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Abstract With age, worker honey bees normally proceed
from performing activities inside the nest to foraging in the
field, creating an age-related division of labor. We
previously established that the whole-body protein profiles
of nest workers and foragers are different, and proposed
that this proteomic divergence in part is explained by a shift
in metabolic requirements as worker bees initiate intense
flight. The unique plasticity of honey bee worker ontogeny,
however, provides further opportunities to investigate if
such changes in the proteome are dynamic or, alternatively,
are permanently induced. Through manipulation of the
social structure of colonies, foragers can be forced to revert
to nest tasks, and in the current study we investigate how
protein profiles respond to such reverse development. By
using a quantitative LC-MS/MS-based approach in con-
junction with robust statistical validation we show that after
reversal from foraging to nest activities, subsets of proteins
are detected at relative concentrations that characterize nest
bees, whereas other proteins remain unchanged at relative
concentrations normally found in foragers. In all, we
quantified the levels of 81 proteins, and for 22 of these
we found significant differences between worker groups

before and after reversion. We interpret these patterns as
examples of plasticity and robustness at the proteome level
that are linked to characteristics of behavior and aging in
Apis mellifera.
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Introduction

The honey bee has long been the premier insect system for
research on genetic, physiological, and evolutionary mech-
anisms that can underlie advanced social behavior
(reviewed by Page et al. [1]). The recent availability of
the honey bee genome sequence, in particular, also has
made the bee amenable to modern functional genomic
approaches, including proteomics [2]. Currently, the fusion
of established social behavioral paradigms and new
methodological tools for honey bees creates considerable
potential for novel insights [3]. As a step toward such
progress, we recently documented differences in the whole-
body protein profiles of the major temporal caste-groups of
honey bees: the nest workers and the foragers [4]. These
two female castes are physiologically and morphologically
distinct from queen bees (dominant reproductive females),
and in addition they are characterized by specific social
behavior [5]. Nest workers perform tasks inside the colony
such as cleaning cells and feeding larvae, while foragers
collect nectar and pollen in the field. After adult emergence,
a worker bee typically performs nest-tasks for 2–3 weeks
before she initiates foraging flights. A previous comparative
study based on analysis of whole-body lysates (see [1] for a
rationale on this global approach) revealed that the
behavioral shift is linked to changes in the worker protein
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profile overall, and proposed that physiological specializa-
tion for intense flight was one possible explanation [1].

Building on these insights, we took advantage of an
established plasticity in honey bee behavior to investigate
the dynamic properties of the nest bee proteomes and
forager proteomes. Through removal of the nest bee
population of colonies, foragers were forced to return to
tasks typically performed by nest bees [6]. This manipu-
lation allowed us to determine whether whole-body protein
levels were best explained by a bee’s behavioral role or,
rather, by the chronological progression of her life-history
(her age). Previous studies on reversion of honey bee
ontogeny have focused on dynamic changes in behavior,
immunity, hormone levels, and transcript levels [6, 7], but
associated changes in global protein profiles have not been
reported so far. We demonstrate that reversion from
foraging to nest tasks is linked to proteomic changes, and
that reverted worker bees have hybrid characters, i.e.,
profiles that contain proteomic features of both nest bees
and foragers.

Experimental

Chemicals

Unless indicated otherwise, chemicals were obtained from
Sigma–Aldrich (St. Louis, USA) and Roche (Indianapolis,
USA).

Bee sampling

Workers of known age were obtained by marking newly
emerged adults (<1-day-old, wild type bees) on the thorax
with a spot of paint (Testors Enamel). Marked bees were
reintroduced into their parental colonies in the apiary of
Arizona State University (two colonies were used). A
subset of marked bees that initiated foraging prior to the
reversion received a second mark on their abdomen to
confirm their forager status as well as their age. Baseline
samples of nest workers and foragers were collected from
the two hives after 25 days. Thereafter, the reversion
manipulation was conducted as described before [6]. In
short, all nest bees were removed from the two colonies by
placing each queen in a nest box with empty wax bombs.
The box with her original colony was rotated 180° and
positioned on top of the new unit so the nest entrance was
facing the opposite direction. Experienced foragers that
subsequently were returning from flight homed to the
original location of the nest entry way, thereby leading
them to the unit with the queen. Naïve bees did not show
this learned behavior and thus they rather returned to the

old nest on top. After peak foraging hours, the top unit was
removed. By then the remaining queen-containing box
consisted almost entirely of experienced foragers. Under
this social condition, a proportion of the foraging popula-
tion will revert to nurse tasks [6].

The following bees were sampled from these experi-
mental setups: (1) bees of known social role and unknown
age (n=6 per group): N nest bees before reversion, F
foragers before reversion, N_rev nest bees after reversion,
F_rev foragers after reversion; (2) bees of known social role
and known age: N_sm single-marked nest bees (n=6),
F_sm single-marked forager (n=2), N_dm double-marked
nest bee (n=5), F_dm double-marked forager (n=2).
Methods-wise, the double-marked bees differed from
single-marked bees; the second mark identified that they
foraged at least 4 days prior to the reversion. Single- and
double-marked reverted bees (prior foragers), single- and
double-marked continuing foragers, and unmarked sisters
(reverted bees and continuing foragers) were collected
11 days after the manipulation, as a previous study by our
group indicates that reversion of forager physiology takes at
least 8 days [6]. We used established behavioral assays to
distinguish nest bees from foragers [8]. Collected bees were
frozen in liquid nitrogen and stored at −80 °C until further
processing.

Protein extraction

A protein extraction mixture containing 50 mM tris pH 7.5,
6 M urea, 40% sucrose, and 1% β-mercaptoethanol
(300 μL/bee) as well as tris buffered phenol (900 μL/bee)
was added and individual bees were ground in this mixture
for 3 min at room temperature followed by incubation at
4 °C for 20 min on a sample rotator. Subsequently, samples
were centrifuged at 13,400 rcf for 5 min, and 300 μL of the
upper phase were precipitated with ice-cold acetone at −20 °
C overnight. On the following day the samples were
centrifuged for 5 min at 9,300 rcf and the pellet was washed
twice with 300 μL ice-cold methanol each. Drying was
performed at room temperature and <20% relative humidity
for 20 min and produced pellets suitable for further sample
processing.

Protein digestion and sample preparation for HPLC

For tryptic digestion, protein pellets were first redissolved
in 50 μL of a dissolvation buffer containing 50 mM
ammonium bicarbonate, 8 M urea, and 1 mM CaCl2. Then,
150 μL of digestion buffer (50 mM ammonium bicarbon-
ate, 1 mM CaCl2) was added and protein concentrations
were determined by Bradford using BSA as a standard [9].
For protein digestion, 10 μg protein was mixed with a
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0.5 μg/μL trypsin solution (trypsin in 1 mM HCl, 1:20 ratio
trypsin to sample) and proteins were incubated overnight at
37 °C. Samples were desalted on the next day using C18
extraction discs (3 M empore, St. Paul, USA) according to
[10]. Desalted peptides were dried in a speed vacuum
device and stored at −20 °C until further use.

HPLC and mass spectrometry

Dried peptides (from 10 μg protein) were redissolved in
8 μL of 5% acetonitrile, 2% TFA of which 6 μL was used
for analyses. Peptides were separated on a monolithic
column (100-μm ID, Merck, Darmstadt, Germany) using a
105-min gradient ranging from 95% A (0.1% formic acid,
99.9% H2O) to 80% B (0.1% formic acid, 99.9%
acetonitrile) followed by a 15-min equilibration step.
Peptides were eluted from the reversed-phase μLC column
directly into an LTQ mass spectrometer (Thermo, San
Diego, USA). The isolation window was set to 3 m/z,
collision energy to 35, and the activation time to 30 ms.
MS2 was triggered for the three most abundant peaks in
each MS spectrum. Using the open source search tool
OMSSA [11] the spectra were matched against an A. mellifera
sequence database retrieved from ncbi (http://www.ncbi.
nlm.nih.gov/) containing additional trypsin and keratin
sequences. The following criteria were used: 0.8-Da
fragment tolerance, 2.0-Da precursor tolerance [12], max-
imum of two missed cleavages, only tryptic sequence
allowed, only one hit per peptide reported, variable
modifications: methionine oxidation.

Using a decoy database [13] false positive spectra were
determined to make up less than 0.5% at an e-value of 0.1,
which was used in all analyses. In addition, a protein hit
was only accepted if the multiplication of the unique
peptide score multiplied by the spectrum count gave a value
≥3. Using these additional criteria no false positive protein
hits were identified in the reverse database search. Proteins
were quantified using spectrum count essentially as
described before [14, 15]. Data normalization was achieved
by dividing the spectrum count for every protein by the
value for a protein that exhibited 30% of variation over all
runs and alternatively by dividing it through total spectrum
count for the individual sample (see Electronic supplemen-
tary material, Table S2).

Technical replicates

In order to test the technical reproducibility of the method
one lysate produced from a nest bee was divided into three
equal parts and the three samples were processed in the
same manner (precipitation, digestion, LC-MS/MS, data-
base search, quantification by spectral count). As a specific

test we used the F test for equality of variances with the
rationale that the technical error is expected to be smaller
than the variance that is attributed to groups. For this
procedure a standard deviation for the technical replicates
was calculated for each of the proteins that varied between
nest bees and foragers before the reversion. Then, the
standard variation including group variance was calculated
by determining the standard variance for the combined
group of nest bees and foragers before the reversion. This
procedure verified that the reported biological differences
for these groups were on average significantly higher than
the differences for the technical replicates (degrees of freedom
3, 12; p value 0.001).

Statistics

Data were prepared for analysis by subtracting the median
and dividing the resulting values by the standard deviation.
We used non-parametric Kruskal–Wallis ANOVA to test for
overall differences in protein levels and Mann–Whitney U
tests for post hoc comparisons between the worker groups
(Statistica 6.0). Type 1 error inflation was controlled by
bootstrap correction of the Kruskal–Wallis alpha level
(MatLab 6.5): 1,000 bootstrap iterations were run for each
protein. During one iteration, six expression values were
randomly assigned to each of six groups, and a p value
calculated using the Kruskal–Wallis test. The 1,000 p
values were sorted in ascending order, and the bootstrap
cutoff value of the 5% lower tail was determined for the p
value distribution. This cutoff was >0.07 for all examined
proteins regardless of normalization method. Thus, our
reports of significance at an alpha level of 0.05 are not
associated with inflation of type 1 error. Hierarchical cluster
analysis based on Pearson correlation and complete linkage
clustering was used to visualize sample groups with
common features (TIGR Multiexperiment Viewer version
4.0 b [2]).

To determine pattern reliability, we performed a consis-
tency check between our current data and data from a
previous study conducted with a similar methodological
setup [4]. To this end, data from nest bees and foragers
were used (n=6 in each study). Within dataset, individual
protein profiles including SOD (superoxide dismutase,
XP_392913), MDH (malate dehydrogenase, XP_392478),
and cytochrome c (XP_391823) were normalized to the
total spectrum count and sorted in ascending order relative
to the values for α-glucosidase (NP_001035326). α-Glucosi-
dase was chosen to rank profiles because it was signifi-
cantly different between nest bees and foragers in both
studies (higher in foragers, p<0.05). This result is consis-
tent with findings from other research groups, and can be
explained by the fact that the hypopharyngeal glands switch
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function from producing major royal jelly protein to
synthesizing α-glucosidase when workers shift from nurs-
ing to foraging activities (e.g., [16]). Cytochrome c was
used as negative control (no consistent association to

protein profiles was expected because patterns of cyto-
chrome c expression diverged strongly between studies).
Spearman correlation coefficients and p values were
calculated for the resulting data matrix (Statistica 6.0).

Results and discussion

Hierarchical cluster analysis reveals distinct groups

Hierarchical cluster analysis revealed three distinct clusters
that separated: (i) baseline nest bees (collected prior to the
reversion) and reverted unmarked sisters from (ii) foragers,
and separated (iii) marked bees collected after the reversion
(36- to 37-day-olds) from the two other groups (Fig. 1, see
Electronic supplementary material, Table S1 for the 81
proteins that could be quantified). This divergence of nest
bees from foragers was not surprising given our previous
results on the differences between the whole-body protein
profiles of the two behavioral groups [4]. The clustering of
unmarked reverted sisters with the baseline nest bees, and
the cluster of marked bees separate from others, also makes
sense based on previous results. Specifically, it was shown
before that the probability of reverting from foraging to nest
tasks in response to social manipulation is a rapidly
declining function of the number of days spent foraging
[17]. This loss of plasticity was attributed to irreversible
physiological fixation of forager characters and/or aging. In
accord, the marked bees in our study (36- to 37-day-olds)
were likely both chronologically older and had more
foraging experience than the average unmarked bee (i.e.,
in a parallel setup with two sister colonies, age at foraging
onset was 20.9±0.3 days (n=439) and the average forager
survived for less than one week; Nilsen, Ihle, and Amdam,
unpublished data). Our groups of marked foragers were
thereby expected to largely reflect an irreversible and/or

Fig. 1 Hierarchical cluster analysis computed on the proteins that
were differentially expressed among groups (22 proteins, see
Electronic supplementary material, Table S2). See methods section
for identification of the samples

Fig. 2 Box-and-whisker plots of proteins putatively influenced by
behavior. Boxes represent 25–75% percentiles of the data; outliers are
marked as open circles. Different lowercase letters denote significant
differences between groups (p<0.05). For exact p values, see Electronic

supplementary material, Tables S1 and S2. Spectrum countcorr spectrum
count normalized to protein XP_625294; left XP_001120220, similar to
P. americana allergen; right XP_001121713, similar to O. sativa
annexin
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senesced physiology compared to their (on average)
younger unmarked sisters [17].

Protein profiles associated with behavior

As outlined above, reverted nest bees formed a well-defined
cluster closely related to the baseline sample of nest bees
sampled prior to reversion (Fig. 1). These data indicate
that features of the worker protein profile are coupled to
behavior (Fig. 2 and Electronic supplementary material,
Tables S1 and S2). In particular, two proteins putatively
involved in lipid and cholesterol metabolism, two α-
glucosidases, and one protein similar to a malate dehydro-
genase were robustly associated with nest tasks (Fig. 2 and
Electronic supplementary material, Tables S1 and S2).
Our data suggest that these products exemplify proteins
whose levels can change dynamically with social behav-
ior. However, the majority of the marked (old) workers
did not show this protein profile. With few exceptions
they instead resembled foragers (Fig. 2 and Electronic
supplementary material, Table S1). This insight supports
the idea that, with time (or age), forager characters
become robustly fixed and are no longer amendable to
change [17]. Pooling the two sample sets of foragers of
known age (F_sm and F_dm) also produced protein
profiles highly similar to the patterns observed for F_rev
(data not shown). Only for protein XP_001121713 (similar
to O. sativa annexin, Fig. 2) was the median considerably
higher (0.15 vs. 0.08), placing it in the range of N_sm
values.

Protein profiles associated with age

A protein with a high similarity to odorant binding pro-
teins (OBP) showed considerable upregulation in nest
bees collected before the reversion (baseline) compared
to the other groups under investigation (Fig. 3, protein
NP_001035314). This protein, and another product that
exhibited a similar pattern (Fig. 3, protein XP_395976), are
most probably associated with chronological age rather than
behavior, since the baseline represents the youngest bees in
our sample set (see Experimental). OBPs are small, soluble
proteins (about 15 kDa) that bind other more hydrophobic
substances often associated with odor recognition [18].

Fig. 3 Box-and-whisker plots
of selected proteins with levels
that changed with age. Boxes
represent 25–75% percentiles of
the data; outliers are marked as
open circles. Different lower-
case letters in figures denote
significant differences between
groups (p<0.05). For exact
p values, see Electronic supple-
mentary material, Tables S1
and S2. Spectrum countcorr
spectrum count normalized to
protein XP_625294; top left
odorant binding protein 13;
top right hypothetical protein
XP_395976; bottom left protein
XP_001122872 of unknown
function; bottom right
Cytochrome c

Table 1 Consistency of protein profiles

α-glucosidase SOD MDH Cytochrome c

α-glucosidase 
0.98 0.49 0.34 0.06

SOD 
0.48 0.57 0.17 0.17

MDH 
0.61 0.04 0.64 -0.02

Cytochrome c 
0.55 0.78 -0.06 -0.03

S1 
S2 

The matrix represents a comparison between data from a previous
experiment by our group (S1) and the current study (S2). See Statistics
for details. Significant positive correlation coefficients (p<0.05, orange
background) denote robust protein profiles, i.e., associations that run
across several proteins both within and between the two studies (grey
background denotes p>0.05). The proteins are SOD (superoxide
dismutase, XP_392913), MDH (malate dehydrogenase, XP_392478),
cytochrome c (XP_391823), and α-glucosidase (NP_001035326)
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Recently, Foret and Maleszka conducted a study including
the expression pattern of A. mellifera OBP-mRNA levels
[2]. They found expression of OBP-13 (equivalent to the
one we identified on the protein level) to be highest in late
larval and early pupal stages. Our findings indicate that
some of the protein survives the pupal to adult conversion
and is then degraded further as a function of age.

The levels of other proteins were lower in the baseline nest
bees compared to the subsequently older foragers and reverted
nest worker (Fig. 3, protein XP_001122872). Alternatively,
they show a significantly lower value in baseline nest bees
compared to foragers, and subsequently a tendency toward
low values in the nest bees after reversion as in the case of
cytochrome c (Fig. 3, protein XP_391823). Cytochrome c has
been shown before to become more abundant with age in
honey bee muscle [19]. Low values of cytochrome c after the
reversion might be due to age, as indicated for some proteins
in a recent study by Tofilski et al. [20].

Concluding remarks

Here, we show that in honey bee workers the expression of
some proteins is dynamically linked to behavior, while
others change in relation to age. The data point to age-
dependent changes in an individual’s plasticity for task
performance, but additional studies are required to specif-
ically address this hypothesis. Our results are consistent
with data previously obtained by our group on general
differences between the whole-body proteome of nest bees
and foragers [4], although protein levels are not in one-
to-one correspondence between the studies (Table 1).
Comparable between-setup variation is common with the
techniques used here as it is for techniques used in many
fields of research. Overall, our findings support the view
that variations in social behaviors, which are enforced by
colony needs, are reflected by the general biochemistry of
the individual.
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