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Abstract— In honey bee colonies, workers, in particular of “anarchistic” lineages, can activate their ovaries and lay
eggs, even in the presence of the queen. We identified three queenright colonies showing typical signs of worker
reproduction. To characterize this new lineage, we extracted the mandibular gland and analyzed it using gas
chromatography. The total amounts of the five main components of the mandibular gland, namely methyl p-
hydroxyben-zoate (HOB), 9-0x0-2(E)-decenoic acid (9-ODA), (S)-9-hydroxy-(E)-2-decenoic acid (9-HDA), 10-
HDA, and 10-hydroxyde-canoic acid (10-HDAA) were significantly higher in the mandibular gland profiles of
wortkers with activated ovaries (AWs, 8.88+1.71 ug) compared to workers with inactivated ovaries (IAWs, 4.00+
2.09 pg). Furthermore, the chemical profiles of [AWs were dominated by the “worker substances” 10-HDA (34.64+
8.19 %) and its precursor 10-HDAA (22.88+4.95 %), while the chemical profiles in AWs wete dominated by the
precursor of the queen substance 9-HDA (40.04+7.55 %). The ratios of two precursor substances 10-HDAA/9-
HDA of [AWs wete mote worker like (>1.0) wheteas AWs were more queen like (<1.0). These results suggest that
the mandibular pheromones of anarchistic workers resemble a more queen-like teproductive active profile and that
these workers may represent a reversion to a more basal reproductive phenotype.

Apis mellifera | anarchistic colony / ovary activation / egg production / worker policing / worker mandibular
gland pheromone

1. INTRODUCTION wortkers (Michener 1974). Under normal condi-
tions, the queen is usually the sole female repro-
ductive active individual in a colony, while

workers refrain from reproducing despite having

Like many eusocial insects, the honey bee Az
n e Feypa L. is characterized by extreme reproduc-

tive division of labor between the queen and
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functional ovaries and in general, can lay only
haploid male eggs (arthenotoky) (Winston 1987,
Hepbum and Radloff 1998; Hoover et al. 2003;
Slessor et al. 2005). In wild-type colonies of Eu-
ropean subspecies, approximately 0.01 % of
workers lay 7 % of all male eggs, of which only
one egg in 1000 is reared and the other are re-
moved by other workers; the so-called worker
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policing (Ratnieks 1993; Visscher 1996). Howev-
er, effective worker policing is not present in a rare
strain of A1 ¢, fe,a “anarchistic” colonies, in
which a large fumber of wotker-laid eggs are
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because 9-ODA that is produced in regular colo-
nies by a functional queen has been shown to
inhibit ovary activation and suppress the produc-
tion of a queen-like pheromone signal in other
workers (Crewe 1988; Moritz et al. 2000, 2004,
2008; Dietemann et al. 2007). Thus, the ratios of
9-ODA/(9-ODA + 9-HDA + 10-HDA + 10-
HDAA) and 10-HDAA/9-HDA have been used
as strong indicators of individual fecundity
(Plettner et al. 1993; Moritz et al. 2004; Hoover
et al. 2005a; Schifer et al. 20006).

Anarchists, as a special case of worker repro-
duction, provide an experimental resource for in-
vestigating the proximate mechanisms underlying
the worker reproduction in wild-type colonies.
However, anarchy is a complex syndrome, which
is influenced by pheromones, worker policing,
queen and worker genetic component, and other
factors. The majority of research of the anarchistic
traits is based on the selectively bred line main-
tained by the University of Sydney, which reliably
show higher levels of anarchistic phenotype
(Oldroyd et al. 1999; Oldroyd and Osbome 1999).

In 2012, we first saw drone eggs and larvae
appeared above the queen excluder in several
queentight 42 ¢, #e,a L. colonies, in Shanxi
province, China. Tn order to confinm their anar-
chistic traits, we investigated the following: (1)
the percentage of worker with stage 45 activated
ovaries (Hess 1942; Pirk et al. 2010) (2) and if
worker-laid eggs are able to escape worker polic-
ing. In order to further understand the role of the
worker mandibular gland sectetions in the acqui-
sition of reproductive status and in the proximate
mechanisms underlying the anarchistic syndrome,
(3) we investigated the composition of mandibular
gland profiles of workers with inactivated ovaries
(IAWs) and workers with activated ovaries (AWs)
sampled in three colonies with typical anarchistic
traits and determined if AWs produce queen-like
substances in their mandibular gland secretions.

2. MATERIALS AND METHODS

Eggs and larvae were found above the queen exclud-
er in ten queenright 4u ¢ fern L. colonies, in the
apiary of Shanxi province, China, of which three were
transported to Hangzhou and the University’s apiary.
All of them were suspected of being “anarchistic”
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colonies. Furthenmore, three colonies not showing any
features of anarchistic activities were used as discrimi-
nator colonies.

2.1. Experiment 1. Ovary activation analysis

Honey bee abdomens were dissected according to
Dade (1977) and assigned as being inactivated (ovaries
thread-like and lacking defined ova, stages 1-3) or fully
activated (clearly defined ova, stage 4, or at least one
egg present in ovarioles, stage 5) (Hess 1942; Pirk et al.
2010). Sixty workers per anarchistic colony (n =3) were
obtained from drone combs above the queen excluder,
and the procedure was replicated in 3-day intervals for
four times in June 2012, resulting in 720 workers being
dissected and scored.

2.2. Experiment 2. Egg-laying behavior
analysis

Each anarchistic colony (n =3) was split into two
halves (queenright half: the atea below queen excluder,
and queen-excluded half: the area above queen exclud-
er) using a queen excluder, which allows passage freely
of workers but not of the queen. In order to measure the
reproductive output of the queen and workers in terms
of drones eggs produced within colonies, one drone
comb was put in each half. After§ h, drone combs were
removed from the colonies and the eggs in each half
wete counted.

To compare the number of worker-laid eggs between
the two halves and to evaluate the potential contribution
of workers to the eggs laid in the queenright half, we
placed one drone comb each in a plastic queen excluder
boxes above and below the queen excluder. Again, the
number of worker-laid eggs was counted in each half
after 8 h, and this was replicated on three or four times
within 1 week. Analysis for statistical differences of the
egg production between queenright half and queen-
excluded half was performed using Student’s; test.
Data are presented as means and standard deviations.

2.3. Experiment 3. Worker policing analysis
2.3.1. Sources of eggs
Three wild-type queenright colonies (WT1, WT2,

WT3) are the sources of wild-type queen-laid eggs
(WTQE), three wild-type queen-less colonies (WTLI,
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WTL2, WTL3) as the sources of wild-type worker-laid
eggs (WTWE), three anarchistic queenright colonies
(AC1, AC2, AC3) as the sources of anarchistic queen-
laid eggs (ACQE), and anarchistic worker-laid eggs
(ACWE). These colonies (n =9) wete divided into three
groups; the first group WT1, WTL1, AC1; the second
group WT2, WTL2, AC2; and the third group WT3,
WTL3, AC3. Each group provided four different types
of eggs, including WTQE, WTWE, ACQE, and
ACWE.

2.3.2. Discriminator colonies

To assay the removal rates of eggs from various
sources, we used three wild-type colonies (WTI,
WT2, WT3) and three anarchistic colonies (ACI,
AC2, AC3) as disctiminator colonies. Each hive was
separated into two parts by a queen excluder, in which
the queen was confined to the bottom, yielding queen-
excluded areas above the queen excluder and
queenright areas below.

2.3.3. Egg removal bioassays

To perform the assay, we transferred 20 eggs from
each source of eggs; the four different sources (WTQE,
WTWE, ACQE and ACWE) into drone cells of the
same test comb that has been left ovemight in their
cortesponding discriminator colonies. All of these test
eggs were collected from their original drone cells by
using sterilized toothpick. A new toothpick was used for
cach row. After transferring, the test comb with 80 eggs
was sandwiched between brood combs that previously
placed in the center of the upper chamber of each
discriminator colony (Pirk et al. 2002). Eggs were not
introduced in their colony of origin to avoid any inter-
ferences of nestmate recognition (Pirk et al. 2007).
Drone combs with four types of eggs were placed in
the discriminator colonies ensuring that combs and eggs
were otiginating from other colonies than the discrimi-
nator colonies. The number of remaining eggs was
counted 1, 2, 4, and 6 h after introduction, and it was
repeated four times on separate days.

2.3.4. Statistical analysis

Survival data of (WTQE, WTWE, ACQE, and
ACWE) were analyzed using a Cox regression sutvival
analysis (Collett 1994) as implemented in SPSS. For
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this analysis, eggs removed at 1, 2, 4, or 6 h were
complete data points whereas remaining eggs after 6 h
were treated as censored data. Egg source, day, and
discriminator were used as variables in the Cox regres-
sion sutvival model, and we used it to calculate the
likelihood ratio for the survival rate of the different
egg sources after adding the factors of day and discrim-
inator. The survival function was modeled without
(“Null”) and then with (overall) source of eggs, day,
and discriminator colony (overall) as factors, and the
improvement of the ability of the model to describe the
data tested with a y 2 test. The model then tested the
effect of adding source of eggs, day, or discriminator as
factors. Lastly, we presented a pairwise comparison
between the survival eggs of four different sources.
We presented the data graphically as the mean propor-
tion (+standard deviations) of eggs remaining at each
time period.

2.4. Experiment 4. Workers’ mandibular
pheromone analysis

Pheromone compositions analysis was conducted at
Pretoria University, South Africa. Ten heads of IAWs
and AWs each colony (n =3) were removed and stored
in 200 pl dichloromethane for at least 24 h to extract
compounds of their mandibular glands. Half of the
extracts were evaporated to dryness under a stream of
nitrogen and analyzed by gas chromatography (Zheng
et al. 2010). Chromatograms were recorded using an
Agilent 6890 GC and peak areas quantified using HP
ChemStation software. HOB, 9-ODA, HVA, 9-HDA,
10-HDA, and 10-HDAA were identified based on the
retention times of synthetic compounds and their reten-
tion time relative to the intemal standards (Simon et al.
2001). Their relative mass ratios (RMRs) were mea-
sured relative to tetradecane. The standard solution con-
taining all of six compounds was run daily to ensure that
RMRs were within the limit of the variability found in
the series of standard runs.

We calculated the absolute amounts (micrograms)
and relative amounts (their percentage composition) of
HOB, 9-ODA, HVA, 9-HDA, 10-HDA, and 10-HDAA
in IAWs and AWs. The ratio of 9-ODA/(9-ODA + 9-
HDA + 10-HDA + 10-HDAA) (Moritz et al. 2004;
Hoover et al. 2005a; Schifer et al. 2006) and 10-
HDAA/9-HDA (Plettner et al. 1993) wete used as indi-
cators of individual fecundity. Analysis for statistical
differences between IAWs and AWs were performed
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using Mann—WhitneyU test. Data are presented as
means and standard deviations.

3. RESULTS
3.1. Experiment 1. Ovary activation analysis

A total of 720 workers were randomly collect-
ed from each colony for ovary activation analysis.
The mean percentage of AWs in three anarchistic
colonies was 6.25-49.58 %, and the mean per-
centage of workers with at least one mature egg
appearted in their ovarioles (stage 5, Pirk et al.
2010) was 3.00-21.25 % (Table D).

3.2. Experiment 2. Egg-laying behavior
analysis

According to analysis of variance, the mean
rate of egg production of queenright half
(222.83£85.91), to which potentially the queen
and workers contributed, was significantly higher
than that of the queen-excluded half (11.42+
21.38) within 8 h in anarchistic colonies { =
8.273, 4 =12.358, P<0.001) (Figure 1). The
mean rate of egg production of workers in
queenright half (13.00+£20.72) was lower
than that of queen-excluded half (25.67=+
36.88) in anarchistic colonies (Figure 2).
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From that, we can calculate that the contri-
bution of the queen was on average 209 eggs
or 94 % of the eggs laid in the queenright
section of the hive.

3.3. Experiment 3. Worker policing

A Cox regression analysis showed that there
were significant differences in the removal rates
for the four different sources of eggs (“Source of
eggs” P <0.001). The experimental day did not
significantly affected the removal rates (“Day of
trial” P >0.05) nor did discriminator colony
(“Discriminator” P >0.05) (Table II).

In anarchistic disctiminator colonies, WTWE
were temoved significantly faster than ACWE
(P <0.001); however, ACWE were removed at a
similar rate as WTQE (P =0.182) and ACQE
(P=0.290) (Figure 3a, Table II).

In wild-type discriminator colonies, the
pairwise comparisons showed that the four source
eggs were treated significantly different: ACQE
were removed significant less than WTQE
(P <0.05) and WTWE were removed fastest
whereas ACQE were removed significantly
slower than WTQE (P <0.001) (Figure 3b,
Table II).

In both anarchistic and wild-type disctiminator
colonies, WTWE wete removed faster than other

Table I. The percentage of wotkers with activated ovaries (AWSs) and at least one matute egg appeared in their

ovarioles in three anarchistic colonies.

Times (n =12) Colony (1 =3) AWs (%) £SD Workers with at least xi SD
one mature egg (%)

1 ACI1 10.00 16.25+£7.50 6.67 7.25+4.72

2 26.67 23.33

3 11.67 6.67

4 16.67 11.67

1 AC2 3.33 49.58+14.23 3.33 21.25+7.59

2 8.33 8.33

3 11.67 8.33

4 1.67 0

1 AC3 58.33 6.25+4.59 33.33 3.00+2.45

2 61.67 45.00

3 30.00 18.33

4 48.33 45.00
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egg sources, while the survival rates of ACWE
were intermediate between those of queen-laid
eggs (WTQE, ACQE) and WTWE. In addition,
the anarchistic colonies were less discriminatory
than wild-type colonies towards the four sources
of eggs (Figure 3).

3.4. Experiment 4. Workers’ mandibular
pheromone analysis

The total amounts of all identified compounds
were significantly higher in AWs (8.88+1.71 png,
n =30) compared to IAWs (4.00+£2.09 ng, n =28)
(P <0.05, Table SI). Furthermore, the absolute
amounts of HOB and 9-HDA were significantly
higher in AWs compared to [AWs (P <0.05),
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Figure 1. The rate of egg production of queenright half and queen-excluded half in three anarchistic colonies (4C).
The two partts were separated by a queen excluder, so the queen was the only individual confined to on art of the hive.
Mean and standard deviations are shown.

whereas the remaining four compounds were not
significantly different between the two groups
(lowest P value=0.565) (Figure 4, Table SI).
The relative amounts of 10-HDAA and 9-HDA
were significantly different between IAWs and
AWs (P <0.001) with 10-HDA (34.64+8.19 %)
and 10-HDAA (22.88+4.95 %) being the domi-
nant components in the profile of IAWs, while
AWs was dominated by 9-HDA (40.04+
7.55 %), the queen substance, 9-ODA was
a relatively minor component in both IAWs (5.14
+3.24 %) and AWs (2.09+1.14 %), and was not
significantly different between the two groups,
similar to the remaining three components
(lowest P value =0.063) (Figures 4 and 5,
Table SI). The ratio of 9-ODA/(9-ODA + 9-

—

ACl1 AC2

Colony

Figure 2. The rate of egg production of workers in queenright and queen-excluded halves of three anarchistic
colonies (AC), when the queen was caged onto one drone comb. Mean and standard deviations are shown.
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HDA + 10-HDA + 10-HDAA) showed no
significant differences between IAWs and
AWs (ratio IAWs=0.057+0.074, AWs=0.024+
0.037, P=0.421), whereas the ratio of 10-
HDAA/9-HDA was significantly higher in IAWs
than in AWs (ratio IAWs=1.490+1.319>1.0,
AWs=0.501+0.700<1.0, P <0.001) (Table
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Anarchistic discriminators

I Time after introduction Thours?.

QJE) —5— Wild-type queen-laid eggs (WTQE)

02 W

Wild-type discriminators

8 Hhining &

Time after introduction_ Thowrsl_..______ .

—H&— Anarchistic queen-laid eggs (AC(

—#— Anarchictic warkeslaideeas. L ACHIEY, s Wild-tsma workar - laid e ans (WT!

Figure 3. Removal rates of eggs laid by wild-type queens ( & QF) and workers ( A /) and anarchistic queens
(ACQE) and workers (AC ") when introduced into three unrelated anarchistic (a) and wild-type (b) queenright
discriminator colonies, respectively. Values were the means of all 3 or 4 days for all discriminators (7 =3). The b

represented the standard errors of the means.

sources of eggs, especially WTWE were rejected
more strongly in wild-type discriminator colonies
than in anarchistic discriminator colonies. These
results strongly support previous studies showing
that anarchistic workers evade egg policing by
laying more acceptable eggs (Oldroyd and
Ratnieks 2000) and that worker policing seems
to be reduced in anarchistic colonies. However,
the proximate mechanism underlying the discrim-
ination of worker and queen-laid eggs in honey
bees and, in particular, in anarchistic colonies has
not been determined, besides a potential egg-
marking pheromone (Ratnieks 1995), egg viabil-
ity might also play a role (Pirk et al. 2004).

The analysis of the mandibular gland products
of workers collected from these three colonies
showed that anarchistic workers had ability to

Amount (ug)
(=}

o e

10-HDA

9-ODA 9-HDA  10-HDAA

Compound

produce queen-like signal to establish their tepro-
ductive dominance. When comparing with litera-
ture data, the total amounts in both JAWs and
AWs were higher than in 41 ¢, Fe,a queentight
workers (2.59+0.62 ng), while they were less
than An e, ¥e,a queen-less wotkers (10.73+
2.30 pg) (‘fam et al. 2012). Since pheromonal
dominance can translate into throphallactic dom-
inance and greater ovarian activation potential
(Schifer et al. 2006), it would suggest that our
anarchistic workers have a higher reproductive
potential than the “standard” Am ¢, fe,n
queenright workers and pethaps even than’ laying
workers of other anarchistic lines or other Euro-
pean subspecies, but most likely not laying
workers of African subspecies (Zheng et al.
2010; Yusuf et al. 2015). The extracts of [AWs

N Workers with inactivated ovary (IAWs)
O Workers with activated ovary (AWs)

Total

Figure 4. Comparison of the absolute amount (micrograms, mean+SD) between workers with inactivated ovary
(I4 ¥) and wortkers with activated ovaries (4 #) sampled in three anarchistic honey bee colonies.
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