about ten thousandfold, the beetles don’t

clear the infections over the 2 week course of

the experiment. This is a different outcome

from what we demand of our doctors—a com-

plete cure. That bacteria remain in infected

bugs suggests that antimicrobial peptides

aren’t just bacteriocidal. They may be function-

ing at low concentrations to alter the physiol-

ogy of the bacteria and reduce pathology.

The founding principle of Drosophila

immunogenetics is that genetically identical

flies have similar immune responses. Hedges et

al. found that flies carrying a common bacterial

endosymbiont, Wolbachia, had increased resist-

ance to two insect viruses when compared to

genetically identical flies lacking Wolbachia.

Consider the following: When either the Toll or

Imd pathway is disrupted through mutation,

pathogens can kill mutant flies 10 times as

fast as their wild-type parents. The loss of

Wolbachia produces a similar phenotype during

viral infections. This is terrifying; few, if

any, insect immunology studies report the

Wolbachia status of their flies (7). Apart from

the obvious question, “How does this work?”

the finding of Hedges et al. raises other ques-

tions: Does the presence of Wolbachia affect the

ability of the fly to fight other infections (bac-

terial, fungal, parasitoid, or protozoan)? Is

Wolbachia the only member of the native

microbiota that has this effect? Recent work

with herpesvirus in mice demonstrates a protec-

tive effect of persistent viral infection on subse-

quent bacterial infections. Together, the studies

by Haine et al. and Hedges et al. promote the

broad theme that our native microbes are sym-

bionts that shape our immune response (8).

Even without knowing the mechanisms

underlying these immune processes, it is easy

to imagine their ecological impact. Wolbachia

is transmitted maternally, through the germ

line (9). Wolbachia could provide a fitness

advantage to flies in the field if these flies face

viral infections, providing a mechanism to

drive Wolbachia into a naïve population.

What would happen if Wolbachia affects

an economically important insect, like honey-

bees, the way it affects flies? If bees that nor-

mally harbor Wolbachia were cured of their

infections, the epidemiological picture in the

field would be hard to work out from scratch.

We would find that bees lost one minor

microbe and that many infectious agents

could then produce stronger or different dis-

eases than were seen in the past. This could be

confusing because our methods are optimized

for identifying infectious diseases caused by

the presence of single pathogens.

One might guess that an insect would be

safe from having its microbiota altered.

Honeybees are an exception, however, be-

cause we’ve been dosing commercial col-

onies of bees with antibiotics for decades

(10). Before the rise of colony collapse disor-

der, one of the most important honeybee dis-

eases was American foulbrood, caused by the

bacterium Bacillus larvae. To deal with this

threat, many beekeepers prophylactically

treat their hives with tetracycline deriva-

tives—the same antibiotics used to cure flies

of Wolbachia. If these treatments cured queen

bees, then all hives descending from these

queens would also be Wolbachia free,

because the microbe is transmitted mater-

nally. A Wolbachia-virus sensitivity experi-

ment may have already been performed on

honeybees nationwide and may change the

way bees interact with previously character-

ized pathogens. 

The beauty of the studies by Haine et al.

and by Hedges et al. is that they take simple

observations and step beyond direct mecha-

nistic questions like, “What does it take to

turn on this immune pathway?” and lead us

into new territory. In the past, our justifica-

tion for studying insect immunity was that

the molecular mechanisms of signaling

were evolutionarily conserved and it is

faster to work in systems where you can do

rapid genetic screens. This new work shows

how studying the progression of disease in

insects can teach us the logic behind the

structure of the immune response and prom-

ises to teach us how to avoid the evolution of

drug resistance. The studies highlight the

notion that our body is an ecosystem and

that our microbiota are an essential part of

our immune system.
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Immediate immune response
99.5% of bacteria cleared

Late immune response
0.5% of bacteria cleared

Melanization Engulfment

Fat body cells

Antimicrobial peptides
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Antimicrobial peptide synthesis

Seconds Hours to days

Clearing and mopping up. The majority of bacteria that infect an insect are cleared by immediate-acting
immune responses, whereas the late-acting antimicrobial peptide immune response targets the few bacteria
that are resistant to the early response.
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