Chapitre IV Identification d’une nouvelle phéromone larvaire le
E-f-ociméne, et ses effets dans les régulations sociales de la

colonie.

Avant propos :

Chez I’abeille, insecte eusocial, chaque ouvriere au cours de sa maturation comportementale
prend soin du couvain (Winston, 1987). Le couvain est un stade de développement particulier
renouvelant les individus de la colonie, sans couvain la colonie dépérit. Le couvain envoie des
signaux chimiques a la colonie pour qu’elle s’adapte a lui et lui procure les soins nécessaires a
son développement. Par exemple, le couvain a besoin d’étre thermorégulé par les ouvricres a
une température de 34°C pour se développer. Les besoins en nourriture sont assurés par les
nourrices qui produisent de la gelée royale et de la bouillie larvaire secrétées par leurs glandes
hypopharyngiennes et mandibulaires. Le couvain envoie des signaux aux ouvricres, et
notamment la BEP dont les effets sont pléiotropiques sur les ouvrieres (Le Conte et al., 2001;
Slessor et al., 2005a).

Cette phéromone est composée de molécules avec une faible volatilité et sera transmise aux
ouvricres en contact ou a proximité des larves. En outre, la BEP n’a qu’un effet partiel sur la
reproduction des ouvriéres. D’autres phéromones, plus volatiles, émises par le couvain,
pourraient intervenir dans la communication couvain-nourrices. Elles permettraient une
diffusion du signal dans toute la colonie avec un spectre d’action plus large sur les nourrices
mais aussi sur les MAB. Nous nous sommes intéressés a l’existence potentielle de
phéromones larvaires volatiles qui puisse avoir un effet sur I’inhibition des ovaires, le
développement des glandes hypopharyngiennes et la régulation de la division du travail des

ouvrieres.

Ce chapitre est scindé en deux articles, le premier traite de I’identification du E--ociméne, et
de son effet sur la reproduction des ouvrieres, le second de la dynamique de production de
cette phéromone chez les différents stades de développement du couvain et de ses effets sur la
colonie (division du travail) et sur les nourrices (développement des glandes

hypopharyngiennes).
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A Scientific Note on E-f-ocimene, a New Volatile Primer Pheromone that Inhibits

Worker Ovary Development in Honey Bees

Résumé :

En I'absence de toute contrainte de 1’environnement phéromonal, les ouvrieres deviennent des
individus reproducteurs et pondent des ceufs non fécondés (male, haploide) ce qui modifie la
colonie et le soin au couvain. Le couvain émet la BEP qui inhibe partiellement I’activation du
développement des ovaires des ouvrieres. Au cours de ce travail, nous nous sommes
intéressés a isoler et identifier des molécules volatiles émises par le couvain et a décrire leurs
éventuelles actions phéromonales sur I’inhibition des ovaires des ouvricres. La technique de la
Micro Extraction sur phace Solide (SPME) a été utilisée pour piéger les molécules émises par
les stades larvaires du couvain. Apres analyse en chromatographie en phase gazeuse des
différents échantillons, les chromatogrammes ont révélé différents pics. Mais un seul composé
majeur a ¢été trouvé dans tous les échantillons : le E-f-ociméne (3(E)-3,7-dimethyl-1,3,6-
octatriene) identifié par GC-MS (Chromatographie en phase gazeuse-Spectrométrie de masse)
avec un standard de référence. Nous avons ensuite test¢ 1’effet du E-f-ocimeéne sur le
développement des ovaires de 100 ouvrieres en cagette. Aprés analyse des ovaires des
ouvrieres, nous avons montré que le E-f-ociméne inhibe partiellement 1’activation des ovaires

des ouvriéres.

En émettant le E-f-ociméne, les larves dirigent 1’allocation d’énergie des ouvricres (plus
précisément des nourrices) pour 1’exécution des taches de la colonie plutét que dans la
production d’ceufs. Le E-f-ociméne est également produit par la reine. A ce jour, les études
montrent que la régulation des ovaires des ouvrieres est controlée par trois phéromones
différentes, I'une trés volatile : le E-f-ocimene et deux faiblement volatiles la BEP et la QMP,

émises par deux acteurs de la colonie : les larves et la reine.
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In social insects, larvae are completely dependent on adults to complete their
development. In honey bees (Apis mellifera L.), larval development requires that larvae
engage workers in nursing tasks rather than allocating energy in other activities (Le Conte,
Hefetz, 2008). Indeed, in the absence of any constraint, workers tend to become active
reproductive individual. The queen inhibits worker ovary development via pheromones
(Hoover et al., 2003; Wossler, Crewe, 1999a), but the inhibition of worker ovary development
seems superior when bees are exposed to unsealed brood (Kropacova, Haslbachova, 1970;
Kropacova, Haslbachova, 1971). Components of the brood pheromone have already been
identified and consist of a blend of 10 esters (Le Conte ef al., 1990; Le Conte et al., 1989).
Two of these low volatility compounds have been demonstrated to partially decrease worker
ovary development (Mohammedi et al., 1998; Pankiw, Garza, 2007). Thus, we asked whether
brood emits volatile compounds that could also have an effect on worker ovary activation. We
identified a new highly volatile molecule from the larvae E-f-ocimene, that inhibits worker

ovary maturation.

We used Solid Phase Microextraction (SPME) (65 pum Carbowax) to sample volatiles
emitted by different larval instars. We analyzed 20 larvae at stage 1, 2-3 or 10 larvae at stage
4-5. Larvae were kept in a 15 ml closed vial for 20 min in an incubator at 34°C and 50%
humidity (N = 8, 10 and 7 biological replicates, respectively) during the sampling. Afterward,
the fiber was desorbed into a gas chromatograph (Varian-Chrompack CP-Sil § CB-MS 30 m x
0.25 mm column with the following parameters : column temperature 40°C for 2 min, then
40°C to 200°C at 30°Cmin", and 200°C to 320°C at 10°C.min™"). Chromatograms showed
different peaks but the only major compound found in all samples was E-S-ocimene (3(E)-
3,7-dimethyl-1,3,6-octatriene identified by GC-MS and confirmed by a chemical standard).
We determined that one larva produces in 20 minutes 2.84, 12.4 and 0.40 ng of E-f-ocimene
at stage 1, 2-3 and 4-5, respectively (Fig. 1A) This compound is thus emitted in a significantly
higher quantity by 2-3 larval instars compared to first and final instars (Kruskal-Wallis
ANOVA test, N = 25, X2 =18.99, df = 2, P < 0.001; stage 1 vs. 2-3: Mann-Whitney U post-
hoc test, Z = -3.4208, P < 0.001 and stage 2-3 vs. 4-5: Z = 3.4157, P < 0.001). Older larvae
have a lower level of E-f-ocimene production than first instars larvae (Z = 3.2404, P =
0.0012) despite being from 225 to 400 times bigger (Jay, 1963). A test in natural condition

was done and E-f-ocimene was also found on larvae kept on their cells.
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We then tested whether E-f-ocimene produced by larval instars 2-3 inhibits worker
ovary development. Groups of 100 bees obtained from a mix of 3 colonies were tested. Bees
were kept in Pain cages (11x8.5x5.8 cm) (Pain, 1966) from emergence until 15 days of age.
Due to its high volatility and in order to avoid saturation of E-f-ocimene in cages, we mixed
the molecule with paraffin oil and verified with SPME that a 10 larvae equivalent/caged bee
of E-f-ocimene slowly dissipated over 24 hours (ie. 900 ug of E-f-ocimene/cage/24 hours).
So, in each cage we then created an environment of 1000 larvae equivalent of E-f-ocimene.
The E-f-ocimene and paraffin mix was placed in a wire screen-covered petri-dish at the
bottom of the cage so that the bees could never be in direct contact with the pheromone.
Caged workers were kept at 34°C in the dark and fed with a honey-sucrose candy, fresh
pollen and water ad libitum. We performed 10 replicates for treatment and 9 per control
(paraffin only). We used two identical incubators, one for treatment cages and one for control
cages, to prevent E-f-ocimene dispersion. For each cage, 20 bees were randomly chosen,
dissected, and the level of ovary development was determined using the 5 point scale ovary
classification of Pernal and Currie (2000). Ovaries were classified as following: stage 0: no
follicle development, stage 1: slight enlargement, stage 2: presence of distinct cells leading to
swellings and constrictions, stage 3 egg volume exceeding that of the nutritive follicle, stage

4: presence of fully formed eggs.

E-f-ocimene treatment significantly inhibited worker ovary development compared to
workers exposed to untreated paraffin control (Fig. 1B. Mann-Whitney U test on the mean
score of each cage, N =19, Z = -2.168, P = 0.0301). The results support our hypothesis that
this compound acts as a volatile primer pheromone on workers by inhibiting maturation of

their ovaries.
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Figure 1A: E-B-ocimene production by different larval instars during 20 minutes using
an external standard method of quantification. (ng/larvae) (circle: median; box: 25%-75%;
whisker: Min-Max).

Figure 1B: Level of ovary development in response to 10 larval equivalents per bee of
E-B-ocimene (9 ug of E-B-ocimene/bee/24 hrs) (median * Semi-InterQuartile Range).
(number of sampled groups in brackets)

By emitting E-f-ocimene, larvae may prevent workers (more precisely nurses) from
allocating resources into egg production but rather take care of them. This compound also has
been detected in mated honey bee queens (Gilley et al., 2006), and was present in lower
amounts in queens who were rejected within the first week of their introduction into queenless
colonies (DeGrandi-Hoffman et al., 2007). Queen-produced E-f-ocimene may then play a
role in her ability to regulate worker ovary development, and thus, help her to monopolize
egg-laying. Further studies should be done to test for synergistic effects between E-f-
ocimene, brood and queen pheromones on worker ovary activation. Another important
question to disentangle would be to understand the variation in the production of E-f-ocimene
observed in successive larval instars. One could hypothesize that E-f-ocimene also acts as a
hunger signal during starvation stress. Young larvae which produce more E-f-ocimene than

older larvae could have a higher need of food.
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Transition :

Le E-f-ocimene et les deux esters de la BEP, 1’éthyle palmitate et le méthyle linolenate,
forment un ensemble de 3 composés produits par les larves, qui inhibent partiellement le
développement des ovaires des ouvriéres. Mais le E-f-ociméne posséde-t-il d’autres effets
dans la colonie ? Chez les abeilles, les phéromones peuvent avoir des effets pleiotropiques
comme par exemple la QMP, qui possede des effets modificateurs et incitateurs dans la
colonie. Le E-f-ociméne, par sa volatilité, est dispersé dans toute la colonie, a tous les
individus et a toutes les castes, y compris les MAB, caste qui comprend des abeilles du nid ne
dispensant plus de soin au couvain.

Dans I’article suivant, nous avons voulu connaitre la dynamique de production de cette
nouvelle phéromone chez les différents stades larvaires : du stade 1 juste aprés 1’éclosion,
jusqu’au stade nymphe aux yeux noirs, qui précede la naissance des abeilles. Ensuite nous
avons ¢étudié ’effet de cette phéromone sur les ouvriéres, et sa possible action sur le

développement des glandes hypopharyngiennes des ouvrieres et sur la division du travail.
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E-f-ocimene, a Volatile Brood Pheromone Involved in Social Regulation in the

Honey Bee Colony (Apis mellifera)

Résumé :

Le couvain est dépendant des ouvriéres, sans les ouvriéres, le couvain dépérit. Les ouvriéres
doivent étre en mesure de reconnaitre le couvain, son age, sa caste, ses besoins pour pouvoir
s’en occuper. On sait que les larves communiquent et manipulent les ouvri€res pour optimiser
leurs développements. La BEP produite principalement par les larves agées (stade L4, L5)
agit comme une phéromone de contact et permet au couvain de manipuler spécifiquement les
nourrices. Aprés la découverte d’une phéromone volatile, le E-f-ociméne, émise par le
couvain pour inhiber ’activation des ovaires des ouvrieres, nous avons voulu étudier plus en
détail cette phéromone. Sa production par les différents stades larvaires a été analysée et
comparée a la production de la BEP. Nous avons tenté de caractériser ses effets possibles sur
les nourrices (effets sur les glandes hypopharyngiennes) ou sur la colonie entiére (action sur le

développement comportemental des abeilles).

Nous avons montré que les jeunes larves (stade L1-3) produisent la plus grande quantité de E-
f-ociméne en comparaison des autres stades larvaires et que I’E-f-ociméne accélére la
maturation comportementale des abeilles. Nous n’avons pas trouvé d’effet du E-f-ocimeéne

sur le développement des glandes hypopharygiennes des ouvrieres.

La production de E-f-ociméne est différente de la production de la BEP, les jeunes larves
produisent de forts taux de E-f-ocimene et de faibles quantités de BEP, et inversement les
larves agées produisent de forts taux de BEP et de faibles quantités de E-f-ociméne. Les
jeunes larves induisent une accélération du développement comportemental des abeilles, a
I’inverse des larves agées. De cette facon, les jeunes larves sont en mesure d'attribuer la
priorité a la recherche de nourriture, en vue d'augmenter les réserves de la colonie pour leur
nutrition et leur développement. Par contre, comme 1’inhibition des ovaires des ouvrieres est a
la base du fonctionnement de la colonie, les deux phéromones agissent de la méme maniére

en réduisant ’activation des ovaires des ouvriéres.
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L’émission de différentes phéromones par les larves fournit une syntaxe particuliére aux
ouvrieres qui, en retour, ajustent leurs différents travaux pour le bon fonctionnement de la

colonie.
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Abstract:

Background: In honey bee colony, the brood is able to manipulate and chemically control the
workers in order to sustain their own development. A brood ester pheromone produced
primarily by old larvae (4 and 5 days old larvae) was first identified as acting as a contact
pheromone with specific effects on nurses in the colony. More recently a new volatile brood
pheromone has been identified: E-f-ocimene, which partially inhibits ovary development in

workers.

Methodology and Principal Finding: Our analysis of E-f-ocimene production revealed that
young brood (newly hatched to 3 days old) produce the highest quantity of E-f-ocimene
relative to their body weight. By testing the potential action of this molecule as a non-specific
larval signal, due to its high volatility in the colony, we demonstrated that in the presence of

E-f-ocimene nest workers start to forage earlier in life, as seen in the presence of real brood.

Conclusions/Significance: In this way, young larvae are able to assign precedence to the task
of foraging by workers in order to increase food stores for their own development. Thus, in
the complexity of honey bee chemical communication, E-f-ocimene, a pheromone of young

larvae, provides the brood with the means to express their nutritional needs to the workers.

Key words: Apis mellifera, E-f-ocimene, nurse, larvae, pheromone, social regulation

Introduction

In eusocial insects, the brood is completely dependent on the care provided by the nurses. A
lack of workers and especially nurse care lead to brood decline and death (VanEngelsdorp et
al., 2009). Thus, larval needs for food or warmth, as well as their age, need to be recognized

by nurses, while the workers have to allocate energy to fulfil these needs.

In the honey bee Apis mellifera, there is evidence for a complex system of chemicals
produced by the larvae to adjust the behaviour and the physiology of workers to the needs of
the brood (Free, Winder, 1983; Huang, Otis, 1991; Koeniger, Abelrsfelder, 1985; Slessor et

al., 2005a). Brood pheromones with primer and releaser effects on workers have been

-906 -



identified (Le Conte, Hefetz, 2008; Slessor et al., 2005a). One pheromone named brood ester
pheromone (BEP), is composed of a blend of 10 methyl and ethyl esters (Le Conte et al.,
1990). This pheromone, modulates the feeding and pollen foraging behaviour of workers (Le
Conte et al., 1995a; Pankiw, 2007; Pankiw et al., 1998b), inhibits the activation of the worker
ovary (Arnold et al., 1994; Mohammedi et al., 1998; Pankiw, Garza, 2007), induces workers
to cap brood cells (Le Conte ef al., 1990) and increases the rate of protein production in the
hypopharyngeal glands of workers (Mohammedi et al., 1996; Peters et al., 2010). In addition,
BEP modulates the behavioural maturation of honey bee workers (Le Conte et al., 2001), then
inducing workers to take care of the brood rather than allocating energy to outside activities.
Due to the relatively low volatility of the esters, this larval signal can be assimilated as a

contact pheromone that targets nurse workers directly involved in feeding the larvae.

Recently, we identified another brood pheromone component, E-S-ocimene, acting as a
primer pheromone by inhibiting maturation of workers ovaries (Maisonnasse et al., 2009).
This highly volatile molecule emitted by the brood is easily dispersed within the colony.
Subsequently all workers on the nest can be in direct contact with this signal, such as the
nurse (young bee), but also the middle-aged bees, from ages 12-21 days, that specialize on
nectar processing and nest maintenance but show no interest in brood care (Johnson, 2010).
Thus we hypothesize that E-f-ocimene could act as a signal targeting the different worker

castes and could induce changes in colony-wide social regulation complementarily to BEP.

Here, we studied the emission of E-f-ocimene and its effects on worker physiology and

behaviour to test if this brood pheromone acts as a signal in the social regulation of workers.

The E-f-ocimene emission was measured for all immature instars (larvae to pupae) to
supplement previous data from Maisonnasse et al. (2009). Before the analyses each individual
was weighed in order to calculate the E-f-ocimene emission per mg of weight. Then we
compared immature E-f-ocimene production to previously published BEP immature emission
(Trouiller et al., 1991) in order to determine if the two pheromone profiles overlap during

immature development.

We also studied the action of E-f-ocimene on nurses. Nurses secrete 60 to 80% of the brood
diet from their developed hypopharyngeal glands, providing a secretion rich in protein for

young larvae (Winston, 1987). The larvae can stimulate the development of these glands in
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nurses in order to consume a diet richer in protein (Huang, Otis, 1989). We investigated
whether E-f-ocimene could mediate an increase in the size and protein production of the
hypopharyngeal glands of nurses, like that seen with BEP, for produce a food richer in protein

that would assure better development of larvae.

Finally, we analysed the global action of E-f-ocimene in social regulation. In particular, the
brood can modify the division of labour of workers, by accelerating the behavioral
development of workers, inducing worker nest bees to become foragers earlier in life
(Amdam et al., 2009; Le Conte et al., 2001; Tsuruda, Page, 2009). In addition, the larvae
manipulate the ratio of worker nest bees to foragers to increase their individual fitness. The
volatility of E-f-ocimene allows for a distribution of pheromone to the nurse bees as well as
to middle-aged bees. Thus we tested if larvae, by emitting E-f-ocimene, could modify

behavioural maturation of workers.

Materials and Methods

E-f-ocimene quantification in immature honey bees

E-f-ocimene emitted by different larval and pupal instars was sampled by solid phase
microextraction. A 65 um Carbowax was used as in a previous study (Maisonnasse et al.,
2009) to identify E-f-ocimene. No peak co-elution occurs with this fiber. The analyses were
done on three different hives (Apis mellifera sp.) from an apiary controlled with standard
maintenance procedure. After removing a frame from the hive, larvae and pupae were
cautiously picked and delicately enclosed in 15mL glass vials. Each sample was weighed
before analysis to assess the mean weight of larvae and pupae. Aerial emissions were
analyzed for groups of 20 larvae at stage L1 (newly hatched larvae) and L2-3 (2 and 3 days
old larvae) while individuals at stage: L.4-5 (4 and 5 days old larvae), pre-pupae and pupae
(white, pink and black eyes) were grouped by 10 due to their higher body volume. Fiber
adsorption lasted 20 min in an incubator at 34'C and 50% humidity before immediate
desorption into a gas chromatograph (Varian-Chrompack 4000, USA, CPSil 8 CB-MS 30 m x
0.25 mm column) with the following parameters: column temperature 40 °C for 2 min, 40 °C
to 200 °C at 30 °C.min ', and a final step from 200 °C to 320 °C at 10 °C.min . A clean
empty vial was used as a control sample to be certain that E-f-ocimene originated from the

bees. The amount of E-f-ocimene of each sample was determined by comparison to a
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standard curves obtained by analysing known quantities of external standard (E-f-ocimene,
International Flavors & Fragrances, Spain) in the same conditions. A minimum of 4 groups of
each stage were sampled. The confirmation of E-f-ocimene was done by a mass spectrometer.
The GC-MS system was a Polaris ion-trap mass spectrometer/Trace 2000 GC
(ThermoQuest). The mass spectrometer was operated in the electron impact mode at 70 eV

with continuous scans (every 0.2 sec) from a mass to charge ratio (m/z) of 60 to 520.

E-f-ocimene effect on workers hypopharyngeal glands development

The same methods were used for the E-f-ocimene treatment and experimental design in
Maisonnasse et al. (2009). Briefly, groups of 100 emergent bees from a mix of 4 hives were
introduced randomly into 10 cages for treatment and 10 cages for control (Pain cages: 11 x
8.5 x 5.8 cm, Pain, 1966) and separated into two incubators (33°C, 60% RH) to prevent E-f-
ocimene dispersion. Bees were kept in the dark and fed with a honey-sucrose candy, fresh
pollen (to promote worker glands development, Pernal, Currie, 2000), and water ad libitum,
from emergence until 14 days of age. For the treatment, the compound was mixed with
paraffin oil to allow it to slowly dissipate over 24 hours. The instars L2-3 emitted the higher
rate of E-f-ocimene, therefore we assumed that these instars had a more significant effect in
the nest. In addition the nurse bees frequently visit cells (Huang, Otis, 1991). Thus we
employed a 10 larvae (L2-3) equivalent / caged bee (10ug of E-f-ocimene / bee, 1000pg of E-
[-ocimene / cage) and only paraffin oil for the control. The E-f-ocimene and paraffin mix or
paraffin only were placed in a wire screen-covered petri-dish at the bottom of the cage so that
the bees could never be in direct contact with the petri-dish. The treatment was performed
daily in the morning by the replacement of the petri-dish by a new one with the correct
treatment. We confirmed the evaporation of 1000ug of E-f-ocimene per cage in 24 hours by
sampling, at 3, 6, 12 and 24 hours, the remaining amount of E-f-ocimene in a Pain cage at
34°C (same conditions as the experiment). The quantity of E-f-ocimene release by the
solution mixture is high in the cage during the 6 first hours and decreases after 12 hours; at 24

hours only a small quantity of E-f-ocimene is found in the cage.

For each cage, the hypopharyngeal glands were removed from 10 randomly selected bees on
day 14 which is the day when the workers have the highest level of protein in these glands
(Mohammedi et al., 1996). The size of the acini changes with hypopharyngeal glands
development, growing until day 6, stabilizing during days 6 to 14, when workers are known to

feed the larvae with royal jelly (Hrassnigg, Crailsheim, 1998), and decreasing from day 15,
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until the size of the glands in foragers resembles that of the undeveloped gland of newly
emerged bees. The workers glands were removed with forceps though an incision in the front
part of the head. The level of gland activation was analysed by dissecting microscope as the
size of the gland is positively correlated with gland activity (Deseyn, Billen, 2005). The level
of gland development was determined using a 5 point scale classification (undeveloped gland:
1 to full developed gland: 5; usually nurses have a level of gland activation around 2.5 - 3.5
and foragers 1 - 1.5 on average). The total hypopharyngeal glands protein content was also
assessed using the Bradford method (Bradford, 1976) for each bee because a higher protein
level in the glands gives higher quality nourishment for the larvae. Protein levels were
measured via spectrophotometer at 595nm and compared to the standard albumin. The
hypopharyngeal glands score and the Bradford assay were done by a blind test to ensure

impartiality in the results.

E-f-ocimene effect on workers behavioural maturation

Honey bee experiments were performed in Avignon during June and July of 2008 and 2009.
Standardized colonies, called “triple cohort colonies” were conducted to test the effect of E-f-
ocimene on honey bee behavioural maturation (Giray, Robinson, 1994). Each colony was
composed of 3 cohorts of bees: 500 nurses, 500 foragers and 500 one-day-old bees (Apis
mellifera sp. honey bees from our apiary). The one-day-old bees were collected from honey
bee combs containing the last nymphal stage, which were removed from the hive and placed
in an incubator (33°C, 60% RH). One day after, emergent bees (one-day-old bees) appeared
on the comb and were painted on the thorax (focal cohort). The foragers, bees with pollen
loads (pollen foragers) or distended abdomen (nectar foragers), were captured when they
returned to the hive by closing the hive entrance. The nurses, considered to be bees with their
head inside a larval cell, were sampled from an open brood frame. For each trial the honey
bees came from the same hives to lessen genetic variation. Each test colony was placed in a
nucleus (small hive) with two half frames, one full of honey and one empty. In all nuclei, one
plastic strip (Bee Boost, PheroTech, Canada) was installed containing the queen mandibular
pheromone which mimics a queen (one queen pheromone equivalent released by day, Pankiw
et al., 1996). This plastic strip minimizes the natural genetic and pheromonal variation of
queens for laying eggs and workers for raising larvae. Workers in this small colonies show
normal ontogeny of behaviour (Giray, Robinson, 1994). With these colonies, the age at which
focal bees begin foraging is precisely know while keeping constant other potentially

important variables, such as colony demography, genetic structure, or pheromone dispersion
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(Huang, Robinson, 1996). The age at first foraging of the focal cohort was determined by the
age at which the first 50 bees of the focal cohort initiate foraging.

Each trial was formed by three test colony, the first received 10,000 larvae (L2-3) equivalent /
day (high dose, equivalent to 20 larvae L.2-3 / focal bee or 20ug of E-f-ocimene / focal bee),
the second 5,000 larvae (L2-3) equivalent / day (low dose, equivalent to 10 larvae L.2-3 / focal
bee or 10ug of E-f-ocimene / focal bee) and the last one only paraffin oil (control). During
the spring the queen can lay approximately 1500-2000 eggs per day (Winston, 1987), thus the
number of larvae of stage L2-3 is around 3000 to 6000 individuals in the colony. The doses
used in this experiment, 5,000 and 10,000 L2-3 larvae equivalent per day, are on a biological
scale. Bees were exposed to chronic E-f-ocimene treatment and received E-f-ocimene
through evaporation. Four trials were made in 2008 and four trials in 2009. All colonies were
placed in a field isolated from others hives to avoid foraging competition and nuclei
disturbance. The treatment started when one-day-old bees (focal cohort) were introduced in
the nuclei. The E-f-ocimene was mixed in the paraffin. The mixture or paraffin oil alone were
introduced into the bottom of the nuclei, in a petri-dish placed below a wire screen-covered;
thus the bees could never be in direct contact with the molecule. The treatment was performed
daily at 9h00 in the morning without disturbing the colony by removing the petri-dish through
a special door behind the nucleus and replacing with another one with the appropriate
treatment. Twice a day (once in the morning and once in the afternoon) each nucleus was
closed for 45 to 60 min and the nectar or pollen foragers of the focal cohort, accumulated on

the screen, were counted and additionally marked.

After 10 days of experimentation and at the end of the trial experiment, we made a census of
the number of focal bees and of the total number of bees to prevent potential population
variation (mortality) between each nucleus of each trial. Pictures of nuclei frames were taken

and all the marked and un-marked bees from each nucleus were counted.

Statistics

Mann—Whitney U tests were used to test differences in E-f-ocimene emission between the
different immature instars and for E-f-ocimene effects on worker bee hypopharyngeal glands
development. The results of E-f-ocimene influence on honey bee behavioural development
were analysed with a two-ways ANOVA (years and treatments) followed by Fisher post-hoc
test (STATVIEW 5.0, SAS Institute, Cary, NC).
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Results

E-f-ocimene quantification

The production of E-f-ocimene per larva increased from larva stage L1 (3.9 ng/larva/20min)
to L2-3 (14.01ng/larva/20min) and decreased at stage L4-5 (0.42ng/larva/20min). These 3
groups produced significantly different amounts of E-f-ocimene (L1 vs L2-3, Z = —3.441,
P<0.001; L1 vs L4-5, Z=-3.272, P<0.01 and L2-3 vs L4-5, Z =—3.435, P<0.001).

The amount of E-f-ocimene was high for pre-pupae stage (10.83ng/individual/20min), with
no difference production of L2-3 stage (Z = —1.688, P=0.0914). Production decreased in the
white and pink eyed pupal stages (4.18 and 3.99 ng/pupa/20min respectively) with no
difference in production with stage L1 (Z = —0.293, P=0.817 and Z = —2.84, P=0.7697
respectively). The production declined in the black eyed pupal stage (0.77 ng/pupa/20min) to
a level similar to the production in stage L4-5 (Z =—0.571, P=0.5657) (Fig. 1A).
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Figure 1: E-B-ocimene emission by the brood during 20 minutes. A. as ng per individual. B.
as ng per mg of individual. (Different letters indicate significant differences in individual E-S-
ocimene emission (P<0.05) (n = 4), cross: mean, box: 25%—75%; line in the box: median,
whisker: Min-Max, /: larvae cell capping)

The production of E-f-ocimene per mg of individual gave different results. According to their
weight the smaller individuals (L1-2-3) produced the highest quantity of E-f-ocimene : L1 =
4.33 ng/mg of larva/20min and L2-3 = 2.84 ng/mg of larva/20min with no significant
difference between them (Z = —1.033, P=0.3017). The other immature groups produced

-102 -




significantly less E-f-ocimene (P<0.01) with a maximum of 0.085 ng/mg per

individual/20min (Fig. 1B).

E-f-ocimene and workers hypopharyngeal glands development

The level of hypopharyngeal glands development was not significantly different between the
honey bees treated with the E-f-ocimene (2.524+0.07) and the control bees (2.72+0.07) (Z =
—0.507, P = 0.6120). The mean protein amount produced by the hypopharyngeal glands was
not different between the control group (57.21£3.16ug / bee glands) and the E-f-ocimene
treated group (51.04+2.35ug / bee glands) (Z =—1.293, P =0.1961).

E-f-ocimene and workers behavioural maturation

No significant variation in the total population (census) was found among focal cohorts within
any trial. The ANOVA test revealed significant treatment and years effect and no interaction
(Year: Fii110= 318.5 P<0.001, Treatment F>;110= 19.6 P<0.001, Interaction F;1390= 1.0
P=0.3615). Exposure to E-f-ocimene accelerated the mean age at onset of foraging for both
low and high dose groups (P<0.01 and P<0.001 respectively) compared to the control group.
Bees with low and high doses of E-f-ocimene started to forage earlier in 7 of 8 trials. The
high dose of E-f-ocimene exerted a stronger effect, causing a significantly younger age at the

onset of foraging relative to the low dose (P<0.01) (Fig. 2).
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Figure 2: Effect of high and low E-B-ocimene doses on worker age at first foraging.
(10 000 larvae and 5000 larvae (stage 2-3) equivalent / day / nuclei respectively, mean age
at onset of foraging of the focal cohort for each treatment + Standard Error, * denotes
significant differences: *** P<0.001, ** P<0.01)

Discussion

In presence of brood, workers initiate foraging earlier compared to broodless workers
(Amdam et al., 2009; Le Conte et al., 2001; Tsuruda, Page, 2009). Our results clearly show
that E-f-ocimene is a component of the signal emitted by the brood accelerating the age at the
onset of foraging for workers with no effect on hypopharyngeal glands activity. Thus, E-f-
ocimene induces workers earlier into the task of foraging, thereby optimizing food collection
and processing for the colony as well as for larval feeding. E-f-ocimene is a primer
pheromone with two actions on workers physiology: inhibition of worker ovaries

(Maisonnasse ef al., 2009) and acceleration of workers behavioural maturation (this paper).

At social level, E-f-ocimene is a compound controlling honey bee behavioural maturation
within a complex process that ultimately maintains colony homeostasis. An overabundance of

foragers leads to a lack of nurses in the colony, and thus a decline in brood care; conversely
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too many nurses cause a decrease in food storage in the colony and a subsequent decline in
food for brood nourishment due to the scarcity of foragers. Consequently, a proper nurse-
forager ratio is key to maintaining honey bee social homeostasis. Therefore, the regulation of
honey bee behavioural maturation must be highly controlled, most likely through a colony-
level feedback network. Queen, old brood and foragers produce pheromones, the Queen
Mandibular Pheromone (Pankiw ef al., 1998a), BEP at high doses (Le Conte ef al., 2001) and
ethyl oleate (Leoncini et al., 2004b) respectively, which slow down the progression of young
bees towards the tasks typical of older bees. But young larvae also have something to say. In
producing E-S-ocimene and low doses of BEP (Le Conte et al., 2001), they have the opposite
effect of old brood on bee maturation, which is to accelerate worker age at first foraging. In
this way, worker maturation occurs in a complex milieu of pheromonal compounds.
Considering that workers adjust their behavioural development in response to specific
pheromones in the nest (Le Conte et al., 2001), modification of pheromone production by the
queen or the brood could change the pheromone level in the hive and trigger variation in
worker maturation. Alternatively, the different pheromones could target different worker
castes. For example, the middle-aged bees’ transition to foragers is important for maintaining
the dynamic caste ratio (Johnson, 2010). E-S-ocimene could be the signal for the transition of
middle-aged bees to the forager caste, while BEP could slow the transition from nurse to the
middle-aged bee caste. Further experiments are needed to understand the direct effect of
larvae, but also queen and worker signals, on the middle-aged bee group. These
complementary experiments integrating other important factors, like pheromone dose or role
of a specific caste, should be done to resolve the question of the complex role of pheromones

in honey bee social regulation.

At individual level the young and the old larvae emit different quantities of pheromones that
have different volatilities. Taken as the amount of compound produced per gram of larvae, E-
f-ocimene is emitted principally by the young instars (L1, L2-3) while BEP reaches a
maximum value during the capping stage (L4-5) (Trouiller et al., 1991) (Fig. 3). E-f-ocimene
(boiling point 73°C), which belongs to the terpene family, is volatile so it has an aerial
transmission (targeting all worker castes), while the BEP (boiling point around 200°C), which
belongs to the ester family, has a low volatility which is transmitted by contact (target

workers close to the larvae cells).
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These two specific pheromonal signals have opposing effects on workers (Fig. 3,4). By
emitting a low quantity of BEP and a great amount of E-f-ocimene, young larvae are able to
accelerate the age at onset of foraging of worker bees (Le Conte ef al., 2001; Pankiw ef al.,
2004). In contrast, old larvae inhibit honey bee behavioural development by producing a high
quantity of BEP (Le Conte et al., 2001). Thus young and old larvae play opposite roles in the
behavioural maturation of worker bees according to their specific needs. The young larvae
promote foraging (low need in nurses) and old larvae promote tending (high need in nurses).
We then presume that young larvae need less attention from nurses than old larvae. For
instance, young and old larvae do not have the same workers needs. When worker eggs hatch,
young larvae are provided with royal jelly from the mandibular and hypopharyngeal glands of
the nurses until they reach an age of 3.5 days old (Winston, 1987). Afterwards, old larvae
receive brood food, a mixture principally made of the nurse’s hypopharyngeal glands
secretions, honey and pollen. This brood food mixture is given to old larvae by the nurses in
higher quantities (Brodschneider, Crailsheim, 2010; Schmickl, Crailsheim, 2002; Winston,
1987). After food requirement, old larvae need nurses to help in capping their cells, and then,
still require nurses and hive workers for their thermoregulation, as they are very sensitive to

cooling (Stabentheiner et al., 2010).
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As a consequence, old larvae by emitting BEP, keep nurses in contact with them for a longer
time, develop worker hypopharyngeal glands (Mohammedi et al., 1996; Pankiw et al., 2004;
Peters et al., 2010) and engage them in specific tasks like capping cells, nourishment or
tending (Le Conte et al., 1990; Le Conte et al., 1995a; Le Conte et al., 1995b; Le Conte et al.,
1994). On the contrary, young larvae by producing E-f-ocimene, accelerate worker
maturation (workers become foragers earlier in life) thereby optimizing foraging and food
collection.

Thus we can consider BEP as a “specific worker caste signal”, with a specific and local action
in the colony: the tending of old larvae. And then, we propose E-f-ocimene as a “non-specific

worker castes signal” with a global action on the colony: increasing food provision.
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Figure 4: Comparison of the different effects of BEP (red), E-B-ocimene (blue) and real
brood (black) on worker physiology and behaviour. (dotted line: low pheromone production)

Therefore, by emitting E-f-ocimene and BEP, the young and old larvae signals are involved
in enforcing different worker tasks (Fig. 4); nevertheless they also have a common action in
the nest: the inhibition of worker ovary activation (Maisonnasse et al., 2009; Mohammedi et
al., 1998). This plays a major role in the productivity of the nest because as reproductive
workers do not work as hard as sterile workers (Dampney et al., 2004), showing a reduction
in both tending to larvae and foraging tasks, which decreases the inclusive fitness of the
colony. E-f-ocimene and BEP both partially inhibit the worker ovary activation, and a
possible synergistic interaction needs to be tested. In addition, workers can escape from the
reproductive control induces by queen and brood (Hoover et al., 2005b). But the difference
between E-fS-ocimene and BEP in their temporal production, mode of transmission and targets

could be a strong barrier against the development of reproductive workers in the colony by
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decreasing their potentiality to bypass pheromonal control. According to theories of social
insect communication, an honest signal is expected to be relatively simple while a complex
signal would indicate the presence of a coercive force between sender and receiver (Heinze,
d'Ettorre, 2009; Keller, Nonacs, 1993). In this way by using two pheromones larvae would
repress the activation of the worker’s ovaries. By definition coercion in social Apis mellifera
is a form of pressure to prevent workers from acting selfishly and thereby harming group or
colony as a whole (Ratnieks, Wenseleers, 2008). In Apis mellifera workers are frequently
coerced into acting altruistically (Ratnieks, Wenseleers, 2008): workers repress reproduction
of other workers through egg eating and aggression (policing) (Heinze, 2004; Ratnieks et al.,
2006). Thus the coercion of laying workers bees to remain sterile comes from policing by
other workers, but also from pheromones of the larvae and queen. This colony-level coercion,
or colony arms race, against reproductive workers would benefit the group and increase its
inclusive fitness. Therefore despite using a dishonest signal in the nest to control

reproduction, this communication seems to serve the entire society.

The production of two different types of pheromones by the larvae, gives a powerful signal to
adjust all workers for colony tasks, especially larval care. E-f-ocimene is a young larval
pheromone, highly volatile, and easily dispersed within the colony for a large scale action
while BEP is an old larval pheromone with low volatility, spread by contact, with a precise
action. The complementary effect of these pheromonal components supports also the
hypothesis that a special chemical syntax exists in the colony for fine-tuning social regulation.
It also confirms the remarkable and unexpected complexity of honey bee pheromonal

communication.
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