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Social life is generally associated with an increased risk of disease transmission, but at the same time it
allows behavioural defence at both the individual and collective level. Bees infected with deformed-wing
virus were introduced into observation hives; through behavioural observations and chemical analysis of
cuticular hydrocarbons from healthy and infected bees, we offer the first evidence that honeybee colonies
can detect and remove infected adult bees, probably by recognising the cuticular hydrocarbon profiles of
sick individuals. We also found that health-compromised colonies were less efficient at defending them-
selves against infected bees, thus facing an ever increasing risk of epidemics. This work reveals a new
antiseptic behaviour that can only be interpreted as an adaptation at colony level and one which should
be considered an element of the social immunity system of the beehive, re-enforcing the view of a colony
as an integrated organism.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The analogy between social insect colonies and multicellular
organisms was first put forward by Wheeler (1911) when insect
colonies were referred to as ‘superorganisms’. A century later,
Strassmann and Queller (2009) proposed that a biological entity
can be defined as an organism if high and nearly unanimous coop-
eration exists among its constituent parts, with actual conflicts
among those parts largely absent or controlled. According to this
view, organisms may be seen as highly cooperative social groups,
and advanced eusocial insect colonies considered as organisms. Be-
yond the terminology, it is a biological reality that in highly euso-
cial insect colonies, selection may occur at both the individual and
group level, while problem solving is collective in nature (Seeley,
1995; Gordon, 1996; Fewell, 2003). This evidence provides a start-
ing point for the study of the sociality, physiology and life history
of whole colonies. In superorganisms, what were once solitary
organisms joined together into a cohesive whole (Bonner, 2001).
Multicellularity and eusociality are accomplished by specializing
individuals, cells or organisms and the development of group-level
coordinating mechanisms. Multicellular organisms and insect soci-
eties face the same organizational problems and the same intense
selective pressures from pathogens and parasites (Schmid-Hempel,
1998; Naug and Camazine, 2002) leading to a series of analogies in
their anatomy and social anatomy, physiology and social
ll rights reserved.

: +39 055 222565.
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physiology, immunity and social immunity (Cremer and Sixt,
2009; Johnson and Linksvayer, 2010).

Social life is generally associated with increased exposure to
pathogens and the risk of disease transmission, due to factors such
as high population density, frequent physical contact and reduced
genetic variability (Alexander, 1974; Sherman et al., 1988; Schmid-
Hempel, 1998; Côté et al., 1995; Hughes and Boomsma, 2004). On
the other hand, sociality provides protection from parasites at the
colony level as well as collective behavioural defence achieved by
all the group members cooperating together, avoiding or eliminat-
ing parasitic infections (Cremer et al., 2007; Ugelvig and Cremer,
2007; Wilson-Rich et al., 2009) and reducing the parasite load
(Rosengaus et al., 1998; Hughes et al., 2002; Traniello et al., 2002).

Like any other group of social insects, honeybee colonies, with
their rich store of food, abundant mass of immature brood and
adults, suffer attack from numerous pathogens and parasites
(Otvos, 2000; Evans and Spivak, 2010). Moreover, the constant
and relatively high temperature and humidity levels maintained
in a bee nest provide the perfect environment for the incubation
of all kinds of microorganisms, such as protozoa, fungi, bacteria
and viruses. Like all animals, individual honeybees recruit physio-
logical and immunological defence against disease agents (Evans
et al., 2006; Schmid et al., 2008; Wilson-Rich et al., 2008). More-
over, as well as individual immunity, honeybees also show several
physiological, behavioural and organizational colony-level adapta-
tions such as spatial and behavioural compartmentalization of
worker bees on the nest (Naug and Camazine, 2002; Naug, 2008),
social fever (Starks et al., 2000), nest construction and enrichment
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with antimicrobial material (Simone et al., 2009; Baracchi and
Turillazzi, 2010; Baracchi et al., 2011), grooming (Kolmes, 1989;
Boecking and Spivak, 1999), hygienic behaviour (Rothenbuhler
and Thompson, 1956; Spivak and Gilliam, 1998a,b; Richard et al.,
2008), undertaking (Visscher, 1983) and self-removing (Kralj and
Fuchs, 2006; Naug and Gibbs, 2009; Rueppell et al., 2010). Behav-
iour, in particular, plays an important role in infection control: re-
moval, quarantine or exile of infected individuals can reduce the
exposure of a population once disease takes hold (Clancy, 1996).
It is well documented that many of these behaviours are com-
monly triggered by chemical cues. In particular, the cuticular
hydrocarbons, known to play a key role in chemical communica-
tion in all social insects, mediate hygienic and undertaking behav-
iours in honeybees (see Evans and Spivak, 2010). Evidence exists
that cuticular hydrocarbon profiles can be altered simply by activa-
tion of the immune system of bees, by using bacterial lipopolysac-
charide injections (Richard et al., 2008). For example, parasitization
by the Varroa destructor mite significantly alters the overall hydro-
carbon profile of emerging adult bees (Salvy et al., 2001) and virus-
infected honey bee workers are the target of increased grooming
by nestmates (Waddington and Rothenbuhler, 1976; Drum and
Rothenbuhler, 1984). However, to the best of our knowledge,
although removal of corpses and hygienic behaviour towards any
sick brood is pronounced in honeybees, their ability to remove
health-compromised adult individuals from the nest has rarely
been investigated (see Morse, 1978; Bailey, 1981 and reference
within). The very first aim of this work was to verify whether hon-
eybee (Apis mellifera) workers are able to detect bees infected with
Deformed Wing Virus (DWV) and remove them from the hive soon
after their emergence. Subsequently, we analysed the cuticular
chemical profiles of DWV bees to see whether their hydrocarbons
are modified after infection and could indeed be responsible for
triggering the treatment they receive. In a second instance we also
tested whether health-compromised colonies were less efficient at
defending themselves against infested bees than healthy colonies,
when faced with an ever increasing risk of epidemic.
2. Materials and methods

2.1. Behavioural assays

We assembled four one-frame observation hives, each consist-
ing of about 3000 individuals plus the queen, taken from two
highly deformed wing virus (DWV) infected (�1–2% of bees show-
ing deformed wings) and two DWV free (�0.1% of bees showing
deformed wings) colonies. Bee population in the experimental
hives was roughly estimated by counting the number of full or par-
tial ‘‘sixth of frames’’ covered by bees in each hive at sunset
(Marchetti, 1985). All the colonies were also naturally infested by
the Varroa destructor mite. The comb from each colony was
collected from the central part of the original hive complete with
honey, pollen and brood at different stages of development.

Since healthy colonies did not provide an adequate number of
newly emerged DWV bees for behavioural tests we removed
healthy (n = 100) and DWV bees (i.e. individuals with typical crip-
pled wing symptoms; n = 100) from a single different DWV in-
fected colony directly on their emergence from cells. Using bees
from a single colony did all the tested (introduced) bees as homo-
geneous as possible. We marked these bees on the thorax with en-
amel paint and transferred them to the observation hive (25
healthy bees and 25 DWV bees for each colony: two replications
were made for each type of colony, healthy and infested). To check
the order of effects during the experiments, healthy and DWV bees
were introduced alternatively one at a time. Each bee was observed
for 10 min immediately after its introduction into the hive. We re-
corded the number of antennations, bites and grooming events re-
ceived from resident honeybees and the percentage of bees that
were dragged out of the hive at the end of the census period
(10 min). The number of responses each healthy/infected bee re-
ceived was normalized for the time spent on the comb (from 0 to
10 min depending on whether the bee was dragged out of the hive
immediately or not during the observation period). In order to
show any associations between all measured variables, PCA analy-
sis with the dudi-mix method (a method specifically designed for
PCA-type analysis on mixed categorical and continuous variables)
was performed. Antennations and grooming were entered as con-
tinuous variables (log(x + 1) transformed for normality and homo-
scedasticity) whilst bites, dragging-out- of-nest or not, bee and
colony health were entered as binary factorial variables. We
screened the observation hives once a day for three consecutive
days counting all the marked bees. We computed and analysed
survival distributions for all treatments with the Mantel–Cox Test.
Healthy (n = 20) and DWV (n = 20) newly emerged bees were re-
moved from the infected colony used for the experiment and
housed in the laboratory (all the bees were kept together in a
15 � 15 � 15 cm cage in the dark, with honey and pollen ad libi-
tum) to note their survival rate after 3 days.
2.2. Cuticular hydrocarbon analysis

We collected newly emerged bees from a highly infected DWV
colony (�1–2% of bees showing deformed wings), (healthy bees
n = 10; DWV bees n = 15) and from a DWV-free colony (�0.1% of
bees showing deformed wings), (healthy bees n = 15; DWV bees
n = 10) and killed them by freezing soon after capture. Additional
healthy (n = 15) and DWV (n = 15) newly emerged bees were
housed in the laboratory (all the bees were kept together in a
15 � 15 � 15 cm cage in the dark, with honey and pollen ad libi-
tum) and were killed by freezing 3 days later to check how age af-
fected cuticular hydrocarbons. We extracted the epicuticular
compounds from each bee by washing it in 200 ll of hexane (with
C18 hydrocarbon as internal standard) for 10 min. The solution
was then dried in a nitrogen stream and re-suspended in 25 ll of
heptane for GC–MS analysis. We injected 1 ll of solution into a
Hewlett Packard (Palo Alto, Calif.) 5890A gas chromatograph cou-
pled with an HP 5971A mass selective detector. A fused silica cap-
illary column coated with 5% diphenyl-95% dimethyl polysiloxane
(ZB-5.30 mm � 0.25 mm � 0.1 lm; Zebron, USA) was used in the
GC analysis. The injector port and transfer line were set at 300 �C
with helium (at 12 psi) as the carrier gas. The temperature protocol
was: 70–150 �C at a rate of 12 �C/min (held for 2 min), and 150–
320 �C at 8 �C/min (held for 5.08 min). Analyses were performed
in splitless mode. Identification of cuticular compounds was
performed on the basis of their mass spectra produced by electron
impact ionization (70 eV).

We identified 39 peaks on the honeybee cuticle, each represent-
ing one or more hydrocarbons. The areas of peaks of the TIC chro-
matogram for each bee were normalised for the area of the internal
standard (C18). To address the total CHC quantity for each bee, we
summed the areas of all the peaks and compared them using the
Mann–Whitney U test for the newly emerged bee and 3-day-old
bee groups. All the peaks were then transformed into frequencies
for the sum of the peak areas considered. Before PLS-Discriminant
Analysis, each peak area was transformed according to the follow-
ing formula:

Z ¼ arcin
ffiffiffi
P
p

where P is the area of the peak i divided by the sum of the areas of
all peaks in each specimen and Z is the transformed peak area of the
peak P.



Fig. 2. Number of DWV and healthy bees dragged out of the hives 10 min after
introduction into the colony. Results of v2 test are reported for both the overall
samples taken together (first and second box), and for the healthy colonies and
infested colonies considered separately.
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For analysis of hydrocarbon profiles, the resulting areas of the
peaks, representing one or more cuticular compounds, were sub-
jected to PLS-Discriminant Analysis in order to sharpen separation
between the predefined groups and categories of samples (DWV
bees and healthy bees) by hopefully rotating PCA (Principal
Component analysis) and understanding which variables (chemical
compounds) carry the class separating information. The Mann–
Whitney U test was used to compare the differences peak by peak
between healthy and DWV bees.

We then calculated the Chromatographic Barycentre (CB) of the
chemical profile for each bee (i.e. an imaginary point correspond-
ing to the equilibrium of each bee’s cuticular chromatogram) by
replacing the mass with the percentage of each peak and the
position with the respective retention time. The formula used to
calculate the CB was:

CB ¼
X

i¼1

PiTi=
X

i¼1

Pi

where Pi is the percentage area of a given compound and Ti is the
retention time of the same compound. This method highlights the
difference between the lighter and heavier compounds in a chro-
matogram; the central compounds are less decisive for calculating
the CB.

Finally, to determine whether colony health influences the
development of chemical profiles in honeybees, we calculated
the chemical distances (using Euclidean distances and standardiz-
ing for Z scores) between the CHC compositions of healthy and
DWV bees in the highly infested DWV colony and healthy colony,
then compared them using the non-parametric Mann–Whitney U
test. All analyses were performed with the SPSS� 13.0 statistical
program and the Open source R 2.1. using the ‘‘ade4’’ package.
3. Results

3.1. Behavioural assays

Dudi-mix PCA extracted six PCs explaining the 100% variance,
three of which showed eigenvalues higher than 1 (Exp.Var.: PC1:
30.8%, PC2: 17.9%, PC3: 17.2%). Fig. 1 shows that DWB bees have
a higher probability of being bitten and dragged out of the nest
than healthy ones, whilst the probability of being groomed and
antennated is higher in a healthy colony than in an infested bee
Fig. 1. Principal component analysis output with dudi-mix method. Bites (�0.51)
and being dragged out of the nest (�0.58) are the most important variables in the
PC1 (X-axis), while bites (0.68) antennations (�0.51) and grooming (�0.49) are the
most important variables in the PC2 (Y-axis).
colony. After 10 min, more DWV bees were dragged out of the
hives by resident nestmates, both taking all the tested colonies to-
gether and when healthy and infested colonies were analysed sep-
arately (v2 test with Yates correction, overall: v = 18.47, N = 200,
df = 1, P < 0.001; healthy colonies: v = 9.27, N = 100, df = 1, 0.001,
P < 0.01; infested colonies: v = 6.53, N = 100, df = 1, 0.01, P < 0.02;
Fig. 2). Essentially, over the 3 days observation period, the groups
of bees showed significantly different mortality rates (i.e. ejection),
(Log Rank (Mantel–Cox) test, v = 99.34, df = 7, P = 0.0001; Fig. 3).

Since no differences were found between the replications (Mantel
–Cox test, df = 1, DWV bees in healthy colonies: v = 1.43, P = 0.23;
DWV bee in infested colonies: v = 0.94, P = 0.33; healthy bees in
healthy colonies: v = 0.001, P = 0.99; healthy bees in infested
colonies: v = 1.31, P = 0.25; see also Fig. 3) the replications were
clumped together. Healthy bees did not differ in ejection rate when
introduced into healthy or highly infested colonies (Mantel–Cox
test, df = 1, v = 0.027, P = 0.87). In contrast, DWV bees showed
higher ejection rates with respect to healthy bees, regardless of
colony health (Mantel–Cox test, healthy colonies: v = 18.01,
df = 1, P < 0.001; highly infested colonies: v = 54.78, df = 1,
P < 0.001). Interestingly, although only two replications were made
(one for highly infested and one for the healthy observation frame),
the ejection rate for DWV bees changed depending on the health of
the tested colonies (Mantel–Cox test, v = 11.93, df = 1, P = 0.001),
Fig. 3. Survival after introduction of healthy and DWV bees in healthy and highly
infested A. mellifera colonies. Black circles: healthy bees (N = 50) in healthy colonies
(N = 2); empty circles: healthy bees (N = 50) in sick colonies (N = 2); empty squares:
DWV bees (N = 50) in healthy colonies (N = 2); black squares: DWV (N = 50) bees in
sick colonies (N = 2). Unbroken line and dotted-line: colonies 1 and 2.



Fig. 4. Total ion chromatograms of cuticular hydrocarbons belonging to newly emerged healthy and DWV bees and 3-day-old healthy and DWV bees. Each ion chromatogram
belongs to a single bee reported as example. Numbers refer to compounds listed in Table 1. For clarity’s sake, only the more abundant compounds are numbered. Stars refer to
an internal standard (C18).
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(Fig. 3). Finally, at the end of the three experiment days, there was
no difference in mortality rate between newly emerged healthy
and DWV bees reared in the laboratory (v2 test with Yates correc-
tion, N = 40, v = 1.04, P > 0.1).

3.2. Cuticular hydrocarbon analysis

We identified 39 of the compounds detected on the honeybee
cuticle (n = 80) in the two age groups and in the different health
condition groups. The cuticular waxes of bees are dominated by
a series of linear and methyl-branched saturated and linear unsat-
urated hydrocarbons with carbon atoms numbering from 19 to 33
(Fig. 4 and Table 1). The dominant compounds were linear and
mono-methyl branched compounds of odd-numbered carbon
chains. Several dimethyl-branched compounds were also found
in lower amounts. Unsaturated hydrocarbons were present in
more variable quantities.

The total CHC amounts found on the cuticles of healthy and
DWV bees were not statistically different at the time of emergence
(Mann–Whitney U test, n = 50, Z = �0.26, P = 0.80). However, as the
bees grew older, CHC amounts increased significantly more in the
healthy than DWV bees (Mann–Whitney U test, n = 30, Z = �3.09,
P < 0.001) (Fig. 5a).

The healthy bees had a lower Chromatographic Barycentre
(newly emerged bees: median 21.56 min, range 2.32 min; 3-day
old bees: median 22.24 min, range 2.82 min) than DWV bees (new-
ly emerged bees: median 22.21 min, range 1.10 min; 3-day old
bees: median 22.66 min, range 1.13 min) (newly emerged and
3-day old bees: Mann–Whitney U test, n = 50, Z = �4.6, P < 0.001;
n = 30, Z = �2.22, P = 0.02 respectively; Fig. 5b). Again, when newly
emerged bees and 3-day old bees where grouped together, healthy
bees had a lower chromatographic barycentre than DWV bees
(Mann–Whitney U test, n = 80, Z = �4.25, P < 0.001). This highlights
the fact that healthy bees have a relatively greater abundance of
low molecular weight compounds, while DWV bees have more
higher molecular weight compounds.

Fig. 6 gives the PLS-DA classification outputs. All the bees were
assigned to the correct group and most of the variance in the data
set can be explained by the first function, which separates newly
emerged bees from the older ones and healthy, old bees from old
DWV bees, and the second function which separates newly
emerged healthy bees from newly emerged DWV bees.



Table 1
Hydrocarbons identified on the cuticle of healthy and DWV honeybees. The table also gives the average percentage (± SD) of the amount of each CHC in each group of bees and P
value for the Mann–Whitney U test. All these substances were subsequently used in multivariate statistical analysis.

Peak Compounds Healthy old bees DWV old bees P value Healthy N.E. bees DWV N.E. bees P value

1 Nonadecene 0.59 ± 0.03 0.63 ± 0.03 N.S. 0.37 ± 0.05 0.04 ± 0.0 P = 0.01
2 Hexadecanoic acid 2.04 ± 0.05 0.67 ± 0.04 P < 0.001 1.08 ± 0.03 1.14 ± 0.06 N.S.
3 Eneicosane 2.89 ± 0.03 2.53 ± 0.02 N.S. 1.76 ± 0.02 2.03 ± 0.01 P = 0.005
4 Octadecenoic acid 5.76 ± 0.10 3.10 ± 0.09 P < 0.001 6.98 ± 0.08 4.78 ± 0.09 P = 0.003
5 11-Eicosen-1-ol 0.01 ± 0.0 0.08 ± 0.02 N.S. 1.79 ± 0.10 0.31 ± 0.03 N.S.
6 9-Tricosene 2.16 ± 0.02 2.28 ± 0.05 N.S. 1.87 ± 0.04 1.75 ± 0.03 N.S.
7 7-Tricosene 1.58 ± 0.06 1.35 ± 0.06 P = 0.04 0.57 ± 0.01 0.96 ± 0.0 P < 0.001
8 Tricosane 7.71 ± 0.08 6.54 ± 0.07 P = 0.004 5.69 ± 0.10 5.57 ± 0.03 N.S.
9 9-octadecenamide 0.25 ± 0.02 0.46 ± 0.02 N.S. 0.71 ± 0.02 0.02 ± 0.0 P < 0.001

10 Tetracosane 1.49 ± 0.02 1.47 ± 0.03 N.S. 1.17 ± 0.01 1.07 ± 0.0 N.S.
11 9-pentacosene 1.22 ± 0.02 1.23 ± 0.01 N.S. 0.65 ± 0.01 0.88 ± 0.01 N.S.
12 7-pentacosene 2.23 ± 0.02 2.42 ± 0.03 N.S. 2.34 ± 0.05 2.11 ± 0.01 N.S.
13 Pentacosane 4.82 ± 0.03 4.62 ± 0.02 N.S. 5.98 ± 0.07 4.54 ± 0.02 P = 0.002
14 12-Methylpentacosane 2.82 ± 0.03 2.83 ± 0.02 N.S. 1.46 ± 0.01 2.05 ± 0.01 P < 0.001
15 Hexacosane 1.71 ± 0.01 1.65 ± 0.01 N.S. 1.69 ± 0.01 1.46 ± 0.00 N.S.
16 12-Methylhexacosane 1.52 ± 0.01 1.46 ± 0.01 N.S. 0.79 ± 0.01 1.05 ± 0.01 P < 0.001
17 9-Heptacosene 1.48 ± 0.02 1.80 ± 0.08 N.S. 1.54 ± 0.01 1.62 ± 0.01 P = 0.015
18 Heptacosane 7.60 ± 0.07 8.30 ± 0.04 P = 0.008 8.53 ± 0.06 7.97 ± 0.02 N.S.
19 11 + 13-Methylheptacosane 7.07 ± 0.04 7.15 ± 0.06 N.S. 3.28 ± 0.05 5.70 ± 0.04 P < 0.001
20 11,x-Dimethylheptacosane 2.17 ± 0.05 1.96 ± 0.01 N.S. 0.98 ± 0.02 1.61 ± 0.01 P < 0.001
21 Heptadecanoic a. Methyl ester 1.32 ± 0.01 1.26 ± 0.02 N.S. 0.97 ± 0.05 1.08 ± 0.01 P = 0.003
22 Octacosane 2.22 ± 0.02 2.45 ± 0.01 P = 0.08 1.80 ± 0.02 2.05 ± 0.01 P < 0.001
23 2-Methyloctacosane 2.81 ± 0.03 2.60 ± 0.03 N.S. 1.37 ± 0.01 2.09 ± 0.02 P < 0.001
24 8-Nonacosene 1.68 ± 0.03 2.09 ± 0.04 N.S. 2.51 ± 0.02 2.46 ± 0.01 N.S.
25 Nonacosane 4.59 ± 0.04 5.81 ± 0.04 P < 0.001 6.85 ± 0.05 6.62 ± 0.03 N.S.
26 11 + 13-Methylnonacosane 6.36 ± 0.03 6.49 ± 0.05 N.S. 3.07 ± 0.05 5.11 ± 0.04 P < 0.001
27 Dimethylnonacosane 2.98 ± 0.04 2.65 ± 0.02 N.S. 1.48 ± 0.02 2.26 ± 0.02 P < 0.001
28 Triacontene 0.63 ± 0.04 1.22 ± 0.03 P = 0.029 1.41 ± 0.01 1.19 ± 0.03 N.S.
29 Triacontane 1.86 ± 0.03 1.79 ± 0.03 N.S. 1.32 ± 0.01 1.75 ± 0.01 P < 0.001
30 x-Heintriacontene 2.31 ± 0.02 2.26 ± 0.04 N.S. 2.16 ± 0.01 2.31 ± 0.03 N.S.
31 8-Heintriacontene 2.37 ± 0.03 2.72 ± 0.03 N.S. 6.02 ± 0.05 5.41 ± 0.03 N.S.
32 Heintriacontane 2.26 ± 0.04 2.80 ± 0.02 P = 0.01 4.59 ± 0.05 4.01 ± 0.04 N.S.
33 Methylheintriacontane 4.32 ± 0.03 4.32 ± 0.03 N.S. 2.10 ± 0.03 3.11 ± 0.05 P = 0.001
34 Unidentified 2.07 ± 0.06 2.08 ± 0.04 N.S. 1.24 ± 0.03 1.53 ± 0.04 N.S.
35 Dotriacontene 0.27 ± 0.03 0.27 ± 0.03 N.S. 1.65 ± 0.01 0.96 ± 0.04 P = 0.002
36 Dotriacontane 0.15 ± 0.02 0.33 ± 0.04 N.S. 0.63 ± 0.02 0.90 ± 0.05 N.S.
37 Tritriacontadiene 2.84 ± 0.07 3.24 ± 0.04 N.S. 3.77 ± 0.06 4.61 ± 0.05 P = 0.003
38 10-Tritriacontene 1.76 ± 0.08 2.51 ± 0.07 N.S. 5.85 ± 0.05 5.38 ± 0.08 N.S.
39 Tritriacontane 0.11 ± 0.03 0.61 ± 0.05 N.S. 1.99 ± 0.03 0.75 ± 0.06 P = 0.001

Fig. 5. (A) Total cuticular hydrocarbons amount of healthy and DWV bees at the time of emergence and 3 days later. (B) Box plots show medians, 25th and 75th percentiles
and outline data points (⁄P = 0.02, ⁄⁄P < 0.001).
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Examination of the various components contributing to differ-
entiation between the two bee groups revealed that several com-
pounds were important in discriminating the two bee categories.
There was a mixture of saturated (C21; C24; C25; C27; C29 and
C31), unsaturated (n-C31:1 and n-C33:2) and di- and mono-methyl
hydrocarbons (12-meC25; 11 + 13-meC27; n-dimeC27; 11-13-
meC29; n-dime-C29 and n-meC31), (Fig. 6). The Mann–Whitney
U test showed that several of these compounds differed quantita-
tively between healthy and DWV bees in both the newly emerged
and older bees (see Table 1).

Chemical distances between healthy and DWV bees in healthy
colonies did not significantly differ from those between healthy



Fig. 6. PLS-Discriminant Analysis output of newly emerged healthy (black circles)
and DWV bees (open squares) and 3-day-old healthy (stars) and DWV bees (black
squares) using cuticular hydrocarbons as variables.

1594 D. Baracchi et al. / Journal of Insect Physiology 58 (2012) 1589–1596
and DWV bees in highly infested colonies (Mann–Whitney U test,
N = 290, Z = �1.41, P = 0.16).
4. Discussion and conclusions

This research furnishes the first evidence that colonies of A.
mellifera detect and remove infected newly emerged and young
adult bees from the hive. Sick individuals are an obvious threat
for the colony in terms of energy costs (i.e. consumption of food
resources) and increased risk of epidemics. Deformed wing virus
infected bees pose a threat for the colony as: (1) quite all the A.
mellifera colonies are naturally infested by the Varroa destructor
mite and the phoretic mites are able to horizontally transmit
DWV to adult healthy bees when feeding on the bees’ haemolymph
(Santillán-Galicia et al., 2010); (2) DWV can be transmitted hori-
zontally to larvae via larval food containing DWV (Gisder et al.,
2009; Yue and Genersch, 2005); (3) the detection of DWV in the
midgut content (Fievet et al., 2006) and bee faeces (Chen et al.,
2006) implies the possibility of a faecal–oral-route of transmission
between adult bees. Even if handling sick individuals could in-
crease horizontal transmission risk, there are evidence that this
behaviour could be also trigger immunization of the hygenic
individuals as demonstrate in termites (Traniello et al., 2002), in
ants (Ugelvig and Cremer, 2007) and in bumblebee (Sadd and
Schmid-Hempel, 2006). As consequence, removing sick nestmates
from the colony could represent a better solution to counteract
epidemics than leave them into the nest.

Several antiseptic behaviours have already been described for
honey bees and insect colonies in general (Schmid-Hempel,
1998; Evans and Spivak, 2010; Hart and Ratnieks, 2001; Rosengaus
et al., 1999). Hygienic behaviour (Rothenbuhler and Thompson,
1956; Spivak and Gilliam, 1998a,b) and undertaking (Visscher,
1983) are the most important behaviours which consist in detect-
ing and removing diseased brood in the larval and pupal stages,
and dragging out dead adult bees from the colony. So far, the re-
moval of infected adult individuals has never been observed in
honeybees. This behaviour is a specific form of hygienic behaviour
directed towards infected adult bees rather than the infected
brood, but it may also be considered similar to the entombing
behaviour of termites that wall off adult nest-mates infected by
nematodes (Fujii, 1975).

After the 3 days of our experiment, almost all the healthy bees
but only very few infected bees were still present in the observa-
tion hives. Since both newly emerged healthy and infected bees
reared in the laboratory did not differ in mortality rate, we can rea-
sonably exclude that our results were biased by the death of sick
bees. However, the sharp decrease in the survival rate of infected
bees inside the hive could still be due to the combined effects of
the ‘‘hygienic behaviours’’ carried out by resident workers as well
as self-removal of infected bees. Altruistic self-removal of infected
honeybee workers from their hive has been suggested by Shimanuki
et al. (1994) and Kralj and Fuchs (2006), and more recently was
demonstrated by Rueppell et al. (2010). Nevertheless, during the
first 10 min, healthy bees were bitten and groomed significantly
less than infected bees, while significantly more infected bees were
dragged outside the hives. Furthermore, no DWV bees were seen
crawling out of the hives, proving that, at least over a short period,
the decrease in the number of infected bees in the hives was purely
the effect of hygienic colony activity.

The change in cuticular hydrocarbon profiles induced by De-
formed Wing Viruses infection shown by GC–MS analysis revealed
a powerful discrimination between healthy bees and infected bees.
These findings, together with the fact that several branched-
alkanes and alkenes, compounds involved in chemical recognition
(Dani et al., 2005), changing with health conditions, suggest that
the CHC profiles are likely to be critical in the detection of sick indi-
viduals in beehives. Cuticular hydrocarbon profiles can be altered
by activation of the immune system and their changes mediated
through hygienic and undertaking behaviours in honeybees (Salvy
et al., 2001; Richard et al., 2008; Evans and Spivak, 2010). No new
compounds were found in the cuticular profiles of our infected
bees and, according to Richard et al. (2008), our results demon-
strate that neither immune stimulation by Deformed Wing Viruses
nor probably by the Varroa destructor (the main factor capable of
triggering visible symptoms of DWV infected bees, (de Miranda
and Genersch, 2010)) produces a specific cue for disease, but rather
alters the overall cuticular hydrocarbon patterns in a non-specific
way. On average, CHC profiles of healthy bees present a relatively
greater abundance of low molecular weight compounds, while the
DWV bees have more higher molecular weight compounds. Fur-
thermore, DWV bees did not show any increase in the total amount
of cuticular hydrocarbons with age, suggesting that immuno-
stimulation induced by DWV may strongly alter existing biosyn-
thesis or transport pathways, and thereby shift cuticular chemical
profiles (see also Richard et al., 2008 and references within). Inter-
estingly, colony health did influence the immune response towards
infected bees, suggesting that the development of immunity de-
fence (i.e. social immunity defence at colony level) may depend
on the social environment (i.e. the colony condition). Health-
compromised colonies were less efficient at defending themselves
against infested bees, facing an ever increased risk of epidemics.
Even if rejection rate may be lower in infested colonies because
the DWV bee chemical profile is more similar to the overall colony
gestalt odour, chemical mechanisms do not seem to be involved in
this case. Indeed, there was no change in the chemical distances
between healthy and infected bees in healthy or sick colonies. Pos-
sibly, in health-compromised colonies, the number of diseased
bees may surpass that of hygienic bees, continuously employed
in dragging out sick nestmates. On the other hand, we may hypoth-
esize that when a colony falls sick, its social immune system and
components (i.e. hygienic bees) also decline in both number and/
or quality. In any case it is still unclear whether just one or several
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factors play a role in the efficiency of detecting and removing in-
fected nestmates; other hypotheses risk being excessively specula-
tive. Further studies may shed some light on these issues, for
example by testing DWV infected colonies with introduced bees
suffering from different diseases.

In conclusion, this paper adds a new antiseptic behaviour to the
already known hygienic behaviours such as allogrooming, removal
of infected brood, removal of dead individuals from the nest and
entombing behaviour. The most significant context for all these
behaviours is presumably the prevention of disease transmission
by infected brood and adult bees. The removal of infected bees
can only be interpreted as an adaptation at colony level, since
pathogens can quickly spread through and devastate a colony once
they are established (Schmid-Hempel, 1998; Wilson-Rich et al.,
2009). Hygienic bees can be considered as elements of the social
immunity system of the beehive, thus strengthening the view of
a colony as an integrated superorganism or an actual organism.
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