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Abstract

The neuropeptide pigment-dispersing factor (PDF) plays a prominent role in the cir-

cadian clock of many insects including honey bees. In the honey bee brain, PDF is

expressed in about 15 clock neurons per hemisphere that lie between the central brain

and theoptic lobes. As in other insects, the beePDFneurons formwide arborizations in

the brain, but certain differences are evident. For example, they arborize only sparsely

in the accessory medulla (AME), which serves as important communication center of

the circadian clock in cockroaches and flies. Furthermore, all bee PDF neurons clus-

ter together, which makes it impossible to distinguish individual projections. Here, we

investigated the developing bee PDF network and found that the first three PDF neu-

rons arise in the third larval instar and form a dense network of varicose fibers at the

base of the developing medulla that strongly resembles the AME of hemimetabolous

insects. In addition, they send faint fibers toward the lateral superior protocerebrum.

In last larval instar, PDF cells with larger somata appear and send fibers toward the

distal medulla and themedial protocerebrum. In the dorsal part of themedulla serpen-

tine layer, a small PDF knot evolves from which PDF fibers extend ventrally. This knot

disappears during metamorphosis and the varicose arborizations in the putative AME

become fainter. Instead, a new strongly stained PDF fiber hub appears in front of the

lobula. Simultaneously, the number of PDF neurons increases and the PDF neuronal

network in the brain gets continuously more complex.
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1 INTRODUCTION

The circadian clock enables animals to anticipate the daily environ-

mental changes on our planet and to adjust their behavior in daily

activity and sleeping, including foraging rhythms. Honey bees have

a most remarkable time memory, which they use to associate the

location of a flowering resource to the daytime, when the plant opens
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the original work is properly cited.
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its flower (Beling, 1929; Bloch et al., 2017). In their waggle dance,

honey bee foragers communicate this location in relation to the sun

to their nest mates, for which they have to compensate for the past

time during flight (von Frisch, 1967). The circadian clock is involved in

these complex behaviors of the honey bee, but the regulatory mech-

anism is largely unknown (Cheeseman et al., 2012; Jain & Brockmann,

2018).
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In general, the clock gets synchronizing input signals from the

environment like daily oscillations in sunlight or temperature. These

signals are transmitted to the brain clock, where a transcrip-

tional/translational feedback loop creates circadian oscillations in

clock gene expression, which drive then rhythmic behavior and phys-

iological processes (Dunlap, 1999). In most studied insects, clock

gene expression is found in defined soma groups (pacemaker centers)

located to the lateral and/ordorsal brain; for example in flies, bugs, bees

and moths (Fuchikawa et al., 2017; Helfrich-Förster et al., 1998; Ikeno

et al., 2014; Kobelková et al., 2015; Nässel et al., 1993; Vafopoulou

et al., 2009; Weiss et al., 2009; Wise et al., 2002; Závodská et al.,

2003). The first documentation of a light-dependent pacemaker cen-

ter in the insect brainwasby lesion studies inMadeira cockroachbrains

(Nishiitsutsuji-Uwo&Pittendrigh, 1968). Further transplantation stud-

ies in theMadeira cockroach located the pacemaker center to the optic

lobes (Page, 1982) and in specific to the accessorymedulla (AME) (Reis-

chig & Stengl, 2003a). Neuronal organization and neurotransmitters

in the AME of cockroaches show striking similarities to the suprachi-

asmatic nucleus, the circadian clock center in the mammalian brain

(Homberg et al., 2003).

Homberg et al. (1991) recognized in a comparative study the poten-

tial of the neuropeptide pigment-dispersing factor (PDF) as an inte-

grative part of the circadian clock in insects (reviewed in Homberg

et al., 2003; Stengl &Homberg, 1994). The circadian clock is ubiquitous

among insects andwithgeneticmanipulation tools in thehoneybee still

largely missing, comparative anatomical studies provide a good way

to elucidate pathways that are involved in generation of clock regu-

lated behavior (Beer&Helfrich-Förster, 2020a). Indeed, PDF is a highly

conserved clock component in panarthropods (Iga, 2016; Martin et al.,

2020;Mayer et al., 2015; Shafer & Yao, 2014). This neuropeptide regu-

lates rhythmic behavior, for example, daily activity-rest cycles in cock-

roaches or flies (Petri & Stengl, 1997; Renn et al., 1999; reviewed in

Helfrich-Förster et al., 2011), but was also shown to be involved in

receiving the environmental light input signals to the clock of cock-

roaches (Petri et al., 1995; Schendzielorz & Stengl, 2014; reviewed in

Helfrich-Förster, 2020). In addition, it is a major communication factor

between different clock cells in the insect brain (Im & Taghert, 2010;

Lin et al., 2004; Schneider & Stengl, 2005; Tomioka et al., 2008; Yao

& Shafer, 2014). Furthermore, it regulates physiological processes, for

example, mating (Krupp et al., 2013) and renal function (Talsma et al.,

2012) of flies. Though it is not esssential, PDF additionally seems to

contribute to regulation of the normal rhythmic eclosion in fruit flies

(Selcho et al., 2017; Helfrich-Förster et al., 2000). Also, in honey bees,

it was demonstrated to be part of the circadian system (Beer et al.,

2018; Fuchikawa et al., 2017). The central clock protein PERIOD is

coexpressed in all PDF neurons (Fuchikawa et al., 2017), and injection

of synthetic PDFpeptide into the brain of adult bees can shift the activ-

ity phase in circadian rhythms in locomotion (Beer et al., 2018).

In various different insects, the cell bodies of PDF producing neu-

rons (PDF neurons) are located in the lateral brain, send fibers into

the AME, which is a small neuropil at the base of the medulla, as well

as to different centers in the dorsal brain, the central brain and also

to the optic lobe (Helfrich-Förster, 2005; Helfrich-Förster et al., 1998;

Homberg et al., 1991). The PDF neuronal network in the honey bee

is similarly organized, but the PDF neuron arborizations are numer-

ous and highly complex, especially in the protocerebrum (Beer et al.,

2018; Sumiyoshi et al., 2011). So far, it was not possible to track sin-

gle PDF neurons in honey bee brains to its projection destination and

gather conclusions on their function. For example, in flies, cockroaches

and locusts, different subpopulations of PDFneurons have been identi-

fied (Homberg et al., 1991; Nässel et al., 1991, 1993). The large ventro-

lateral neurons of Drosophila project contralaterally to the other hemi-

sphere and are involved in the light-input pathway of the circadian

clock, while the small ventro-lateral neurons arborize within the hemi-

sphere and are most important for generating circadian rhythms in

locomotion (Helfrich-Förster, 2020;Kloseet al., 2016; Schlichting et al.,

2016). In the cockroach, PDF neurons are grouped in four soma clus-

ters: two lie in the lamina, one in the posterior cell cortex of themedulla

and one close to the AME; the AME neurons were categorized in three

size groups and also in different groups according to their signaling

properties (Gestrich et al., 2018; Petri et al., 1995; Reischig & Stengl,

2003b; Wei et al., 2010, 2014). Four contralaterally projecting PDF

neurons of the AME are major contributors to the circadian rhythms

in locomotion (Soehler et al., 2011). In the honey bee, no PDF neurons

are present in the lamina and posterior medulla. All ∼15 PDF neurons

cluster together anteriorly of the AME, but we noticed that they differ

in size and could often see one PDF neuron with large soma that was

located most anteriorly, suggesting that the PDF neurons form several

subpopulationswithin this cluster (Beer et al., 2018). Another peculiar-

ity of the bee was that arborizations in the AME were not very promi-

nent, and the densest concentration of PDF fibers was found anterior

of the lobula (Beer et al., 2018). A respective PDF-neuropil was also

found in theMadeira cockroach (Fleissner et al., 2001;Wei et al., 2010).

Here, we analyzed for the first time the PDF neuronal network

of honey bees of different developmental stages raised under labora-

tory conditions in order to assess the anatomy and putative function

of individual (or subgroups) of PDF neurons in the honey bee clock.

To do so, we performed anti-β-pigment-dispersing hormone (PDH)

immunostaining in larvae and pupae of Apis mellifera. This antibody

was specifically raised against synthetic crab PDH (Dircksen et al.,

1987), but has been shown to recognize PDF in the nervous system

of insects including honey bees (Beer et al., 2018; Fuchikawa et al.,

2017;Helfrich-Förster, 1997;Homberg et al., 1991;Nässel et al., 1993;

Park & Hall, 1998; Petri et al., 1995; Rao & Riehm, 1993; Sehadová

et al., 2004; Stengl &Homberg, 1994; Sumiyoshi et al., 2011; Závodská

et al., 2003). The anti-β-PDH does also recognize PDFs from mollusks,

nematodes, onychophores and tardigrades (Elekes &Nässel, 1999; Iga,

2016; Janssen et al., 2009; Martin et al., 2020; Mayer et al., 2015)

showing that PDF/PDH peptides have evolved before Cycloneuralia

andPanarthropodahave separated, althoughdata are stillmissing from

Loricifera, Kinorhyncha and Nematomorpha (Mayer et al., 2015). Only

in crustacea, these peptides are called PDHs. For the sake of simplicity,

wewill call the β-PDH-immunoreactive neurons in the honey bee brain

‘‘PDF neurons’’ throughout this study.

Studying the development of the PDF network should reveal

whether there are subgroups of PDF neurons in honey bees as there

are in other insects and if so, where they project to. For example,

in holometabolous fruit flies, only the four PDF neurons with small
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somata (small ventro-lateral neurons) can be seen in larval brains

(Helfrich-Förster, 1997). These neurons send dendrites to the lar-

val optic neuropil, which receives input from the larval eyes and

develops into the AME during metamorphosis (Helfrich-Förster et al.,

2002). Furthermore, the larval PDF neurons project into the dorsal

protocerebrum where they terminate anteriorly and ventrally of the

calyces of the mushroom bodies. At about 50% of pupal development,

the four further neurons with large somata (large ventro-lateral neu-

rons) start to express PDF. These invade the developing AME and addi-

tionally the optic lobes.

In contrast to flies and cockroaches, bee larvae are rather immobile

and do not need to search for food since they are fed by nurses. They

possess no photoreceptor organs (larval stemmata and ocelli) and are

therefore blind (Gilbert, 1994). Hence, it is unknownwhether they pos-

sess a larval optic neuropil. It is also unknown how the AME develops

in the honey bee brain and which relation it has with the PDF neurons.

Here, we describe similarities and differences of the developing PDF

fiber network between honey bees and the so far best studied insects,

theMadeira cockroach and the fruit fly.

2 MATERIALS

2.1 Honey bees

Honey bee colonies, species A. mellifera, subspecies carnica, were kept

at Department of Animal Ecology and Tropical Biology, the University

of Würzburg. Queens were inseminated by multiple drones. Standard

beekeeping methods were applied with bees kept in field colonies con-

sisting of∼35,000−40,000 bees.

3 METHODS

Insect brain tissues of different developmental stages in the honey

bees were stained via immunofluorescence, and the neuronal network

was additionally 3D reconstructed to visualize the development of the

clock neuronal network. We removed dead bees and performed feed-

ing and sampling always at the same time of the day (resembling the

subjective morning at approximately ZT0), and the bees were other-

wise undisturbed in the incubator.

3.1 In vitro rearing of honey bee larvae

In order to standardize sample taking of different developmental

stages of honey bees, we reared the larvae in vitro (for detailedmethod

explanation see Aupinel et al., 2005, 2007; Hendriksma et al., 2011;

Steijven et al., 2017). We caged a queen overnight on an empty brood

comb, and 3 days later first instar larvae were grafted into artificial

rearing cells (Cupularve Nicotplast, Maisod, France) in 48-well plates

that were loaded with preheated larval diet (35◦C) (for dietary plan

see Table 1). The well plates were sanitized with cotton rolls soaked

TABLE 1 Timetable for feeding and sampling larval instars during
in vitro rearing

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6

Diet amount 20 µl 20 µl 30 µl 40 µl 50 µl

Development L1–L2 L2–L3 L3–L4 L4–L5 L5 L5

Notes: Feeding protocol started on day 1when larvaewere grafted into arti-
ficial rearing cells. Diet composition and amount changed with age (see for

details Aupinel et al., 2005). We changed the protocol slightly and applied

diet of days 1 and 2 on the first day together. The corresponding develop-

ment of the bees (L1–5: larval instar 1–5) is indicated below. We sampled

instar L1, L3 and L5 on the morning of days 1, 3 and 5, respectively (indi-

cated by bold letters).

in 0.4% antimicrobial methylbenzethonium chloride glycerol solution

(84.5% and 15.5%) and kept at 35◦C ± 0.1◦C and 97 ± 10% room tem-

perature (RH) in a rearing chamber (Memmert, loading model 100–

800, Schwabach, Germany). With this method, approximately 80–90%

of the grafted larvae pupated and approximately 50%emerged as adult

bees. For feeding and sampling, we placed the plates on a heating plate

(35◦C). We sampled larval instars L1, L3 and L5 (determined by age,

see also Hendriksma et al., 2011) and different pupal stages P1, P3,

P5, P7 and P9 (determined by age and morphology according to Groh

& Rössler, 2008). P1 were white eyed with white body, P3 orange/pink

eyedwithwhitebodyandP5were red-browneyedandalready showed

cuticle tanning of the first two leg pairs and yellow head and thorax.

In P7, the bees had light brown bodies with speckled legs and folded

grey wings. On the day before emergence, bees entered the last pupal

stage (P9) and appeared already adult-like with dark grey thorax and

unfolded wings, but they were largely motionless.

3.2 Immunostaining PDF neurons in larvae brains

We prefixed the larval tissue after poking holes with a sharp nee-

dle into the larvae for 5 h in 4% paraformaldehyde (PFA) and phos-

phate buffered saline with 0.1% Triton (0.1%) (PBST) at (RT) of 20◦C–

22◦C, washed three times in PBS (each 10 min) and dissected the

brains using forceps with slightly curved tips in PBS. Afterward, we

fixed the brains a second time for 1 h at RT. We added the second

fixation of the dissected larvae brains because in preliminary experi-

ments, we lost occasionally brains due to tissue solving in the wash-

ing steps. The results of these preliminary larval staining experiments

were nonetheless comparable to those, we present here. In experi-

ments with bee larvae, no shaker was used except in the first fixa-

tion step because larval brain tissue is extremely delicate. Fixed brains

were washed (three times in PBS and three times in PBST [0.5%]) and

preincubated in 5% NGS-PBST (0.5%) at 4◦C overnight. The brains

were then incubated in 1:3000 anti-β- PDH antibody solution (in 5%

NGS-PBST [0.5%] and 0.02% NaN3) for 3 days at 4◦C and 1 day at RT.

The affinity-purified rabbit antiserum against β-PDH was provided by

Dr. Heinrich Dircksen (University of Stockholm, Sweden). This poly-

clonal anti-β-PDH antibody was raised against Uca pugilator/Cancer

magister PDH (NSELINSILGLPKVMNDAa) and bovine thyroglobulin
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(Dircksen et al., 1987) and in a specificity test with preincubation

of diluted PDH antibody on 10 μM Uca pugilator/Cancer magister β-
PDH peptide, all immunoreactive staining in cockroach brains was

abolished (Stengl & Homberg, 1994). Other studies used this anti-

body to immunostain the PDF peptide in various insects, including

hymenoptera (Beer et al., 2018; Bloch et al., 2003; Fuchikawa et al.,

2017; Kay et al., 2018; Weiss et al., 2009). Antibody specificity seems

to be true also for A. mellifera because recent staining experiments

with the anti-β-PDH (Beer et al., 2018; Fuchikawa et al., 2017) and

an anti-am-PDF (Sumiyoshi et al., 2011) antibody produce highly sim-

ilar results. The brains were washed six times in PBST (0.5%), incu-

bated in the secondary antibody solution (1:200 Alexa Flour 635 goat

antirabbit in 5%NGS-PBST [0.5%]) and thenwashed again (three times

in PBST (0.5%) and three times in PBS) before we mounted them in

mounting medium for fluorescence (Vectashield, Vector laboratories,

CA,USA). Someof the larval brainsweremountedbetweenmicroscope

cover slides with spacers. Only these larval brains were used for anal-

ysis of cell size and staining intensity of PDH immunoreactive neurons

because we wanted to treat the larvae brains and pupae brains exactly

the same for these quantification analyses.

3.3 Additional antihorseradish peroxidase
staining

In some of the larvae and pupae, we additionally immunostained the

developing neuropils and somata of the neurons with antihorseradish

peroxidase (HRP) antibody, which recognizes a carbohydrate residue

of the neuron-specific cell surface protein Nervana (nerve antigen)

in the insect nervous system (Sun & Salvaterra, 1995). For the anti-

HRP staining, we imbedded the pupae brains in 6% agarose (Hydrox-

yethylagarose CAS No. 39346-81-1, Carl Roth Gmbh + Co. KG, Karl-

sruhe, Germany) and produced 90 μm thick vibratome slices (speed

and frequency at medium settings; Leica VT1000 S vibrating blade

microtome, LeicaMicrosystems,Wetzlar, Germany).We incubated the

brains with Cy3-AffiniPure Goat Anti-HRP (catalog No. 123-165-021,

Jackson ImmunoResearch, West Grove, PA, USA) diluted at 1:300 in

PBST 0.5% (with 5%NGS and 0.02%NaN3) for 48 h at RT and washed

five times in PBST (0.5%) and three times in PBS. Afterward, the lar-

val brains were mounted between microscope cover slides with spac-

ers inmountingmedium for fluorescence. Sectioned pupae brainswere

mounted onmicroscope slides.

3.4 Immunostaining clock neurons in pupae
brains

The staining procedure for pupae bee brains was very similar to the

staining procedure in larvae brains, and we adjusted it only for a few

steps. Bees were decapitated and a window was cut into the cuticle of

the frontal head. This procedure took only a few minutes. Heads were

then fixed in 4% PFA in PBST (0.1% Triton) for 3–4 h on a shaker. All

washing and incubation stepswere performed on a shaker. After wash-

ing the heads in PBS three times (10 min each), brains were dissected

in PBS and washed again three times in PBS. Brains were incubated in

sodium citrate buffer (10 mM, pH 8.5) at 80◦C in an antigen retrieval

step. Afterward, we washed the brains 10 times in PBS, two times in

PBST (0.5%), one time in PBST (2%) and one time in PBST (0.5%). The

following steps of washing and antibody incubation were performed

as described above for the larvae brains with the difference that pri-

mary antibody incubation time was increased to 6 days at 4◦C and

1 day at RT. We mounted the brains between two microscope cover

glasses with spacers in mounting medium for fluorescence, which pre-

vented the tissue from being crushed. The spacers were self-made by

stacking eight customaryhole reinforcements.Wealso immunostained

PDF in some sectioned brains (for vibratome sectioning procedure see

HRP staining). Sectioned brains were incubated for 2 days in PDH anti-

body solution at RT. The following steps were performed like in whole

mount preparations. Sectioned pupae brains were mounted on micro-

scope slides, but excluded from the cell size analysis for sake of consis-

tency across experiments.

3.5 Data analysis

Immunocytochemistry datawere analyzedwith a Leica TCS SPE confo-

cal microscope (LeicaMicrosystems,Wetzlar, Germany) equippedwith

10×/0.30 CS ACS APO and 20×/0.60 IMM CORR ACS APO objec-

tives. Brains were scanned sequentially in stacks (Leica Application

Suite Advanced Fluorescence 2.7.3.9723, Leica Microsystems). Sam-

ples of one experiment were processed with the same settings, and

obtained confocal pictures (resolution 1024× 1024) were further pro-

cessed in Fiji ImageJ (version 1.49,WayneRasband, National Institutes

of Health, USA) and in Corel Photopaint (Corel Corporation 2018).We

countedPDF immunoreactiveneurons in157brains of differently aged

developing honey bees and measured size, staining intensity and rel-

ative location in the brain of over 2000 cell bodies. Some of the lar-

vae brainsweremounted onmicroscope slideswithout spacers to opti-

mize fluorescence detection. These brains were not used for quantifi-

cation of cell size, staining intensity and cell body location in the brain

because we wanted to compare here only brains treated exactly the

same in order to standardize across experiments. Quantification of cell

number was done by counting stained cells in both hemispheres and

then averaging for the brain. In order to judgewhether there are differ-

ent subpopulations of PDH immunoreactive neurons, we investigated

possible differences in staining intensity and location of the somata

in relation to the cell body size. Average staining intensity was mea-

sured for the area of the whole cell bodies at the plane, which showed

the middle of the nucleus, and background staining in the area of the

nucleuswas subtracted. The sameplane represents the largest expanse

of the cell body, which was used for quantification of cell body size.

Since brains were mounted on different slides, we measured location

of the PDH immunoreactive cell bodies via number of scanning steps

in the frontal confocal scans in which the cell bodies are visible. After-

ward, we ranked them from 1 (most posterior) to 16 (most anterior) in

pupal stages. In L3, ranking was from 1 to 6 and in L5 from 1 to 8. We
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compared staining intensity and relative cell body location with cell

body size separately for larvae and pupae because the overall brain

structure of larvae and pupae differed. Additionally, complexity of the

network of PDH immunoreactive neurons was quantified via count-

ing neuronal fibers in predefined areas in brains of bees in pupal stage

P1 and P9. This analysis was only possible for certain fiber tracts in

which individual PDF fibers were discernable. For this purpose, we

defined a plane in the middle of the region we chose for quantifica-

tion and counted the fibers crossing this plane perpendicular. Subse-

quently, brightness, intensity and contrast were adjusted in the figures

displayed in the results section. Statistical analysis and graphs were

made with R (R version 3.6.1, packages stats and ggplot2). None of

the data sets were normally distributed (Shapiro–Wilk normality test).

The cell size data were therefore analyzed by the Kruskal Wallis test

followed by a Wilcoxon rank sum test for post hoc pairwise compar-

ison. We tested for differences between fiber numbers in P1 and P9

pupal stages with Wilcoxon rank sum test with continuity correction.

To investigate correlation of cell size with staining intensity and posi-

tion in the brain, we used Kendall’s rank correlation test.

3.6 Nomenclature

We used the nomenclature of Ito et al. (2014) to describe structures in

the bee brain. For simplicity, developing structures in the larval brain

were named like in adult insect brains. For PDF specific tracts, we

referred to the PDF network described in detail for the cockroach

(Giese et al., 2018; Wei et al., 2010). The PDF fiber network in honey

bees displays in someareas amore complex structurewithmany rather

densely bundled fibers, but overall network organization is similar. For

comparison with the PDF arborization network in the adult honey bee

brain, we refer to Beer et al. (2018).

4 RESULTS

4.1 Larval instars

The honey bee has five larval instars during which the blind larvae

are fed by the nurses and increase dramatically in size. As in other

holometabolic insects, their compound eyes develop only duringmeta-

morphosis; therefore, their optic lobe primordia are barely developed

in the first two larval instars (Marco Antonio & Hartfelder, 2017). We

could detect the precursor of the medulla and about three PDF neu-

rons per hemisphere for the first time in the optic lobe primordia of

third larval instars (L3) (Figure 1). The somata of the PDF neurons

(3.1 ± 0.4, mean ± STE, n = 29) were located in the anterior cell body

rind ventrally to the developing medulla (arrow heads in Figure 1a–d).

The neurites of the PDF neurons follow fibers of putative medulla cor-

tex neurons that are stained by anti-HRP and run dorsally to the base

of the developing medulla (thin arrows in Figure 1a,c). The neurites of

all developing medulla neurons converge at the dorsally located base

of the medulla (asterisk in Figure 1d,f,g), giving the developing medulla

the shape of an asymmetric fan of HRP-positive fibers (Figure 1d). The

handle of the fan consists of fibers that leave themedulla and project to

the protocerebrum of the central brain (Figure 1d,g). The PDF-positive

neurites formadensevaricose fibernetworkat thebaseof themedulla,

while weakly stained PDF fibers follow the HRP-stained medulla neu-

rons to the protocerebrum (Figure 1c,d,f,g). These terminate in the ipsi-

lateral superior protocerebrum (Figure 1g). It was not possible to trace

single PDF neurons because all the neurites of all three PDF neurons

fasciculated with each other and intermingled in the dense fiber net-

work (asterisks in Figure 1a,c,e). The dense PDF fiber network at the

base of the medulla resembles from its position the larval optic neu-

ropil of fruit fly larva (Helfrich-Förster et al., 2002) and from position

and structure the AME of hemimetabolous insects (Homberg et al.,

1991; Homberg & Prakash, 1996; Wei et al., 2010). Since there are no

larval eyes that can innervate this neuropil, we are reluctant to call

it larval optic neuropil and will talk about AME-like structures in the

following.

In L5 larvae, the projections of the PDF neurons into the lateral

protocerebrum via the lobula valley tract (LVT) became more promi-

nent revealing that they terminate ventrally to the developing mush-

room bodies (Figure 2a,c). Furthermore, in late L5 larvae, the projec-

tionsbifurcated in the superior and lateral protocerebrum into two thin

fibers of which one ran toward the mushroom bodies and the second

toward the medial protocerebrum (Figure 2d). In L5 larvae, approxi-

mately six PDFneurons (5.6±0.3,mean± STE; n=38) per hemisphere

were present (see Figure 4), and their projections did not only extend

toward the medial protocerebrum but also distally from the AME-like

structure to the future serpentine layerof themedulla,which separates

the proximal and distal medulla in the adult brain (Figure 2a–e). The

PDF-positive neurites seem to follow outgrowing HRP-positive fibers

from the proximal to the distal medulla that enter the serpentine layer

at a defined point in its upper third (arrows and small open circles in

Figure 2). The PDF-positive fibers formed a kind of knot at this entry

point, and then started to grow first in ventral and later also in dorsal

directionalong thedeveloping serpentine layer.Again,wecouldnot see

whether all of the neurons or just some of them projected toward the

medial protocerebrum and the distal medulla because the projections

were already densely packed in the tract running toward the AME-

like structure, which made single tracing of neurites impossible. Nev-

ertheless, in L5, for the first time, PDF neurons with larger somata

appeared and especially one large soma was conspicuous because it

was at least by 10 μm2 larger than the other cells in the cluster. We

detected this large neuron in 32% of all analyzed hemispheres (n= 38),

and in half of the cases itwas located in an anterior position in thePDF–

cell cluster. The appearance of large PDF neurons nicely correlated

with the appearance of PDF projections toward the distal medulla and

the medial protocerebrum, suggesting that a new set of PDF neurons

was born in the fifth and last larval instar of the honey bee. In none of

the L5 brains, we could see any PDF fibers running into the developing

lamina. At this stage, the future lamina emerges as an upfolding in the

outer optic lobe anlagen, but still makes no connection to the medulla

(MarcoAntonio&Hartfelder, 2017). SinceHRP labels onlyneurons and

not neuroblasts, we could not detect any HRP labeling in the future



1326 BEER ET AL.

F IGURE 1 Pigment-dispersing factor immunoreactive neurons (PDF neurons) and fibers (magenta) in the brain of third larval instars. All
images are projections of 10 confocal images (z-stack step size: 2.5 μm, pixel size: 0.36 μm) of wholemount brains. To visualize the developing
neurons, the brain was costained with an antibody against horse-radish peroxidase (HRP) that labels the neuronal specific cell surface protein
Nervana (green). Note that this antibody stains only neurons and not neuroblasts. The latter aremuch larger than neurons and can be seen as
regular ‘‘empty holes’’ that are surrounded by neurons in the subesophageal ganglion (SEG) in (b). (a–d) Frontal overviews of the entire brain from
anterior (a), (b) and frommore posterior (c), (d). Arrow heads point to the somata of the PDF neurons, thin arrows to their projections to an
‘‘accessorymedulla’’ (AME)-like structure (marked by asterisks), and the thick arrows indicate fibers that leave the AME-like structure toward the
central brain. (e–g)Magnifications of the areas shown in (b) and (d) to show that the PDF-positive neurites followmajor fiber tracts of other
medulla (ME) neurons. Scale bars: 50 µm

lamina, confirming that neurogenesis has not yet started (Figure 2). At

the end of L5, the late cocoon spinning phase, the first ommatidial car-

tridges of the retina appear and the photoreceptor axons start to grow

toward the lamina (Marco Antonio & Hartfelder, 2017) (Figure 3a,b).

We still could not see any HRP labeling in the prospective lamina,

but we detected the first columnar structures in the developing distal

medulla (Figure 3b,c)). At this stage, the arborizations of the PDF neu-

rons in the serpentine layer became prominent, and this was especially

true for the small knot at their entry point (Figure 3b–d).

The fifth instar ends with the larvae entering the prepupal stage,

a stage characterized by profound metamorphic changes, such as the

appearance of pupal head structures and a constriction separating the
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F IGURE 2 Pigment-dispersing factor (PDF) fibers in the brain of early fifth larval instars. All images are projections of 10 confocal images
(z-stack step size: 2.5 μm, pixel size: 0.54 μm) of whole mount brains. Labeling is the same as in Figure 1. (a) Frontal overview of the brain without
subesophageal ganglion. The somata of the PDF neurons are not included in this confocal stack. The PDF neurons project into the accessory
medulla (AME)-like structure (asterisks) and from there distally to a knot (circle) in the serpentine layer of themedulla andmedially toward the
superior lateral protocerebrum (SLP) where they terminate lateral and ventral of the calyces (CA) of themushroom bodies. Here only the lateral
calyx (CA) is visible. (b and c)Magnifications of the indicated area in (a), only marked by antihorseradish peroxidase (HRP) andwith both stainings
overlayed (c) to visualize that the PDF fibers follow again the projections of other neurons. (d and e) The same brain area as shown in (b), (c), but
from a slightly older fifth larval instar. The two arrow heads indicate that additional to PDF fibers that terminate ventrally of the calyces, a second
fiber that invadesmoremedial brain areas split off. Otherwise, same labeling as in the other panels. Abbreviations: CA, developing Calyx; dME,
developing distal medulla; LA, developing lamina; LO, developing lobula; ME, developingmedulla; pME, developing proximal medulla; SLP, superior
lateral protocerebrum. Scale bars: 50 µm

thorax and abdomen. During this stage, the pupal cuticle is synthe-

sized underneath the dissolving larval cuticle (Marco Antonio & Hart-

felder, 2017). The animal is now in its prepupal stage during which it

molts twice until it reaches the first pupal stage (P1), about 3 days after

cell sealing (Groh & Rössler, 2008). Unfortunately, it was impossible to

dissect the animals in the prepupal stages because all internal struc-

tures were rather fluid.

4.2 Pupal stages

In the honey bee, nine pupal stages can be distinguished (Groh &

Rössler, 2008). During these stages, eyes, optic lobes, antennal lobes

and central protocerebral structures such as the mushroom bodies

and central complex are already present and develop into their adult

shape. The external structures such as the head, antennae,mouthparts,
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thorax, legs and abdomen show adult-like characteristics already at

pupal stage 1, but are still unpigmented.

The number of the PDF-positive somata and the complexity of

the PDF-positive fiber network increased steadily during pupal devel-

opment. Figure 4 shows the number and appearance of the PDF

neurons throughout the entire development pooled from three dif-

ferent experiments that all yielded the same result. While the smaller

cells had an almost round shape, the larger ones were usually oval (Fig-

ure 4a,c,d). TheKruskalWallis test revealed a significant increase in the

number of PDF-positive neurons throughout development (H: 138.87,

df= 7, p < .01), and the post hoc pairwise comparison showed that the

increase happened in three significant steps from their first appear-

ance in L3. The first significant increase by ∼3 neurons occurred from

L3 to L5, the second by ∼4 neurons from L5 to P1 and the third by ∼3

neurons from P3 to P5 (Figure 4b). Not only the number of immunos-

tained neurons increased, but also their staining intensity appeared to

increase (compare Figure 4a and c). In addition, staining intensity was

higher in large PDF somata as compared to smaller somata (see also

Section 4.3). As in larval brains, we could also spot one (or occasion-

ally two) very large PDF somata throughout the pupal stages. How-

ever, the frequency of their occurrence dropped to around 25%. As

found for larvae, they were often located anterior in the PDF cell clus-

ter in half of the cases. They are marked by an asterisk in Figure 4d.

The smallest PDF cell bodies were usually located posterior in the

F IGURE 3 Pigment-dispersing factor (PDF) immunoreactive fibers in the brain of late fifth larval instars. All images are projections of 10
confocal images (z-stack step size: 2.5 μm, pixel size: 0.86 μmand 0.72 μm) of whole mount brains. Only the developing left optic lobe is shown.
Labeling is the same as in Figure 1a,b,d: Images from the same brain from anterior (a) to posterior (b). (c) Image from another brain at the level of
image (b). All images visualize the developing lamina (LA) that is not yet labeled by antihorseradish peroxidase (HRP), and themedulla (ME) that is
labelled and shows the first subdivision in distal and proximal medulla (dME and pME). The retina is visible in (a) and starts to send its first
projections to the lamina (arrow heads in [b]). The PDF fibers have reached the serpentine layer of themedulla that subdivides the proximal and
distal medulla and enter it in a pronounced knot (circle). In the knot, the PDF fibers bifurcate and follow the serpentine layer ventrally (b–d) and
dorsally (b). The lobula (LO) can be vaguely seen in (c). Scale bars: 50 µm
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F IGURE 4 Number of pigment-dispersing factor (PDF) neurons
throughout development and PDF somata in pupae. (a) Detail images
of the PDF cell bodies in larval stages L3, and early and late L5 stage.
The number of PDF neurons increases throughout development to
build the highly complex clock neuron network of the adult honey bee
(b). Different letters indicate statistically different groups (box plots;
sample sizes are indicatedwith the sample group). (c) Detail images of
the PDF cell bodies in the pupal stages P1, P5 and P9. (d) Projection
images of PDF cell bodies and arborizations to the accessorymedulla
(AME)-like structure and toward the lateral protocerebrum (PB). Brain
is slightly frontally tilted and sliced in a horizontal plane (vibratome
slices). The left image shows the arborizations toward the AME-like
structure and some of the bigger PDF cell bodies, which are slightly
ventrally of the AME-like structure, but visible because of the frontally
tilted position of the brain. The right image shows the following
section, more ventrally located of the AME-like structure. Here, the
other bigger PDH cell bodies are visible andmost posterior within the
cluster (and also closest to the AME-like structure) are three of four
small PDF cell bodies located (arrows). Another small PDF cell body
(markedwith an arrow head) is located in themiddle of the cluster. The
two biggest PDF cell bodies (markedwith asterisks) are located rather
anterior (left image) and one in themiddle of the cluster (right image).
Images are frontal projections of confocal stack images (z-step size
between images in (a) and (d) 2 μm; L3: 8 image stack (pixel size:
0.36 μm); early L5: 15 image stack (pixel size: 0.54 μm); late L5: 15
image stack (pixel size: 0.72 μm); scans in (d) left to right: 10 image
stack (pixel size: 0.54 μm) and 22 image stack (pixel size: 0.54 μm);
z-step size in (c) 1.5 μmand pixel size: 0.22 μm; P1: 55 image stack, P5:
63 image stack, P9: 41 image stack). Abbreviations: d, dorsal; m,
medial; ME, medulla; LO, lobula. Scale bar: 20 µm

cluster (closer to the AME-like structure) (marked by arrows in Fig-

ure 4d) and had a rather roundish shape compared to the oval shaped

big PDF cell bodies.

In parallel to the increase inPDFneuronnumber, also their arboriza-

tion network in the central brain and the optic lobes increased. All ven-

tral arborizations, the commissures and innervations of further struc-

tures in the protocerebrum and the optic lobe developed in the pupal

stages. However, most importantly, already in the first pupal stage, the

main fiber tracts of the PDF neurons are present and structured like

in the adult brain, with the difference that their number was smaller

and the fiber tracts are not yet as thick (Figure 5–6). Similarly, all neu-

ropils and central structures in the brain such as antennal lobes, mush-

room bodies and central complex resembled already the adult struc-

tures (Figure 5a,d). In the optic lobes, the lamina had formed and was

now HRP positive (Figure 5d). Lamina and medulla were separated by

the first optic chiasma, andmedulla and lobula by the second optic chi-

asma (Figure 5d). The serpentine layer between the proximal and distal

part of themedulla had formed and the PDF fibers had extended along

its entire dorso-ventral axis. However, they lost their prominence and

the small dense PDF knot in the dorsal third of the serpentine layer had

completely disappeared (Figure 5d,f,g). A few fibers appeared to leave

the serpentine layer at its dorsal rim, a region that contains themedulla

dorsal rim area (MEDRA), and ran dorso-laterally invading the dorsal

rim area of the lamina (Figure 5f,g; Figure 6b,c; Figure 7e). Very similar

to the PDF fibers in the knot of the larval medulla serpentine layer, the

PDF fibers in the AME-like structure lost their density, and their stain-

ing intensity became weaker in pupae brains in relation to the fibers

running to the central brain (Figure 5a,b). This is especially true in rela-

tion to the dense fibers in front of the lobula that innervate the anterior

surface of the protocerebrum and give rise to the LVT that runs poste-

riorly and fromwhich many PDF fibers split off (Figure 5c,e; Figure 6d;

Figure 7d) (compare also with Beer et al., 2018). The only PDF fibers in

the optic lobe that steadily increased their staining intensity through-

out metamorphosis were those that invade the lamina dorsal rim area

after passing the MEDRA (Figure 7e). Our detailed network complex-

ity analysis showed a significant increase between theMEDRA and the

dorsal lamina in P9 pupae brains (lateral POC: 10.6 ± 0.3, MEDRA: 4.5

± 0.6) compared to P1 pupae brains (lateral POC: 6.6 ± 0.2, MEDRA:

0.8 ± 0.3). Otherwise, the PDF staining in the optic lobes remained

rather weak until the end of pupal development.

In contrast to the optic lobes, the PDF fiber network in the cen-

tral brain steadily grew and became denser and more complex dur-

ing metamorphosis (Figures 6 and 7). Our detailed network complex-

ity analysis showed a significant increase in protocerebral PDF fibers

between bees of pupal stages P1 and P9. We analyzed differences in

numbers of fibers in the anterior fiber plexus (AFP) passing by the verti-

cal lobe (VL) of themushroom body (Figure 7b) (W= 7, p-value< .001),

the fibers building the ventral branch of the anterior optic commis-

sure (vAOC) (Figure 7c) (W = 9, p-value < .001), the fibers running

through the lateral posterior optic commissure (POC) close to the LVT

(Figure 7d) (W = 0, p-value < .001) and the fibers leaving the MEDRA

(Figure 7e) (W = 4, p-value < .001). There are approximately six PDF

fibers running dorso-ventrally in the AFP close to the VL in P1 pupae
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F IGURE 5 Pigment-dispersing factor (PDF) fibers in the brain of pupal stage 1. All images are projections of 10 confocal images (z-stack
distance: 2 μm; pixel size: 1.07 μm) of vibratome sections, stemming from different areas and planes in the brain. Labeling is the same as in Figure 1.
(a) Frontal overview of the brain without subesophageal ganglion from an anterior plane. Themost prominent PDF labeling is present in the fiber
tract (thick arrows) that connects the optic lobe and the accessorymedulla (AME)-like structure (asterisk) with the superior lateral protocerebrum
(SLP). This tract contains varicose PDF fibers and runs anteriorly of the lobula. It represents the beginning of the lobula valley tract (LVT). In a
slightly more posterior plane (e), the LVT runs along the surface of the lobula, makes a loop and turns to the superior lateral protocerebrum. (b and
c)Magnifications of the areasmarked in (a), but without antihorseradish peroxidase (HRP) labeling; (b) shows that the AME-like structure
(asterisk) contains fewer PDF varicosities than the fiber tract running toward the central brain (thick arrow); (c) shows the SLP in which the PDF
fibers bifurcate into amore dorsal tract that runs ventrally of the lateral andmedial mushroom body calyces (LCA andMCA) toward the dorsal
midline of the brain and amore ventral tract that invades themedial part of the brain (arrow heads). (d) Right optic lobe from a posterior view.
Lamina (LA), medulla (ME) and lobula (LO) are now strongly marked by HRP (green) and separated by the first (X1) and second (X2) optic chiasma.
The PDF fibers have thin arborizations in the serpentine layer of themedulla that separates the proximal (pME) and distal (dME) parts of the
medulla (ME). At themedulla dorsal rim area (MEDRA), some PDF fibers of themedian layer fiber system appear to leave the serpentine layer
(respectively medulla layer four inMadeira cockroach Arnold et al., 2020) and to run toward the dorsal rim of the lamina (thin arrow) connecting to
the PDF arborization network of the posterior lamina. (f and g)Magnification of the areamarked in (d). Scale bar: 50 µm
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F IGURE 6 Overview of the increase in
pigment-dispersing factor (PDF) neuronal
network complexity throughout pupal
development in honey bees. All images display
overlays of 25–30 confocal sections (z-stack
distance: 4 μm; pixel size: 1.07 μm) of whole
mount brains. The anterior halves are shown to
the left and the posterior halves are to the
right. All are from a frontal view and the
relevant pupal stage is indicated in the right
upper corner, respectively. Note that these
images are not meant to show details but just
the general increase of thickness and labeling
intensity of the PDF fibers that are all in
principle already present in the first pupal
stage (P1; compare also with Figure 3). For
comparison with the PDF fibers in the adult
brain please see Figure 7a). Cell bodies are
marked by arrow heads, the accessorymedulla
(AME)-like structure by asterisks and the
dense fiber hub, which significantly increased
in thickness and staining intensity from (a) to
(d) is marked by a thick arrow. Double arrow
headsmark fibers in the anterior fiber fan that
connects the AME-like structure with the PDF
fiber network in the posterior lamina (LA).
Abbreviations: AFP, anterior fiber plexus;
AL, antennal lobe; EF, esophageal foramen;
LA, lamina; LVT, lobula valley tract;
(p/d)ME, (proximal/distal layer of the) medulla;
LO, lobula; LCA andMCA, lateral andmedial
calyx of themushroom body;MLF, median
layer fiber system; OC, ocelli; POC, posterior
optic commissure; VL, vertical lobe of the
mushroom body; VLNP, ventrolateral neuropils
of the protocerebrum; SEZ, subesophageal
zone; v/dAOC, ventral/dorsal branch of the
anterior optic commissure. Fiber tracts are
labeled inmagenta. Scale bar: 100 µm
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F IGURE 7 Complexity of clock network increases during honey
bee development. (a) scheme of pigment-dispersing factor (PDF)
neuron projections (in magenta) in the brain of the honey bee
(adjusted fromBeer et al., 2018). Areas of interest for analysis of fiber
bundle complexity in (b–e) aremarkedwith rectangles (blue). Images
in (b–e) display frontal projections of confocal scans of brain areas
(stacked confocal images in (b) 11 (P1) and 14 (P9); (c) 17 and 22; (d)
27 and 27; (e) 35 and 22; z-stack distance: 2.5 μm, pixel size: 0.22 μm),
used to quantify PDF neuron fiber number in pupal stages P1 and P9.
(b) Anterior fiber plexus (AFP) passing by the vertical lobe (VL) of the
mushroom body; (c) fibers building the ventral branch of the anterior
optic commissure (vAOC) (note that there is only one vAOC in P1, but
in P9 a double commissure is build). (d) Fibers running through the
lateral posterior optic commissure (POC) close to the densely
innervated lobula valley tract (LVT), and (e) the fibers close to the
dorsal rim area of themedulla (MEDRA). Arrowsmark the plane in
which we quantified fibers crossing this plane perpendicular. In P1,
only few fibers run in close proximity to theMEDRA and very few PDF
fibers run between the proximal (pME) and distal layer (dME) of the
medulla (arrow head), while the dorsal rim area of the lamina (double
arrow head) shows several fibers. Arrow heads in (b) point to fibers
that were not quantified because they project not contralaterally, but

(6.2 ± 0.6, mean ± STE), while in P9 pupae, there is double the amount

(12.1±1.1,mean±STE) and the fibers start towrap theVL closely (Fig-

ure 7b). PDF fibers in the vAOC of P1 pupae are very few (3.0 ± 0.4,

mean ± STE) and build one commissure bundle, while in P9 the fibers

(6.7 ± 0.6, mean ± STE) build a double commissure (Figure 7c). Along

the fibers of the vAOC in P9, there are several fibers running dorsally

into the median bundle (MB), but not contralaterally (Figure 7c, arrow

heads). These fibers were excluded from the quantification because

their projection pattern is different from the neuron fibers we quan-

tified in P1 brains in the vAOC. Similarly, we found more PDF fibers in

the lateral POC (Figure 7d).

4.3 Detailed analysis of soma size and staining
intensity of the PDF neurons

In contrast to fruit flies and cockroaches, the PDF neurons could not

be classified into different cell types by measuring somata sizes. How-

ever, plotting thedistributionof cell body sizes in thedifferent develop-

mental stages showedahighly different pattern for cell body sizes in L3

compared to all other stages (Figure 8). There is a narrow peak around

the size of 17.5 μm2 for PDF cells in L3, while all other stages display a

broad distribution of differently sized cell bodies. The peaks of earlier

pupal stages indicate prevailing cell sizes of around 25.6–27.3 μm2 and

peak cell sizes become bigger with developmental stages. Most abun-

dant cell body size of PDF cells is 40.4 μm2 in the last pupal stage P9.

In P3 and P5, a second peak is detectable. The broad distribution and

occasionally two peaks of prevalent PDF cell body sizes in the stages

L5 to P9may indicate different subpopulations of the PDFneuron clus-

ter in honey bees. Therefore, we investigatedwhether PDF production

(indicated by staining intensity) and location of PDF cell bodies in the

brain correlates with the different sizes. We found that cell body size

positively correlates with staining intensity in pupae and larval instar

five brains (Figure 8a/c) (see Table 2 for results of Kendall’s rank corre-

lation test) aswell as relative position in the brains of pupae (Figure 9b).

In pupae, larger PDF somata were located more anteriorly in the brain

than smaller PDF somata. We could not detect such a correlation of

larger cell bodies located more anteriorly in the brain of larvae (Fig-

ure 9d/f). There was also no correlation of cell body size and staining

intensity of PDF neurons of L3 larvae (Figure 9e).

5 DISCUSSION

In fruit flies and cockroaches, it has been demonstrated that specific

PDF neurons are substantial to the basic clock network structure also

involved in regulation of the circadian clock output behavior (Arnold

into themedian bundle (MB). Abbreviations: AL, antennal lobe;
LA, lamina; LO, lobula; LCA/MCA, lateral/medial calyx of the
mushroom bodies; RE, retina; SEZ, subesophageal zone; VL, vertical
lobe of themushroom bodies. Scale bar: 50 μm. Differences in number
of fibers in the specific areas are displayed in boxplots; sample sizes
are indicated in grey with the sample group
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F IGURE 8 Cell body size of pigment-dispersing factor (PDF)
neurons during different stages of development. Density plot for the
cell body sizes of PDF neurons of bees in different developmental
stages. Peaks of the density curve aremarkedwith an asterisk for each
group. Sample sizes are indicated with the sample group

TABLE 2 Statistical data of Kendall’s correlation tests
investigating correlation of cell body size with staining intensity and
relative position in the brain of pupae and the two larval instars L3 and
L5

Correlation of cell body size with staining intensity:

Test statistic p-Value τ

Pupae 12.57 < .01 0.20

L5 larvae 3.79 < .01 0.18

L3 larvae 576 .8437 −0.02

Correlation of cell body size with relative position in the brain:

Test statistic p-Value τ

Pupae 15.84 < .01 0.27

L5 larvae 0.50 .62 0.02

L3 larvae −0.65 .51 −0.07

et al., 2020; Gestrich et al., 2018; Giese et al., 2018; Klose et al., 2016;

Schlichting et al., 2016). A similar role of a subset of the PDF neu-

rons is likely in the honey bee, but in adults it was so far not possible

to classify individual PDF neurons (Beer et al., 2018), as it has been

done in flies and cockroaches (Helfrich-Förster et al., 2007; Reischig &

Stengl, 2003b). Here, we tried to identify possible differences in neuro-

anatomy and associated function of different PDF neurons by describ-

ing the development of the PDF network.

5.1 The first three PDF neurons in the third
larval instar of the bee resemble to some degree the
small ventrolateral neurons of Drosophila and the
first PDF neurons in locust embryos

The neurites of the first three PDF neurons that are visible in the

third larval instar of the bee form a varicose network at the base of

the developing medulla and run into the superior lateral protocere-

brum, where they terminate ventrally of the calyces of the develop-

ing mushroom bodies. Their shape strongly resembles those in locust

embryos (Homberg & Prakash, 1996) and fly larvae (Helfrich-Förster,

1997): locusts and flies possess four PDF neurons at 50% of embry-

onic and larval development, respectively, which also project into the

superior lateral protocerebrum. In flies, these neurons are the small

ventrolateral PDFneurons, the terminals ofwhich terminate anteriorly

and ventrally of the calyces of the mushroom bodies in larvae, pupae

and adults (Helfrich-Förster, 1997). Like in bees, the larval Drosophila

PDF somata have a round shape and they are initially rather small. Dur-

ing larval development, they continuously grow and, at the beginning

of metamorphosis, they reach the same size as the newly born four

large PDF neurons that appear at about 50% of metamorphosis. The

latter then strongly grow, and at the time of eclosion, they are three

times larger than the small PDF neurons (Helfrich-Förster, 1997). Also

in locust embryos, the size of the first appearing PDF neurons appears

small (Homberg&Prakash, 1996), and similarly, adult cockroaches pos-

sess four PDF neurons with small and round somata in the group of

PDF cell located anterior of themedulla (aPDFMEs) (Reischig & Stengl,

2003b); reviewed in Stengl & Arendt, 2016). This suggests that the

three first PDF neurons of honey bees are homologous to small PDF

neurons of these hemimetabolous insects. The four small cockroach

PDF neurons are local neurons that terminate in the ipsilateral AME.

Similarly, the three bee PDF neurons send predominantly fibers into

the AME-like structure. Nevertheless, we did also see faint projections

in the superior lateral protocerebrum, which is reminiscent of the PDF

fibers seen in fruit fly larvae and locust embryos. It is difficult to judge

whether these fibers stem from all or just one of the small PDF neu-

rons or perhaps even from a fourth PDF neuron with larger soma that

has just appeared (sometimes we found four PDF neurons in third lar-

val instars). What we can say is that the appearance of additional PDF

neurons with larger somata in fifth instar larvae is accompanied with

the appearance of fibers that run into the medial protocerebrum and

into the lateral medulla (see below). Therefore, it is very likely that the

first three PDF neurons in bee larvae correspond to the first four PDF

neurons of flies and locusts and that these represent a subcluster of the

PDFneurons,which project solely to theAMEandperhaps additionally

to the superior lateral protocerebrum. In any case, their projections are

limited to the ipsilateral brain hemisphere. As found in flies and cock-

roaches, this PDF sub cluster may have a special function in the circa-

dian system of bees (Gestrich et al., 2018; Helfrich-Förster et al., 2007;

Klose et al., 2016; Reischig & Stengl, 2003b; Wei et al., 2014), but this

has to be determined in future studies.

5.2 The following PDF neurons have larger
somata and project toward the distal optic lobe and
invade medial areas of the protocerebrum

Although our results—including the density curves of the cell body

sizes–indicate that there is only one population of PDF cells in the

third larval instar (narrow distribution of the cell sizes), theremay exist
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F IGURE 9 Correlation analysis of pigment-dispersing factor (PDF) cell body sizes with staining intensity and relative position in the brains. In
pupae, cell size of PDF neurons correlates positively with staining intensity (a) and relative anterior position in the brain (b). In L5 larvae, this is only
true for staining intensity (c), but there is no significant correlation of PDF cell body size and relative position in the brain (d). There is no
correlation of staining intensity (e) or relative position (f) with cell sizes in L3 larvae brains. Significant correlation ratio is indicated in the plot
(Kendall’s rank correlation tau) and by a red regression line. A grey regression line indicates no significant correlation

several populations from the fifth larval instar onward. We found a

broad distribution of cell sizes, and in some cases even two maxima.

This clearly points to two or even more subpopulations of PDF cells

defined by soma size. In the cockroach, the larger aPDFME neurons

could be classified into one largest, three large and four medium sized

neurons (Giese et al., 2018; Reischig & Stengl, 2003b;Wei et al., 2014),

but such a classification was not possible in the honey bee. We rather

found a gradual distribution in the size of PDF cell bodies in all devel-

opmental stages after L3 althoughwe could sometimes see a very large

neuron in an anterior position of the brain and large neurons gener-

ally had the tendency to be farther from the AME-like structure than

the small ones: we found a positive correlation between cell body size

and anterior position in the brain in pupal brains (themore anterior, the

larger the distance to the AME-like structure). As already mentioned,

the first neuronswith large soma size appeared in the fifth larval instar,

and this resulted in a clear shift to larger cell sizes in the density curve

from L3 to L5. The shift between L3 and L5was especially large, proba-

bly because the three small cell bodies had also grown in themeantime

(see above). A second shift to larger cell body sizes occurred during

pupal development between P7 and P9. Furthermore, from L5 onward,
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we found a significant correlation of cell body size with mean staining

intensity, whichmay indicate that smaller and larger PDF neurons pro-

duce different amounts of PDF. In cockroaches, the size and staining

intensity of thePDFneurons correlatewith thewidth of their arboriza-

tions, meaning that the projections of the largest and most intensively

stained cells reach very far (e.g., to the contralateral optic lobe) (Wei

et al., 2010). In addition, the cell bodies of the large PDF neurons are

located more distantly of the AME than the cell bodies of the smaller

ones as we found in the honey bee.

We were not able to distinguish the projections of medium sized

and large PDF neurons in honey bees, but we noticed that the projec-

tions extended into the distal optic lobe and into themedial protocere-

brum as soon as the larger neurons appeared. This process continued

during metamorphosis, but notably contralateral projections and main

connections to the different brain areas seem already largely estab-

lished in bee pupal stage 1,while inDrosophila contralateral projections

are formed only in later pupal stages (Helfrich-Förster, 1997). The new

PDF neurons most likely build connections to PDF-negative clock neu-

rons in the central brain as well as to different neurons downstream

the clock (Beer et al., 2018). For example, the connections to the dorsal

brain of the larvae may be important for the integration of time infor-

mation into olfactory learning processed in the calyces of the mush-

room bodies (Gronenberg & Lopez-Riquelme, 2004).Whether this is of

biological relevance to the larva inside the hive surroundedby food and

not submitted to environmental changes is debatable. The later devel-

oping arborizations in the central brain (especially the central com-

plex) may integrate the clock into downstream behavior like locomo-

tor activity and sleep (Pfeiffer&Homberg, 2014; Strauss&Heisenberg,

1993), as happens for the cockroach clock (Gestrich et al., 2018). Fur-

thermore, the contralateral projections may constitute direct coupling

pathways between the two pacemaker centers in both lateral hemi-

spheres, as has been demonstrated in cockroaches, and the extra-large

PDF neuron may be especially important because it projects via the

posterior optic commissure to the posterior optic tubercles that are

closely associated with the central complex that mediates spatial ori-

entation and locomotor activity programs (Pan et al., 2009; Pfeiffer &

Homberg, 2014; Reischig et al., 2004; Reischig & Stengl, 2002; Strauss

&Heisenberg, 1993).

5.3 The optic lobe projections of the PDF
neurons are less dense and less elaborate compared
to those of hemimetabolous insects

In comparison to the PDF arborizations in the central brain, the pro-

jections to the optic lobes are clearly less dense and especially those

in the lamina develop later than in locusts and putatively also cock-

roaches. There are two plausible reasons for this difference: (1) the

honey bee does not possess posterior PDF neurons and (2) the honey

bee lacks the two groups of PDF-positive lamina neurons that project

into lamina and medulla and that intermingle with the fibers deriving

from the aPDFMes in cockroaches (Arnold et al., 2020; Gestrich et al.,

2018). Thus, the 15 PDF neurons described are the only cells that con-

tribute to the PDF arborizations in the optic lobe of the bee. The rela-

tively weak innervation of the optic lobes by PDF fibers may point to a

lower importance of light input pathways to the clock in comparison

to other insects (see below). Among all PDF fibers in the optic lobe,

the ones in the dorsal rim area of the lamina are the most prominent

ones at the end of metamorphosis. This may be of later functional rel-

evance since this region is involved in honey bee sky compass orienta-

tion (Zeller et al., 2015).

5.4 Honey bee larvae appear to possess an
AME-like structure, but the density of PDF fibers in
this structure diminishes during metamorphosis

As already mentioned above, the larval PDF network at the base of

the medulla is very similar in structure and position to the AME of

hemimetabolous insects (Homberg et al., 1991; Homberg & Prakash,

1996; Stengl & Homberg, 1994), and for this reason we called it an

AME-like structure. Like the locust and cockroach AME, the bee AME-

like structure was rich of varicose PDF fibers that arborized in a non-

retinotopic manner. Although the AME of locusts and cockroaches has

an ovoid shape, just judged from the PDF immunostaining, the AME-

like structure of honey bees was rather flat. It became even flatter dur-

ing larval development when it extended in the direction of the distal

medulla. In flies, the AME has also no ovoid shape, it is flatter than in

cockroaches and fused with the medulla. However, the AME of flies

does not show prominent varicose PDF fibers as does the AME-like

structure of honey bees. The fly AME stems from the larval optic neu-

ropil, which is innervated by the larval eyes (stemmata) as is true for

other holometabolous insects (Fleissner & Fleissner, 2003; Hagberg,

1986; Hanström, 1940; Helfrich-Förster et al., 2002). Therefore, the

larval optic neuropil containsmostly fine dendritic fibers from neurons

that are postsynaptic to the photoreceptor cells. Indeed, fine dendritic

PDF fibers fromthe four small PDFneurons invade the larval optic neu-

ropil and later the AME in Drosophila. They get direct inputs from pho-

toreceptor cells, of Bolwig’s organ in larvae and early pupae, and of the

Hofbauer–Buchner eyelets in late pupae and adults (Helfrich-Förster

et al., 2002; Yasuyama & Meinertzhagen, 1999). The cockroach AME

does not get direct photoreceptor inputs, but it receives light informa-

tion via the PDF neurons in the lamina that are connected to eyes and

lamina organs and project into the AME (Arnold et al., 2020). Thus, the

circadian clock center in the AME of cockroaches is ‘‘well connected’’

with the photic environment,which appears necessary since cockroach

nymphs are freely moving and their clock needs to be synchronized

with the external light-dark cycle.

5.5 Photic input to circadian clock in honey bees
may be less crucial than for other insects

Honey bees remain in the dark hive during their entire development

and still as adult nurse bees. Thus, vision and light input to the circa-

dian clock is not important for them until they leave the hive as forager
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bees. Consequently, their circadian system develops slowly and is not

yet mature when they eclose from their pupa (Beer et al., 2016; Beer

& Helfrich-Förster, 2020b; Eban-Rothschild et al., 2012; Fuchikawa

et al., 2016). The same is true for their visual system. They lack larval

stemmata (Gilbert, 1994), and their compound eyes mature late with

the photoreceptor cells achieving their final opsin composition only

before they leave the hive as forager bees (Lichtenstein et al., 2018).

Perhaps, as a result, social cues and not the light-dark cycle serve as

major zeitgeber for the circadian clock of honey bees (Beer et al., 2016;

Fuchikawa et al., 2016). Environmental signals that could synchronize

the clock of honey bees and therefore serve as social cues were sug-

gested to be of either thermal, hygroscopic, chemical (pheromones) or

vibrational nature or a combination, but no direct physical contact is

needed (Beer et al., 2016; Fuchikawa et al., 2016; Moritz & Kryger,

1994; Siehler & Bloch, 2020). If temperature signals are of signifi-

cant importance for social synchronization of honey bees residing in

the thermoregulated hive is debatable because the minimum ampli-

tude in temperature changes that can entrain the honey bee clock is

approximately 6–10◦C (Fuchikawa & Shimizu, 2007; Moore & Rankin,

1993). Individual bees cannot create a microenvironment with this

high temperature amplitudes, but they synchronize to each other in air

connected compartments or residing on the same substrate (Siehler

et al., 2021). Therefore, vibrational signals and volatiles seem to play

an important role for synchronizing rhythms in the bee hive. After the

compound eye is completely developed, lightmay becomemore impor-

tant as a zeitgeber than before. However, when we compare the phase

response curves in activity shifts induced by 1 h light pulses applied to

cockroaches, flies and honey bees, we find that the honey bees shift

their activity maximal by only 1.5–2 h, but cockroaches and flies shift

their activity up to 4–5 h/day (Fuchikawa & Shimizu, 2008; Ludin et al.,

2012; Saunders et al., 1994; Saunders & Thomson, 1977). This points

also to a less light sensitive system in the honey bee. Very similar, the

developing circadian clock of solitary bees does rely less on photic

input. The daily emergence of solitary bees is synchronized rather by

temperature cycles than daily light-dark cycles (Beer et al., 2019; Ben-

nett et al., 2018; Tweedy & Stephen, 1970). Light sensitivity of the cir-

cadian clock seems to increase only after the solitary bees have eclosed

from their pupal case and wait to emerge from their cocoon. From that

time onward, their activity can immediately synchronize to light-dark

cycles of low light intensity (Beer et al., 2019).

Altogether the different life style of honey bees in comparison to

flies and cockroaches can explain why the AME does not play a major

role in their circadian system and why the AME does not further

develop after its initial birth in the third larval instar. It is possible that

themissing input from larval photoreceptor cells is the reason why the

PDF network in the AME-like structure gets sparse at the beginning of

metamorphosis and finally a new PDF fiber hub in front of the lobula

develops.Nevertheless, we cannot exclude that theAME-like structure

of honey bees is involved in nonphotic input pathways to the circadian

clock, which was suggested in cockroaches (Schulze et al., 2013). It will

be highly interesting to test which environmental cues are effective to

entrain the clock of developing honey bees and whether the AME-like

structure is involved in the pathway that synchronizes the circadian

clock to environmental cycles.

In summary, our study reveals interesting differences in the devel-

opment of the PDF network between honey bees, flies and cock-

roaches which may have their basis in the different life styles of these

three insects. In all three insects, the PDF-positive clock neurons are

important components of the circadian system and they appear com-

posed of different neuronal subclusters fulfilling specific functions in

circadian system. In honey bees, the circadian clock neuronal net-

work systematically grows and gets more complex throughout devel-

opment. This made the characterization of different PDF subclusters

difficult. Nevertheless, future studies on clock development in honey

bees appear promising since they may help to understand the highly

complex rhythmic behavior of honey bees.
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