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Chapter 1

Miniature Masterminds

Animals on Earth take all shapes and sizes that astonish naturalists, philosophers,
' and other scientists from centuries past, and centuries to come. Though the
animal kingdom is tremendously varied, we share a common Bauplan—or
blueprint—with the largest, as well as the smallest animals that share our world.
Tiny insects may appear outwardly alien, but even here we can find homologies.
Perhaps most peculiar in all these animals is their nervous system. Despite being
much smaller than humans, or even the smallest mammal, insects such as bees
have large repertoires of complex behaviors that are hard to even understand
for us humans (Chittka and Niven, 2009). Even the tiniest parasitic wasps show
remarkable characteristics such as the ability to hitchhike on larger insects
(Huigens et al., 2009). Truly, these miniature masterminds must have complex,
or perhaps very efficient, brains.

How even the smallest insects are able to scale their brain to match their body
size is a vexing puzzle, and one I hope to add pieces to in this thesis.

Haller’s rule

The scaling of body parts with overall body size is most often described by power
laws, i.e. [Trait size] = a X [Body size]". In such a power law, the scaling coefficient
‘b’ is most important in describing to what extent trait size is influenced by body
size. Scaling of the brain with body size is governed by a process described
as Haller’s rule (Rensch, 1948), originally described by Albrecht von Haller
(1762). Haller’s rule states that this brain scaling always has a scaling coefficient
that is smaller than 1: negative allometry. This means that a smaller animal will
have a relatively larger brain than a large animal. Allometry is best visualized
(and analyzed) on a logarithmic scale, as the power law is then transformed to
a linear relationship: Log([Trait size]) = Log(a) + b X Log([Body size]). Log-
transformed, the scaling coefficient ‘b’ is the slope of this function.

There are several possible reasons that, alone or combined, explain how an
increase in body size may lead to a decrease in relative brain size. One reason
pertains to the innervation of the body, which is concentrated on its inner and
outer surfaces. Though a body may be larger or smaller in terms of volume (i.e.
by the cube), its innervation changes by area (i.e. by the square). As such, the
nervous system would not require equal scaling of its volume when body size
is scaled (Rensch, 1956). Another point of note is the cognitive requirements
for different animals. Though the impressive behavioral array of small insects
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General introduction

is without question (Chittka and Niven, 2009), having a smaller brain (or, fewer
neurons) is likely to cause some functional loss. For smaller animals to minimize
such an effect and maintain cognitive capabilities, their brain should scale down
less than their body (compared to larger animals), resulting in relatively larger
brains for small animals. Furthermore, an important determinant for brain
scaling is the energetic cost of neural tissues (Aiello and Wheeler, 1995). Their
high metabolic requirements make increases in volume beyond what is strictly
necessary highly unlikely. What is “necessary” may be a combination of the
aforementioned reasons: requirements for cognition and innervation. Together,
these factors are balanced in Haller’s rule: negative allometric scaling of the
brain.

Other traits may not scale differently at all (isometry, b = 1), such as the
mammalian heart (Prothero, 1979), or may even scale positively with body size
(positive allometry, b > 1), such as the horn of rhinoceros beetles or mandibles
of stag beetles that become relatively larger with increasing body size (Huxley,
1931; Kawano, 1995).

An interesting feature of Haller’s rule is that it applies to brains throughout
the animal kingdom (Rensch, 1948; 19506); though originally conceived for
vertebrates, it holds true for arthropods as well (Rensch, 1948; Seid et al., 2011).
Moreover, it functions equally well when comparing within species (intraspecific
variation, or static allometry), as it does when comparing between species,
or groups of species (interspecific variation, or evolutionary allometry). In
general, static allometry is often stronger (= a lower ‘b’ value, or a shallower
relationship) than evolutionary allometry (Pagel and Harvey, 1988).

What is brain size?

“Brain size” is a peculiar metric. Though brain volume or brain mass are typical
measurements, they do not provide a complete picture. Some important factors
that are not part of most brain scaling analyses are specific adaptation in the
structure of the brain, as well as neuronal number and density. These factors go
unnoticed in traditional studies of allometric and isometric scaling that typically
deal with (total) volumes.

Structural effects, for example, includes gyrification of the vertebrate cortex
(increasing surface area by formation of folds in the brain surface). As the brain
surface contains the neurons, a larger surface area greatly increases the “amount




Chapter 1

of brain” in a given volume (our human brains being a prime example). The
relationship between [Brain surface area] and [Body size] would thus show quite
a different relationship than that for [Total brain volume]. A comparison based
on volume alone hides this information about the surface, and is therefore
uninformative.

Another example can be found in the compartmentalization of brain regions,
which can also be described as brain mosaicism (Barton and Harvey, 2000).
Brains can be divided in distinct regions such as the cerebrum and cerebellum
in the human brain, or, as one analyzes in more detail, the neocortex within the
cerebrum and the visual cortex within the neocortex. Similar to gyrification,
mosaic development of brains may hide differences unseen in analyses of total
volume/mass. Elephants, for example, devote a larger relative proportion of
the total brain to the cerebellum than humans. Large effects in brain mosaicism
may occur when anatomy and associated function of areas evolve together,
irrespective of other structures (Barton and Harvey, 2000; Montgomery et al.,
2016).

Similar to the structural effects, one may consider neuronal number and density
when comparing brains (Herculano-Houzel and Lent, 2005; Herculano-Houzel
et al., 2007). Cellular scaling rules may vary, especially when the comparison
concerns animals of different taxonomic orders or families (Herculano-Houzel
et al., 2006; Herculano-Houzel et al., 2007). When brain size increases, some
animals may invest in larger neurons, more (smaller) neurons, or change the
neuron/glia ratio.

Returning to the previous elephant example, we find that its brain weighs
roughly three times as much as a human brain (about 4.6 kg to 1.2-1.4 kg),
and contains about three times as many neurons (257 billion neurons to 86
billion). Its cerebrum, however, contains only about a third of the neurons in
the human cerebral cortex, despite weighing twice as much (Herculano-Houzel
et al., 2014a). So, in addition to the volumetric mosaicism mentioned above, the
cellular scaling rules for this animal are different as well.

The insect brain

After getting over the fact that arthropods do in fact have brains, it may be easy to
see parallels between a vertebrate brain (Figure 1A) and an insect brain (Figure
1B). Both show bilateral symmetry, both have an outer layer of “stuff”, and an
inner layer of differently colored “stuff”.

10
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Figure |. A comparison of a human brain and that of an insect. A. Coronal slice of a human brain
(Y. van Dongen) obtained by T1 weighted magnetic resonance imaging. Reproduced with permission.
Contrast increased in Image). B. Coronal slice of a parasitic wasp brain (Nasonia vitripennis), obtained
by immunofluorescent labeling and confocal laser scanning microscopy.

Regrettably, this superficial comparison is false (apart from the symmetry): in
vertebrates the outer layer is what is known as the “grey matter”, the inner layer
the “white matter”. Residing in the grey matter, the cortex, are the neurons
and the connections between them. Through the center of the brain, the white
matter, these neurons extend towards the spinal cord with long axons enveloped
with fatty myelin (the reason for the name white matter). There are no connections
between axons in the white matter.

In insects (and other invertebrates) the outer layer of the brain does contain
neurons, but only their cell bodies. All connections are made in the inner layer,
where the neurons both receive incoming signals, as well as send signals of their
own.

Areas of nervous tissue where connections are made are called “neuropil”. In
vertebrate brains this neuropil is part of the cellular tissue of the grey matter, but
as outlined above this is not the case for insects. In insects the entire central part
of the brain is composed of neuropil and tracts of fibers with destinations within
that neuropil. As such, we can refer to this central part simply as “neuropil”, or
a collection of “neuropils”, as we can identify specific regions or components
within it.

Brain components

Some components of the brain, or neuropils, are easily recognizable because
they lie (partly) separate from the rest of the brain and are surrounded by the
outer layer of cell bodies, or cell body rind. Here I will introduce several of
these neuropils. Examples of easily recognizable neuropils are the optic lobes,
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Figure 2. A three-dimensional schematic model of the honey bee brain. Obtained from the Insect
Brain Database (insectbraindb.org) based on data from Brandt et al. (2005). Abbreviations: AL, antennal
lobe; CX, central complex; MB, mushroom body; OL, optic lobes.

located at the lateral sides of the brain (Figures 1B, 2), closest to the compound
eyes. The optic lobes are, as the name hints at, the primary visual neuropils
where signals from the retina enter the brain.

Equally recognizable are the antennal lobes, bulbous neuropil structures at
the front side of the brain that, like the optic lobes, lie separate of the main
mass of the brain. The antennal lobes are the primary olfactory neuropil; here,
signals evoked by the antennae are grouped (based on similarity) in areas of the
antennal lobe known as glomeruli.

Other neuropils that can be recognized may lie (partly) inside the central brain
mass, butare encapsulatedina sheath of glial processes that forms a boundary with
the neighboring neuropil. The mushroom bodies and the central complex, for
example, can be recognized this way. The mushroom bodies are named for their
distinctive shape: a cup-like calyx is the mushroom cap, the mushroom stalk is
formed by the pedunculus and the medial and vertical lobes. The mushroom
body is a multi-modal integrative center, receiving secondary olfactory and visual
information, as well as reinforcing or modulating signals (about the value of a
stimulus, for example). Functional studies have shown that the mushroom body
is critical for associative memory (Heisenberg, 1998).

12
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The central complex is a group of neuropils in the middle of the brain that,
despite their relatively small size in the brain, are involved in many processes
from locomotion to orientation (Pfeiffer and Homberg, 2014).

Scaling of brain components

As with the brain mosaicism mentioned above, insects can vary in the (relative)
size of the neuropils.

Between species, the relative size of a neuropil can be correlated with the
behavior or sensory ecology of a species: a nocturnal moth relies less on visual
information than a diurnal butterfly, and thus the optic lobes of a moth are
relatively smaller than those of the butterfly (Rospars, 1983). The same is true
for ants that are mainly subterranean or are visual hunters (Gronenberg and
Hoélldobler, 1999) and nocturnal and diurnal dung beetles (Immonen etal., 2017).
Such differences are not merely reflected in the primary sensory neuropils, but at
secondary levels as well (Gronenberg and Hoélldobler, 1999; Stockl et al., 2016).
Rather than representing an ability to perceive, this may represent the relative
importance of certain cues: moths that differ in the ratio between visual and
olfactory neuropils can learn (and respond to) either cue, but when forced to
choose between conflicting cues will mainly respond to the cue corresponding
with the largest neuropils (Stéckl et al., 2016).

Within species, relative neuropil size may differ due to age- and experience-
dependent plasticity. Mushroom body size, for example, increases with age in
Camponotus floridanus ants (Gronenberg et al., 1996), but social interactions are
required for this (Seid and Junge, 2016). Similar forms of mushroom body size
plasticity have also been recorded for bees as well (e.g a sweat bee: Smith et al.
(2010) and honey bee: Maleszka et al. (2009)), as well as for the internal structure
of the honey bee mushroom body (e.g. Fahrbach and Van Nest (2016)).

Genetic differences (within a species) may also determine neuropil size (and
potential consequences thereof). It has been shown in Pieris butterflies that they
can differ consistently in relative mushroom body size, and that butterflies with
larger mushroom bodies perform better in learned tasks (Snell-Rood et al., 2009).

Social insects may show further differentiation of neuropil volume based on caste
(Muscedere and Traniello, 2012; O'Donnell et al., 2014) or task specialization
(Amador-Vargas et al., 2015).
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Finally, scaling of neuropils can be related to total brain size of the insect.
In honey bees, for example, most neuropils have the same relative volume

. regardless of brain size, but the central complex is relatively smaller in larger

brains (Gronenberg and Couvillon, 2010). In Drosophila melanogaster fruit flies,
smaller brains (caused by nutrient deprivation during development) are correlated
with relatively smaller mushroom body calyces and optic lobes (Heisenberg et
al., 1995; Lanet et al., 2013). On the other hand, smaller Trichogramma evanescens
individuals have relatively smaller (but equal numbers of) antennal lobe glomeruli
(van der Woude and Smid, 2010).

Brain scaling in the smallest animals

Having established the existence and make-up of insect brains, I will now
discuss the brain-body size relationship in arthropods. As mentioned above,
the allometric function known as Hallet’s rule states that smaller animals have
relatively larger brains. It has long been known that this is true in insects when
comparing different species (evolutionary allometry) (Rensch, 1948). In recent
years this has been confirmed with newer and more detailed methodologies for
various spiders (Eberhard and Weislo, 2011), ants (Seid et al., 2011; Bulova et al.,
20106), and social wasps (O'Donnell and Bulova, 2017). Even in a comparison
of several species of the tiniest parasitic wasps, Hallet’s rule was shown to apply
(Polilov, 2016). One of the smallest wasps, Megaphragma mymaripenne, is thought
to scale its brain to such a tiny size by lysing the nuclei of many of its neurons,
leaving more space for neuropil in its head capsule (Polilov, 2012).

Comparisons of individuals within a species (static allometry) may reveal a
different picture. Haller’s rule holds true for static allometry in ants: a study on
the highly polymorphic ant A#a colombica revealed negative allometry for the
intraspecific relationship (Seid et al., 2011). However, the authors describe a novel
kind of allometry that is not expected from Haller’s rule: diphasic allometry.
Large A. colombica scale their brain with a low allometric coefficient, but smaller
conspecifics show much steeper brain scaling with a coefficient twice as high.
Smaller ants thus have smaller brains than what would be expected if A. colombica
had only one allometric “phase”. Still, the smallest of these ants (weighing 410
ug) have brains constituting 8% of their body weight; an impressive feat of body
size miniaturization, considering the cost of brain tissue (Aiello and Wheeler,
1995).
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Is this steeper allometry at smaller body sizes indicative of a limit for the validity
of Haller’s rule? An answer to this question came from the much smaller egg
parasitoid T. evanescens (van der Woude et al., 2013). The large variation in body
mass of this wasp (2.5 to 18 ug) allowed for an intraspecific study of its brain-
body size relationship, which revealed that T. evanescens breaks Hallet’s rule. This
study found a scaling coefficient of 1, indicating isometric brain scaling. The
authors hypothesize that the reason why the smallest 1. ezanescens do not have a
relatively larger brain is found in the metabolic cost of their neural tissue: at the
smallest body sizes there might simply not be not enough energy to maintain
(relatively) larger brains.

Haller’s rule can be broken. From the results obtained in .A. colombica and
T. evanescens it appears that the increase of the scaling coefficient is paired with a
decrease in body size. Yet, questions remain:

¢ Isanincrease in the brain scaling coefficient really linked to body size?

 Is isometry perhaps a unique adaptation to miniaturization in
T. evanescens, like the loss of nuclei might be in M. mymaripenne?

 Is isometric brain scaling unique to the Hymenoptera?

* How did miniaturization evolve and what is the role of brain scaling
therein?

¢ Are “brains smaller than expected” adapted to be small? Are there
sacrifices that allow this scaling?

Answering these questions requires more intraspecific studies in animals of
various orders in similar size ranges. Moreover, these animals need to vary in
body size in order to be able to study brain scaling. Tiny ants such as Brachynzyrmex
ot Monomorium would provide a good comparison, but they are monomorphic
and do not show much variation in size.

Nasonia vitripennis

With these questions and limitations we come to the jewel wasp Nasonia
vitripennis, a parasitoid of fly pupae. Like T. evanescens and A. colombica, this wasp
has the potential for large phenotypic variation in body size, making it suitable
for an analysis of brain scaling. This variation covers a range of 40 to 440 pg,
which not only is a tremendous level of developmental plasticity, it also squarely
fits in the body size gap left between the T. evanescens and A. colombica studies.
In addition, as a hymenopteran model species it has been studied extensively,
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a sequenced genome is available, and genetic tools are being developed, which
allows findings on brain scaling to be placed into a broader context and may
open avenues for further research.

Objective and hypotheses

The aim of this thesis is twofold. First, to gain further understanding on insect
brain scaling at the limits of miniaturization. Second, to provide the research
community with much needed fundamental knowledge on, and tools for the
study of, the brain of N. vitripennis.

Specifically, I sought to answer the following questions:

1. What is the general morphology of the IN. vitripennis brain, and how does
it relate to the brain of other insects?

As N. vitripennis is not an extremely miniaturized insect, I hypothesize that its
brain shares much similarity with larger Hymenoptera such as the honey bee. The
behavioral ecology of IN. vitripennis may be reflected in in the relative volumes
of its neuropils.

2. How does the brain of Nasonia vitripennis scale over its large body size
range, and are there specific adaptations to accommodate this range?

I assume that the occurrence of isometric brain scaling in T. ezanescens is caused
by its minute size. Therefore I hypothesize that the IN. vitripennis (a slightly larger
wasp species) adhere to Haller’s rule and show allometric brain scaling. Due to
the large variation in size I expect to find adaptations in the modular layout of
its brain, which will be most obvious in the neuropils of least or most ecological
relevance.

3. Are there cell type-specific adaptations in brains of different sizes, and
does this relate to behavior?

Based on a comparison between IN. vitripennis and other insects I aim to identify
cellular clusters using the neuromodulator dopamine. I hypothesize that smaller
brains have fewer neurons overall, and fewer in particular in dopaminergic
clusters corresponding to those involved in appetitive memory formation in
other species.

4. Is relative brain size a trait that can be selected for, and what are the
effects of such a selection?

16
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Answering this question may help resolve our understanding of the evolution
of brain scaling. I hypothesize that it is possible to select for varying levels of
brain scaling, resulting in different relative brain sizes, and that the difference in
brain size will be accompanied with neuropil adaptations similar to those found
in brains with large phenotypic size variation.

Thesis outline

In Chapter 2, I focus on a gap in the current neurobiological knowledge of
Nasonia. To my knowledge, the last description of the Nasonia nervous system
stems from 1922, where the general morphology of the N. witripennis brain
was described in the context of embryology and metamorphosis. This was
only followed in 2014, when a description of the octopaminergic system, but

not overall morphology, was published for N. witripennis and Nasonia giraulti
(Haverkamp and Smid, 2014).

Here, I describe the morphology of 14 regions of interest in the female
N. wvitripennis brain, and compare it to brains of other model species such as
the honey bee Apis mellifera and the fruit fly Drosophila melanogaster. This will
serve as an anatomical basis for the rest of my dissertation. First and foremost,
however, this chapter presents the first version of the Jewel Wasp Standard
Brain (JWSB). The JWSB will serve as a reference framework for future studies
on Nasonia neurobiology and can be used as a tool to integrate multidisciplinary
results. The JWSB is based on morphological data obtained by means of
immunohistochemistry, confocal laser scanning microscopy, and volumetric
analysis in three-dimensional modelling software. Iterative shape averaging was
used to generate the final average standard brain.

Chapter 3 concerns the astounding plasticity in body size found in N. vitripennis.
Using anisogenic line, I studied the effects of brain-body size scaling independent
of genetic variation. I first set out to study the intraspecific validity of Haller’s
rule in this species. By experimentally manipulating the number of wasp larvae
developing in a fly host, I generated varying levels of scramble competition. I
measured the resulting variation in relative brain size, using a novel approach to
measure head volume by bleaching and confocal laser scanning microscopy.

Second, Iaddressed the question of whether the large differences in absolute brain
size are reflected in changes in its modular layout. Using immunohistochemistry,
confocal laser scanning microscopy, and a volumetric analysis I compared the
relative volume of 14 distinct neuropils in brains of the smallest and largest
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N. vitripennis wasps. This reveals how the complexity of brains is impacted by
large differences in absolute volume, as well as the remarkable potential for
developmental plasticity contained in a single genome.

Parallel lines of research have revealed significant size-dependent differences in
the memory dynamics of N. vitripennis, as well as distinctive differences between
N. vitripennis and its sister-species Nasonia giranlti. From studies in various other
insects, the modulatory neurotransmitters octopamine and dopamine are known
to be involved in memory formation. Prior research found no difference in the
octopaminergic network for N. vitripennis and N. giranlti. So, to further elucidate
the dissimilarity in the memory dynamics of these species, Chapter 4 describes
the clusters of dopaminergic neurons in the brains of these wasps by using
immunohistochemistry, confocal laser scanning microscopy, and counting of
cells with the help of three-dimensional modelling software. A comparison was
made between the two species, but also between large and small N. vitripennis.
Paired with a comparison to the fruit fly and honey bee, the number of cells per
cluster in each analyzed group is discussed in the context of their potential role
in the behavior they modulate.

In contrast to previous chapters, Chapter 5 discusses differences in brain scaling
caused by genetic factors. Instead of large absolute and phenotypic size effects, 1
performed artificial selection on an outbred population of N. vitripennis to create
lines with large or small relative brains. A relatively large brain may improve the
cognitive abilities of these wasps, but may also impose a larger energetic cost.
In this chapter the effects of relative brain size are studied in the context of
olfactory learning, absolute brain size, scaling of brain compartments, and one
life history trait: longevity.

Finally, Chapter 6 consolidates the previous chapters and focuses on the
integration of the knowledge obtained therein to answer the main questions
and hypotheses outlined above. The findings are discussed from an evolutionary
perspective and consider a larger context of how neuroanatomical differences
influence arthropod ecology. Furthermore, I discuss future perspectives and
speculate on the broader future for neurobiological research in the Nasonia field.
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Abstract

Use of the jewel wasp Nasonia vitripennis as a hymenopteran model species
has increased in recent years. Though genetic tools are being developed and
the genome of IN. vitripennis has been published, knowledge on its nervous
system is lacking until now. Here, we present a morphological description
of several landmark neuropils in the female IN. vitripennis brain, based on
immunofluorescence of the morphological marker NC82. These landmark
neuropils include the optic lobes (lobula, medulla, and lamina), the anterior
optic tubercle, the antennal lobes, the lateral horn, the mushroom body
(calyx, pedunculus, medial-, and vertical lobe), and the central complex
(fan-shaped body, ellipsoid body, noduli, and protocerebral bridge). We
discuss a volumetric analysis of these neuropils in the context of brains of
other insect species.

Furthermore, we present an average standard brain of ten recently eclosed
naive female wasps obtained by the iterative shape averaging method. This
standard brain, which we name the Jewel Wasp Standard Brain, includes
all neuropils listed above, excluding the optic lobe lamina, in addition to
the remaining unclassified neuropils in the central brain. The Jewel Wasp
Standard Brain will provide a framework to integrate and consolidate the
results of future neurobiological studies in IN. vitripennis, such as cell-type
specific neuronal stainings, tracings of electrophysiological recordings. In
addition, the volumetric analysis of the segmented neuropils may serve as a
baseline for future work on age- and experience-dependent brain plasticity.



The Jewel Wasp Standard Brain

Introduction

Standard brains and reference atlases are indispensable resources to
understand the three-dimensional functional morphology and, ultimately, the
functioning of the brain. They facilitate the continuous integration of results
from multidisciplinary studies (such as expression data, neuronal tracings, or
pathology) in a common digital framework, allowing the visualization of large
datasets and generation of new hypotheses. Indeed, these fundamental tools
were created and used for large-scale operations such as the Human Brain Project
(e.g. Amunts et al. (2013)) or the BRAIN Initiative (e.g. Lein et al. (2007); Ding
etal. (20106)). Although these large initiatives focus mainly on mammalian brains,
much can be gained by the study of insect brains as well. Compared to human
brains, the complexity of insect brains is orders of magnitude lower, increasing
the feasibility of eventually reaching the ultimate goal of understanding their
functional morphology in great detail.

At the forefront of insect standard brains is the Virtual Fly Brain of the fruit
fly Drosophila melanogaster (Milyaev et al., 2012) (RRID:SCR_004229). This
database not only serves as a reference for registration of many single neurons,
their connectivity, and expression patterns, it also contains high resolution
morphological images and detailed structural annotations. Other standard
brains have been developed for insect species of various families, highlights
of which include the honey bee Apis mellifera (Brandt et al., 2005; Rybak et al.,
2010), the hawk moth Mandnca sexta (el Jundi et al., 2009), the tobacco budworm
Heliothis virescens (Kvello et al., 2009; Zhao et al., 2014), the flour beetle Triboliun:
castanenm (Dreyer et al., 2010), the desert locust Schistocerca gregaria (Kurylas et
al.,, 2008; el Jundi et al., 2010), the monarch butterfly Danaus plexippus (Heinze et
al., 2013), and two Agrotis moths (de Vries et al., 2017). These standard brains
provide a fundamental basis for studies of the neural systems of these respective
species, as well as a framework for large scale comparative neurological studies.
A novel example of the latter is the Insect Brain Database (insectbraindb.org),
which provides access to models of these brains or subregions thereof, greatly
increasing the ease with which they can be compared.

Parasitic wasps are becoming increasingly important as model species for
neuroscience. The jewel wasp Nasonia vitripennis (Hymenoptera: Pteromalidae),
not to be confused with the emerald cockroach wasp Ampulex: compressa, is a
small (1.5-2.5 mm long) pupal parasitoid that develops as a larva inside a host,
in this case the puparium of various fly species. Nasonia vitripennis has become a
hymenopteran model species (Whiting, 1967; Werren and Loehlin, 2009). The
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genomes of N. vitripennis and two related Nasonia species have been sequenced
(Werren etal., 2010; Rago etal., 2016) and many genetic tools are being developed
(Lynch, 2015; Li et al., 2017).

Recent years have seen multiple studies on N. vitripennis that focused on its
nervous system: on e.g. genomics and proteomics (Hauser et al., 2010; Hoedjes
et al,, 2015), learning and memory (Schurmann et al., 2012; Hoedjes and Smid,
' 2014; Schurmann et al., 2015; Van der Woude and Smid, 2017a), clock cells
involved in the photoperiodic response (Mukai and Goto, 2010), the distribution
of the neurotransmitter octopamine (Haverkamp and Smid, 2014), and scaling
of brain neuropils (Groothuis and Smid, 2017). This diversity of topics, in
addition to support and interest from the international Nasonia community (JG,
personal communication, Nasonia Meetings 2013 & 2017), indicate that there
is a widespread need for a Nasonia standard brain to serve as a framework for
integration of such results.

Here, we present the Jewel Wasp Standard Brain: a standard brain for IN. vitripennis
comprising 9 paired and 4 unpaired neuropils of interest, based on data of 10
adult female individuals averaged using the iterative shape averaging method.
These brains are a subset of the brains used for a volumetric comparison of
N. vitripennis of different sizes in our previous work (Groothuis and Smid, 2017).
In addition, we provide morphological descriptions of the general neuropil
layout.

Materials and methods

Insects and preparation

The isofemale AsymCx strain of Nasonia vitripennis was reared as described
previously (Hoedjes et al., 2012). In short, 10 mated females were placed with 20
Calliphora vomitoria pupae (Kreikamp, Hoevelaken, The Netherlands) in 28.5X95
mm polystyrene rearing vials with foam stoppers at 251 °C and 16:8 (L:D)
photoperiod. To prevent confounding effects of size- and experience-dependent
plasticity, normal sized (head width >750 um (Groothuis and Smid, 2017)) and
unexperienced female wasps were collected within one day after emergence and
kept overnight with access to honey and water.
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Dissection and immunofluorescence

Cold-sedated female wasps were decapitated in ice-cold Phosphate Buffered
Saline (PBS, Oxoid, Dulbecco ‘A’ tablets). Using fine sharpened tweezers
(Dumont no. 5, Sigma) the cuticle was removed and brains were dissected.
Dissected brains were kept in freshly prepared ice-cold 4% formaldehyde in
0.1M phosphate buffer (pH 7.2). After obtaining several brains, they were placed
in fixative solution at RT and fixed for 2.5 h. After rinsing 6 times for 5 min
in PBS, the brains were exposed to 5 mg/ml collagenase (Sigma) in PBS for
1 h at RT, improving permeability of the tissue. Subsequently, the brains were
rinsed 4 times for 5 min in PBS containing 0.5% Triton-X100 (PBS-T) and
pre-incubated in 10% normal goat serum (NGS, Dako, Glostrup, Denmark) in
PBS-T (PBS-T-NGS) for 1 h at RT. The brains were then incubated overnight
at RT in the primary antibody (1:250 dilution of mouse anti-Bruchpilot («Brp,
concentrate, DSHB hybridoma product nc82 (Wagh et al., 2006)) in PBS-T-
NGS). Brains were rinsed 6 times for 20 min in PBS-T and incubated in 1:200
AlexaFluor®488-conjugated goat anti-mouse (Invitrogen) and 1:500 propidium
iodide (Sigma-Aldrich) for 4 h. Brains were rinsed 4 times for 30 min in PBS-T
and 2 times for 10 min in PBS. To avoid tissue shrinkage, which could lead to
a confounding distortion of relative volumes, brains were not dehydrated and
cleared, but mounted in aqueous VectaShield (Vector Laboratories) between
two 24X24 mm coverslips with custom spacers and placed in a Cobb slide for
imaging,

Brains used for descriptive morphology were obtained with a slightly modified
protocol. To boost the detection of the primary aBrp antibody, here we used
a secondary 1:100 rabbit-anti-mouse (Dako) antibody (incubation 3 h at RT)
with a tertiary 1:200 Alexa Fluor® 488-conjugated goat-anti-rabbit (Invitrogen)
antibody (incubation O/N at 4 °C). Brains were dehydrated in ascending EtOH
concentration (30, 50, 70, 80, 90, 96, 2X100%, 2 min each), washed in a 50/50
EtOH/xylenes mix for 2 min, cleated in xylenes, and mounted in DPX (Sigma)
on a microscope slide, fitted with two stacked strips of double-sided adhesive
tape (Henzo, Roermond, The Netherland) as spacer, and an 18 mm x 18 mm
#1 cover slip.

Confocal imaging and stack reconstruction

Whole mount preparations were scanned with a Zeiss LSM 510 confocal laser
scanning microscope equipped with a 25X (Plan-Neofluar 25X /0.8 oil) objective.
Alexa488 staining was imaged using the 488 nm line of an Argon laser with a
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505-550 nm band pass filter, the PI nuclear counterstain was imaged using the
same wavelength but with a 560 nm long pass filter. To accommodate the entire
brain, 10-20% overlapping side-by-side Z-stacks were scanned at 1024x1024
pixels with a zoom of 0.8 and a step size of 2 pm, from both sides of the
preparation.

After image acquisition, Z-stacks comprising the entire brain were reconstructed
~in FIJI (RRID:SCR_002285) (Schindelin et al., 2012). In short, first stacks
from each side of the preparation were combined using the Pairwise Stitching
plugin (Preibisch et al., 2009). Subsequently, one of the resulting stacks was
effectively flipped in the Z-direction and manually rotated in the XY-plane to
match the angle of the other stack, after which both sides were again combined
by Pairwise Stitching, recalibrated, and saved as a TIFF file. To compensate for
the axial scaling due to refraction index mismatch (Bucher et al., 2000) between
immersion oil and the mounting medium, a correction of 0.9505 was applied to
the voxel depth. Final voxel calibration was 0.4498844x0.4498844x1.901 um.

Brain preparations used for descriptive morphology were obtained with the same
25X or 40X (Plan-Neofluar 40X /1.3 oil) objective, resulting in voxel calibrations
of 0.5089862x0.5089862X2 um and 0.2249421X0.2249421%0.4498843 pum,
respectively. Images used for figures were obtained with FIJI or the VolRen and
VolTex modules of Amira 5.4.2 (Visage Imaging; RRID:SCR_014305).

Neuropils were segmented and labeled using standardized insect brain
nomenclature (Ito et al., 2014) where possible. We used the Segmentation Editor
in Amira to assign voxels to 13 unique materials every 1-5 slices. Segmentations
were completed with the Interpolation option and manually checked for
correctness. The following neuropils were labeled: lobula (LO), medulla (ME),
lamina (LA), anterior optic tubercle (AOTU), lateral horn (LH), antennal lobe
(AL), mushroom body calyx (CA) and ventral mushroom body (MB-V), i.e.
pedunculus and vertical & medial lobes, fan-shaped body (IB), ellipsoid body
(EB), noduli (NO), and protocerebral bridge (PB), and rest of neuropils (RoN).
The lamina was not included in the average standard brain.

Generating the average standard brain

To generate the standard brain we selected 10 brains based on staining quality
and artefacts, as well as intactness of the overall morphology (e.g. torn or rotated
optic lobes do not hamper volumetric analysis, but would impair generation
of average shapes). Due to their general fragility, the lamina (the most distal
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neuropil of the optic lobes) and the cell body rind were not incorporated in the
Nasonia Standard Brain.

Standardization of the Nasoniabrain was carried out by applying the iterative shape
averaging protocol (ISA) on the confocal image stacks, using the computational
morphometry toolkit (CMTK, Version 3.2.3) as described by Kurylas et al.
(2008) and Rohlfing and Maurer (2003). All calculations were carried out on the
high performance Linux cluster MaRC2 at the University of Marburg, Germany.

Before the registration process, one of the ten data sets was chosen as reference,
based on two criteria: its volume had to approximate the median volume of the
source brains and the shape had to be a typical representation of the brains used.
To aid registration of the confocal image stacks, all background data more than
10 voxels away from the neuropils of interest (based on the segmented data)
were replaced with black voxels. In addition, the bounding box of all files was
increased and standardized to the same dimensions (2000x1100%160) and voxel
values were normalized.

All registration steps used normalized mutual information as the metric. First,
all image stacks were subjected to a two-step affine registration processes. In
the first step, a rigid transformation with six degrees of freedom (rotation and
translation along/around the x, y, and z axis) was performed, followed by a non-
rigid transformation with 9 degrees of freedom (i.e. additional scaling along
the three cardinal axes). Next, the average gray values of the ten registered data
stacks were calculated for each voxel in space, yielding a first averaged image
stack. The result of this operation was then used as the new template for the
next registration step. In the following five iterations of the registration, the
image stacks were subjected to elastic transformations using a B-spline free-
form deformation model. In this process a 3D grid is applied to the image stack
and this grid is warped locally to match the local features of the current brain to
the template brain. After elastic registration of all 10 brains, a new average was
computed which served as the template for the next iteration. This sequence of
computations was carried out five times, each time with a finer 3D grid.

For each registration step, the transformation parameters were saved and
subsequently applied to the labelfields, i.e. the segmented images, resulting in
registration of the labelfield data based on the registration of the confocal image
data. Eventually an average labelfield was created by computing a shape-based
average using signed Euclidean distance maps computed for each of the voxel
values (Rohlfing and Maurer, 2007).
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Because the registration process is based on the information content of the
confocal grey value images, alignment of large peripheral neuropils with clear
borders, like the calyces or the optic lobes is generally better than for small
neuropils in the central brain. In the final shape-based average of the labelfields,
this can lead to discontinuities and reduced sizes in structures like the central
complex. To avoid this problem and obtain the best possible representation of the

. compartments of the central complex, these neuropils were both standardized

together with the rest of the brain as well as individually. The results from the
individual standardizations were then registered into the final brain through
affine transformations.

The entire ISA protocol for the data set of the ten complete brains took about
10 days and 3 hours to complete on a 64 core node consisting of four AMD
Opteron 6276 (interlagos) with 16 cores each, running at 2.3 GHz. The maximum
memory usage was 3.86 GB.

Results

The Jewel Wasp Standard Brain (JWSB)

The average standard brain of the jewel wasp IN. vitripennis females (Jewel
Wasp Standard Brain: JWSB) was constructed after 5 passes of iterative shape
averaging. As the source material of the JWSB was not dehydrated during the
sample preparation, the JWSB is close to zz vivo volumes, which will be useful for
future use of the standard brain.

The current version of the JWSB (Figure 1A) is comprised of 12 distinct
neuropils and excludes the lamina. As can be seen in Figure 1B, there is a large
potential for further segmentation in the area now labeled ‘rest of neuropils’. We
expect that future versions of the JWSB will improve as our understanding of
the Nasonia brain and our ability to discern neuropils increase.

Averaging small structures proved problematic. This is especially true for
internal structures, which suffer more from the degradation in signal quality (and
therefore lesser contrast) imposed by the lack of tissue dehydration. Averaging
of the central complex (composed of several small midline neuropils) could
therefore not be performed in the total brain but was instead by itself and later
incorporated in the full brain.
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Figure 1. The Nasonia vitripennis standard brain, with labeled neuropils. A. A surface model from an
anterior (A) and posterior (A’) perspective. Arrowhead points to AOTU lower unit complex B. The
averaged raw values of the a-Brp staining, seen as a direct volume rendering in the same orientation as
in A. Abbreviations: AL, antennal lobe; AOTU, anterior optic tubercle; CA, calyx (mushroom body); EB,
ellipsoid body (central complex); FB, fan-shaped body (central complex); LH, lateral horn; LO, lobula
(optic lobes); MB-V, ventral mushroom body; ME, medulla (optic lobes); NO, noduli (central complex);
RoN, rest of neuropils. Scale bar depicts 100 pm.

The average shape atlas was based on the sample closest to the median volume of
all brains used, as such, the volume of the JWSB is comparable to the average of
the source samples (Table 1). The relative volume of neuropils in the dehydrated
and cleared brains is comparable to that of the JWSB source brains, though they
are close to half the absolute volume of JWSB brains.

Morphology

Relative neuropil volumes are based on the manual segmentation of the JWSB
source brain and calculated as percentage of total neuropil (excluding the lamina)
and reported as mean * standard error (IN=10). For paired structures, the total
volume (of both hemispheres) is given. When given, the axis of reference refers
to the body axis (Ito et al., 2014).
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Table I. The Jewel Wasp Standard Brain in volume. Neuropil volumes of the iterative shape averaging
result (JWSB), the manually segmented (uncleared, in vivo-like) source brains (N=10), and cleared and
dehydrated N. vitripennis brains (HVRx strain, N=9, van der Woude et al. (2018)). All relative volumes
based on total neuropils volume excluding the lamina. Abbreviations as used in Figure |, with addition
of: OL, optic lobes; MB, mushroom body; CX, central complex.

: Relative volumes (%) Absolute volumes (pm3)
@\ W JWSB Source Dehydrated | JWSB Source Dehydrated
i / Volume Mean £SD Mean £SD Volume Mean = SD Mean £ SD

1.70x107 1.74x107 £ 1.42x10° 1.07x107 + 7.37x10° Total

OL 27.11 26.42+0.9 4.62x10° 4.59x10° + 3.60x10° oL

Lo 917 8.76 £ 0.55 8.59 +0.64 1.56x10° 1.52x10° + 1.51x10° 9.23x105 + 1.28x10°  LO

ME 17.94 17.66 + 0.65 18.5 +1.04 3.06x10° 3.07x10° £ 2.35x10° 1.99%10° + 2.49x10°  ME
AOTU 0.45 0.47 £0.05 7.73x10% 8.18x10%+ 6.30x10° AOTU

AL 1199 11.92+0.67 11.29 £0.25 2.04x10° 2.07x10°+ 1.54x10°  1.21x10°+7.44x10* AL
LH 251 2.44+0.33 2.76 £0.38 4.28x10° 4.23x10°+£5.80x10*  2.94x10°+4.31x10* LH

MB 11.24 12.64+0.4 1.91x10°8 2.20x10° + 1.83x10° MB
MB-V  4.64 5.02 £ 0.25 5.04 +0.36 7.91x105 8.72x10° + 6.88x10° 5.37x10° £ 3.36x10*  MB-V
CA 659 7.62 0.4 7.45 £0.64 1.12x10° 1.32x10° % 1.32x10° 7.95x10° + 5.90x10*  CA
CX 1.75 1.24+0.12 2.99x10° 2.14x10° £ 1.45%10* CX
FB 127 0.85 % 0.09 0.99 +0.16 2.17x10° 1.47x105 % 1.16x10* 1.06x10° + 1.41x10°  FB
EB  0.19 0.14 % 0.03 0.16 +0.03 3.28x10° 2.48x10° + 4.53x10° 1.70x10%  2.24x10°  EB
NO  0.08 0.06 % 0.06 0.08 +0.02 1.41x10 1.06%10% % 1.81x10° 8.37x10° £ 1.68x10°  NO
PB 021 0.18 % 0.03 0.26 +0.06 3.49x10° 3.20x10° + 4.42x10° 2.77%10° + 6.44x10°  PB

RON 4494 44.87+1.58  44.87 £0.96 7.66x10° 7.81x10°+8.14x10°  4.80x10°+2.72x10° RON

Figure 2. The Optic Lobes. A. Anterior view
of the optic lobes in the standard brain as a
surface reconstruction. B. A slice of averaged
morphological data. C. 2 pm thick slice of a-Brp
staining in a single brain, depicting the 3 optic
lobes(similar orientation as in B). Obtained
at 25% magnification; green: a-Brp, magenta:
propidium iodide. Arrowheads point to layers in
the lamina. D. Lateral view of a direct volume
rendering of the preparation depicted in B,
showing the relative thinness of the lamina.
Abbreviations: CA, calyx (mushroom body); LA,
lamina; LO, lobula; ME, medulla. Scale bars depict
100 pm.

-
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Optic Lobes
Lamina

The smallest and most distal structure of the optic lobes, the lamina is a relatively
thin layer of neuropil covering the medulla (Figure 2B, B’). The neuropil consists
of two layers (arrowheads in Figure 2B) separated by an area of low staining
intensity. Each layer appears to consist of many columnar units, called cartridges,
which correspond to the ommatidia of the compound eye. The lamina was not
included in the JWSB and the volumetric description presented in this work. In
a previous analysis its relative volume was 5.2310.69% (IN=17) of the total brain
(Groothuis and Smid, 2017). Based on our morphological staining, a dorsal rim
area and accessory lamina are not evident. Due to its fragile nature, the lamina is
often damaged and therefore not included in the standard brain.

Medulla

The medulla (Figure 2) is the largest neuropil of the optic lobes (relative volume
of 17.66%0.65%), located between the lamina and lobula. Though gradients in
the morphological staining hint at a layered structure as it is found in other
insects (Ito et al., 2014), we cannot clearly identify boundaries between such
layers. An accessory medulla has not been identified.

Lobula

The lobula (Figure 2) is located medially to the medulla and consists of a single
neuropil with a relative volume of 8.76£0.55%. The morphological stainings
reveal a layered pattern, though the exact number of layers cannot be determined
with these stainings alone.

Mushroom Bodies

Calyx

The mushroom body calyx (Figure 3A, D) is formed by two fused spheroid
neuropils: the lateral and medial calyx, together comprising a relative volume
of 7.62%0.40%. The calyx neuropil stands out clearly against the surrounding
cell bodies and lies slightly posteriotly of the most superior curve of the
protocerebrum. Of the two, the lateral calyx lies slightly more anteriorly. There
is a clear dorsal invagination visible in both parts of the calyx (e.g Figure 3D,
D?”), but there is no clear division in concentric zones (lip, collar, or basal ring),
nor are there obvious regions with varying microglomeruli densities.
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Figure 3. The Mushroom Body. A. Anterior (A), lateral (A’), and posterior (A”) surface renderings of
the mushroom body in the standard brain. B. Averaged morphological data of the standard brain at
progressive depths from anterior to posterior. C. a-Brp staining in a single brain at progressive depths
from anterior to posterior. 2 pm thick slices obtained at 25% magnification; green: a-Brp, magenta:
propidium iodide. Arrowhead points to the pedunculus divide where it splits in the ML and VL. D.
Detailed a-Brp slices of the calyx at progressive depths from anterior to posterior. 0.45 pm thick
slices obtained at 40% magnification. E. The mushroom body from a dorsal perspective. | pm thick
slices obtained at 25X magnification. Abbreviations: CA, calyx; CX, central complex; LH, lateral horn;
LO, lobula; ME, medulla; ML, medial lobe; PED, pedunculus;VL, vertical lobe. Scale bars depict 100 um.

Ventral Mushroom Body

We define the ventral mushroom body as comprising the pedunculus, vertical
lobe, and medial lobe (Figure 3A, C, E). These are grouped together, because
a clear boundary between these neuropils (at the pedunculus divide, arrowhead
in Figure 3C’°, E’) cannot be reliably made. The pedunculus runs from a more
lateral and posterior position (ventral to the calyx) to a more anterior and medial
location where it gives rise to the two lobes. The medial lobe is relatively short
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and broad, it extends further to the midline where it touches the central complex.
The vertical lobe is more slender and extends both superiorly and anteriorly, all
the way to the surface of the protocerebrum. Based on the density of the aBrp
staining, the ventral mushroom body has the appearance of a layered structure.
In the pedunculus these layers appear twisted in a helical fashion, whereas the
vertical and medial lobes have a non-twisted structure. In the lobes, these layers
likely correspond to, for example, - and o’-lobes described in other species (Ito
et al., 2014). Together, the components of the ventral mushroom body make up
5.0220.25 % of the total neuropil.

Figure 4. The Central Complex.
A. a-Brp staining in a single brain
at progressive depths from anterior
to posterior. 0.45 pm thick slices
obtained at 40x magnification; green:
a-Brp, magenta: propidium iodide.
B. Anterior (B), and posterior (B’)
surface renderings of the central
complex in the standard brain. C.
Averaged morphological data of the
standard brain. Abbreviations: EB,
ellipsoid body; FB, fan-shaped body;
NO, noduli; OCG, ocellar ganglia; PB,
protocerebral bridge. Scale bars depict
100 pm.

Central Complex

The central complex (Figure 4) stands out centrally in the brain around the
midline. Its components are the central body (comprised of the fan-shaped
body and the ellipsoid body), the protocerebral bridge, and the noduli.

Fan-shaped Body

The fan-shaped body (or upper part of the central body, Figure 4A, A’), is the
largest component of the central complex, measuring 0.85£0.09% of the total
neuropil. Its shape is roughly fan- or arch-like; the (paired) base of this arch is
the most frontal part of the central body and often lies laterally to the tip of the
mushroom body medial lobes, the apex extends to the posterior surface of the
brain. As in other species (Ito et al., 2014), the aBrp staining hints towards an
arrangement in columnar slices, but lacks consistently visible demarcations in
our preparations.
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Ellipsoid Body

Within the arch of the fan-shaped body lies the ellipsoid body (or lower part
of the central body, Figure 4A), which is shaped like a smaller fan or arch itself
rather than an ellipse. Like in the fan-shaped body, a general neuropil staining
hints at a sliced structure, but lacks clear demarcations. The ellipsoid body is
smaller than the fan-shaped body, measuring 0.14£0.03% of the total neuropil.

Protocerebral Bridge

The protocerebral bridge lies embedded in the cell body rind, slightly posterior
from the central body (Figure 4A”). It has the classical handlebar shape and is
connected in the midline, forming an unpaired structure instead of two paired
neuropils. In most individual brains, the end of its lateral edge is indistinguishable
from the start of the posterior optic tubercle, which also lies embedded in the
rind. As such, these neuropils were analyzed as one volume in Groothuis and
Smid (2017); their relative volume is 0.18+0.03 %.

Noduli

The noduli are paired spherical neuropils that lie directly posterior of the
mushroom body medial lobes and ventrally to the central body (Figure 4A).
They comprise only 0.06+0.06% of the total neuropil.

Anterior Optic Tubercle

The anterior optic tubercle (Figure 5) protrudes from the anterior edge of the
protocerebrum and is often the most anterior neuropil of the brain. It has a
larger upper unit with a smaller lower unit complex at the lateral side. Together
they make up 0.47£0.05% of the total neuropil. It is innervated by a thick bundle
of fibers from the optic lobes, the anterior optic tract.

Figure 5. The Anterior Optic Tubercle. A. Anterior
surface rendering of the anterior optic tubercle in the
standard brain. Arrowhead points to the lower unit
complex of the AOTU. B. Averaged morphological
data of the standard brain. C. a-Brp staining in a single
brain. | um thick slice, obtained at 25x magnification;
green: a-Brp, magenta: propidium iodide. Solid white
arrowhead points to the upper unit of the AOTU,
open arrowhead to the lower unit. Abbreviations:
AOTU, anterior optic tubercle;VL, vertical lobe. Scale
bars depict 100 pm.
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Figure 6. The Lateral Horn. A. Anterior (A) and
lateral (A’) surface rendering of the lateral horn
in the standard brain. B. Averaged morphological
data of the standard brain C. a-Brp staining in a
single brain. | pm thick slice, obtained at 25x
magnification; green: a-Brp, magenta: propidium
iodide. Abbreviations: AL, antennal lobe; LH, lateral
horn;VL, vertical lobe. Scale bars depict 100 ym.

Lateral Horn

The lateral horn (Figure 6) is a second-order olfactory neuropil occupying
2.4410.33% of the total neuropil. Itis an easily-recognized spherical protuberance
at the anterior and lateral side of the protocerebrum. Unlike several other
neuropils discussed above, it does not have a glial sheath (Ito et al., 2014). As
such, the interior boundary with other neuropils is not clearly defined by aBrp

staining,
Antennal Lobe

The anteriorly located antennal lobe
(Figure 7) consists of approximately 200
separate glomeruli (Figure 7C). There is
some variation in glomerular volume that
may be associated with specialization (for
information pertaining to pheromones,
for example), but there is no clear
macroglomerular complex in the female
Figure 7. The Antennal Lobe. A. 0-Brp staining

in a single brain at progressive depths through the
antennal lobe from anterior to posterior. 0.45 pm

thick slices obtained at 40% magnification; green:

a-Brp, magenta: propidium iodide. B. Anterior
surface rendering (B) and averaged morphological

data (B’) of the antennal lobe in the standard brain.

C. Anterior surface rendering of individual AL
glomeruli in a single brain reconstruction. Colors

are randomized. Abbreviations: AL, antennal lobe.

Scale bars depict 100 pm.
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N. vitripennis brain. It seems there is little variation in glomerular volume and
location between individuals, as glomeruli can still be recognized after the
iterative shape averaging process. The total antennal lobe (the glomeruli and
central hub combined) measures 11.92+0.67% of the total neuropil.

Rest of Neuropil

+ In the current Jewel Wasp Standard Brain, 44.87£1.58% of the total neuropil
is not assigned to a specific label, owing to the lack of clearly recognizable
demarcations for the remaining subregions. A notable feature of the remaining
neuropil is the fusion of the cerebral and gnathal ganglia. The ocellar neuropils
are not included in the segmentations.

Discussion

The Jewel Wasp Standard Brain

Here we present the first morphological description of the most prominent
neuropils in the N. witripennis brain, as well as the first average shape atlas to
serve as a standard brain for these jewel wasps. Care was taken to ensure that the
current standard brain will serve as a suitable reference for future studies.

First, the source brains were all from recently eclosed and naive individuals,
reducing effects of age- and experience-dependent plasticity. Second, potential
influence of sex and genetic background was avoided by only using female wasps
of the isogenic AsymCx line, which is most widely used and has a sequenced
genome. Third, the Jewel Wasp Standard Brain is unique among insect standard
brains due to one interesting aspect: as we avoided shrinkage of the source
brains due to dehydration and clearing (and the potentially confounding effects
thereof), the resulting average volumes are closer to those of an 7z vivo brain.
This may aid researchers attempting to inject in, or record from, specific brain
areas in the living animal (Grabe et al., 2015).

Future versions of the Jewel Wasp Standard Brain, building on better methods and
better understanding of the Nasonia brain, will likely incorporate improvements
such as better boundaries of the lateral horn, protocerebral bridge, and posterior
optic tubercle. As in the desertlocust §. gregaria, where an average central complex
(el Jundi et al., 2010) was published to supplement its standard brain (Kurylas
et al., 2008), a separate standardization of the central complex will enable better
registration for studies that require a more detailed reference than is presented

38



The Jewel Wasp Standard Brain

here. In addition, more research in sexual dimorphism or brain morphology
and behavior of the haploid Nasonia males may prompt the creation of a male
standard brain.

The brain of N. witripennis is, in most aspects, representative of a typical
hymenopteran brain, though there are several interesting comparisons to be
made on the shape and volume of its neuropils:

Shape-based comparison

In bees or ants, the calyx has a typical ‘cup’-shape with elongated collars and
obvious input-related subdivisions (Gronenberg, 2001); their lateral and medial
calyx are two separate entities. In Nasonia, however, these are more globular
or spheroid in shape, show no recognizable input-related subdivisions, and are
fused where the ‘cups’ touch. This fusion of the calyces is reminiscent of that
in moths (e.g. like the calyx of Heliothis virescens (Kvello et al., 2009)), but not
as fused seen in Drosophila (Ito et al., 2014). The lateral horn has a pronounced
and quite anterior position in the brain, compared to Drosophila, where it lies
posteriorly relative to the optic lobes.

Volume-based comparison

We chose to compare the IN. vitripennis brain with that of the honey bee (Brandt
et al., 2005) and the fruit fly (Rein et al., 2002; Shao et al., 2014) due to their role
as model organisms. In addition, we compare it with a group of 12 papers wasps
(O'Donnell et al., 2014) as they represent a diverse group of Hymenoptera with
varying ecologies. As is evident from the data in Table 2, the total neuropil of
the N. vitripennis brain is much smaller than that of the honey bee or the group
of paper wasps (though we must note that this is an underestimation, as brains
of these animals were dehydrated and thus subject to shrinkage). But, despite
of comparable body size (2-3 mm in length), the total neuropil volume is larger
than that of the fruit fly. However, the compartmentalization of these brains is
markedly different.

Comparing relative neuropil volumes, the optic lobes of N. witripennis are of
intermediate relative volume in the paper wasp range, but are much smaller than
the optic lobes of both the honey bee and the fruit fly. The relative volume
of the antennal lobe, on the other hand, is much larger in N. vitripennis than
all others in this comparison, barring one paper wasp. These differences in
optic and antennal lobe volume (and ratios between those and other neuropils)
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likely reflect differences in sensory ecology (O'Donnell et al., 2014). Indeed,
N. vitripennis 1s known to prioritize olfactory over visual information (Whiting,
1967) and brain architecture has been linked to behavior and ecology in other
insects (e.g. Muscedere and Traniello (2012), de Vries et al. (2017), St6ckl et al.
(2016)). Whether this one exception of the paper wasps (Nectarinella championi)

relies more on olfaction than other paper wasps is unknown to us.

" N vitripennis is known as a strong learner (Hoedjes and Smid, 2014). Somewhat
surprisingly, its mushroom body calyx in particular is of much smaller relative
volume than that of the honey bee or all paper wasps in our comparison. This
may be due to differences in the input from the aforementioned optic and
antennal lobes to the calyx, but as we cannot distinguish input-specific zones
(Gronenberg, 1999) this remains unknown. It must be noted that these other
Hymenoptera are all social. Although interactions are required for growth of
the mushroom body (Smith et al., 2010; Seid and Junge, 2016), mushroom
body size is probably not related to sociality per se (Farris and Schulmeister,
2011). Another explanation may be that these social Hymenoptera require larger
mushroom bodies due to an increased load of spatial learning by navigation and
foraging (Farris and Van Dyke, 2015).

The relative volumes of the central complex present an interesting case of brain
component scaling: the relative volume in N. vitripennis is almost twice that in
the honey bee, and that in the fruit fly is again almost twice that of N. vitripennis
(we must note, however, that these differences in relative volume are still within
the same order of magnitude). Within species, smaller individuals have relatively
larger central complexes (Mares et al., 2005; Gronenberg and Couvillon, 2010;
Groothuis and Smid, 2017); we consider it likely that this is the case between
species as well.

The anterior optic tubercle has a prominent presence on the anterior face of
the brain and is comparable in relative volume to what is reported for Manduca
sexcta moths (0.43-0.44%) (el Jundi et al., 2009). The AOTU maintains its relative
volume even with large differences in absolute brain volume (Groothuis and
Smid, 2017), hinting at an ecological relevance of this neuropil. The role of
this neuropil remains unclear however, though it may be involved with color
processing (Mota et al., 2013), object discrimination (Aptekar et al., 2015), and
light polarization processing (Pfeiffer and Kinoshita, 2012).
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Table 2. Volumetric comparisons between Nasonia vitripennis and other insects. Data for N. vitripennis
(AsymCx) are from the (uncleared, in vivo-like) source brains of the JWSB, N=10. Data for the honey
bee A. mellifera are from Brandt et al. (2005), N=20. Data for brains of |2 paper wasps, N=3-6 per
species, are extrapolated from data of worker brains in O'Donnell et al. (2014). Data for the fruit
fly D. melanogaster females are combined from absolute data of neuropil compartments in Rein et al.
(2002), N=28, and total brain volume from Shao et al. (2014), N=22, relative volumes are extrapolated
from these sources. Honeybee and paper wasp tissue was dehydrated.Abbreviations as used in Figure I,
with addition of: OL, optic lobes; MB, mushroom body; CX, central complex.

oL
Lo
ME

AOTU
AL
LH

MB
MB-V
CA
CX
FB
EB
NO
PB

RoN

Total

oL
Lo
ME

AOTU
AL
LH

MB
MB-V
CA
CX
FB
EB

NO
PB

RoN

Relative volumes (%)

N. vitripennis
(JWSB Source)

Mean = SD

26.42£0.9
8.76 £ 0.55
17.66 + 0.65

0.47 £ 0.05
11.92 £0.67
2.44+£0.33

12.64+0.4
5.02 £ 0.25
7.62 + 0.4

1.24 £0.12
0.85 + 0.09
0.14 + 0.03
0.06 + 0.06
0.18 + 0.03

44.87 £ 1.58

A. mellifera

Mean = SD

8.66 £ 0.7
29.93 + 3.15

5.67 £0.75

8.26 = 0.77
13.52 £ 0.7

0.61 £0.11

33.36 £ 4.04

12 Paper wasps

Min to Max
12.3 to0 39.37

3.17 to 14.29

10.59 to 31.65

37.5t063.1

Absolute volumes (pm3)

D. melanogaster

Mean + SD

13.29 £ 1.12
2578 £ 2.5

4.59 + 0.44
2.08 £0.25
3.71£0.47

1.25 £ 0.18
0.43 + 0.06
0.12 £ 0.02
0.24 + 0.04

N. vitripennis
(JWSB Source)

Mean = SD
1.74x107 + 1.42x10°

4.59%x10° + 3.60x10°
1.52x10° + 1.51x10°
3.07x10° + 2.35x10°

8.18x10* + 6.30x10°
2.07x10° £ 1.54x10°
4.23%10° + 5.80%10*

2.20x10° + 1.83%10°
8.72x10° + 6.88x10¢
1.32x10° & 1.32x10°

2.14x10° + 1.45%10*
1.47x10° £ 1.16x10°
2.48x10* + 4.53x10°
1.06x10% + 1.81x10°
3.20x10% % 4.42x10°

7.81x10° + 8.14x10°

A. mellifera

Mean = SD
4.65x108

3.31x107 £ 2.68x10°
1.14x10% + 1.20x107

2.17x107 £ 2.86x10°

3.15x107 + 2.93x10°
5.16x107 £ 2.65x10°

2.32x10° £ 4.10x10°

1.27x108 + 1.54x107

12 Paper wasps

Min to Max
8.50%107 to 5.25x108
2.90x107 to 1.99x108

5.00x10° to 3.20x107

9.00x10° to 9.60x107

4.10x107 to 2.22x108

D. melanogaster

Mean = SD
8.30x10° + 1.28x10°

1.10x10° £ 9.30x10*
2.14x10° £ 2.08x10°

3.81x10° + 3.66x10*
1.72x10° £ 2.06x10*
3.08x10° + 3.90%x10*

1.04x10° £ 1.49x10*
3.56x10* £ 4.62x10°
9.97x10° + 1.62x10°
1.98x10* + 3.20x10°
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Conclusion

Members of the Nasonia genus are increasingly used in introgression studies,
artificial selection studies, as well as developmental modification using RNAi or
CRISPR/Cas9. In our own group, the focus has been especially on behavior,
learning, and neurotransmitter networks. With this standard brain we have
provided a tool that enables integration and consolidation of such studies in
' Nasonia, as well as the ability to provide direct comparisons of shape and volume
between Nasonia strains or species.
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Abstract

Haller’s rule states that brains scale allometrically with body size in all
animals, meaning that relative brain size increases with decreasing body
size. This rule applies both on inter- and intraspecific comparisons. Only
one species, the extremely small parasitic wasp Trichogramma evanescens, is
known as an exception and shows an isometric brain-body size relation
in an intraspecific comparison between differently-sized individuals. Here,
we investigated if such isometric brain-body size relationship also occurs
in an intraspecific comparison with a slightly larger parasitic wasp, Nasonia
vitripennis, a species that may vary ten-fold in body weight upon differences
in levels of scramble competition during larval development. We show
that Nasonia exhibits diphasic brain-body size scaling: larger wasps scale
allometrically, following Haller’s rule, whereas the smallest wasps show
isometric scaling. Brains of smaller wasps are, therefore, smaller than
expected and we hypothesized that this may lead to adaptations in brain
architecture. Volumetric analysis of neuropil composition revealed that
wasps of different sizes differed in relative volume of multiple neuropils.
The optic lobes and mushroom bodies in particular were smaller in the
smallest wasps. Furthermore, smaller brains had relatively smaller total
neuropil volume and larger cellular rind than large brains. These changes
in relative brain size and brain architecture suggest that the energetic
constraints on brain tissue outweigh specific cognitive requirements in
small Nasonia wasps.



Brain scaling and adaptation in Nasonia

Introduction

Haller’s rule states that small animals have relatively larger brains than larger
animals and this has been supported by studies throughout the animal Kingdom
(Rensch, 1948). One explanation for this relationship between body size and
brain size is that smaller individuals require the same cognitive abilities as larger
ones, and hence cannot scale their brain size at the same rate as their body size.
This brain-body size relationship is a negative allometry, which can be visualized
by a logarithmically transformed plot, where Ln(brain size) scales lineatly to
Ln(body size) with a slope, or allometric coefficient, ‘b’ that is smaller than 1. An
isometric relationship would have a slope thatis notdifferent from 1. The negative
allometry between brain size and body size holds true for inter- and intraspecies
comparisons (Pagel and Harvey, 1988), but intraspecific comparisons yield lower
slope values (indicating stronger allometry) than interspecific comparisons at
higher taxonomic levels (Pagel and Harvey, 1988; 1989; Wehner et al., 2007).
Diphasic intraspecific allometry has been described in ants, where small ants had
a higher slope value than larger ants (Seid et al., 2011).

The smallest animal with a described intraspecific brain-body size relation is
the wasp Trichogramma evanescens, an egg parasitoid with 0.3-0.9 mm body length.
Remarkably, brain and body volume scaling shows isometry in this species (van
der Woude etal., 2013). To our knowledge, T. evanescensis the only animal described
that exhibits this isometry, thereby “escaping” Hallet’s rule. This may be because
their brain volume comprises on average 8% of the body volume (van der Woude
etal., 2013), which likely entails high metabolic costs that strongly constrain brain
development in smaller individuals. Thus, isometry in Trichogramma wasps, and
diphasic brain-body size scaling in small ants (with a higher allometric coefficient
for the smallest individuals) may both be a consequence of miniaturized body
size and the resulting high metabolic costs of their relatively large brain (Chittka
and Niven, 2009; Eberhard and Wecislo, 2011).

Development of smaller brains, especially in cases where brains develop smaller
than expected from Haller’s rule, may be accommodated by a reduction in
complexity, such as disproportionate scaling of neuropils. Such compensatory
changes may be seen as the outcome of a trade-off between the energy
requirements of neural tissue, which become larger in smaller individuals as
relative brain size increases, and the requirement to maintain cognitive functions
in the smallest wasps determined by their ecological relevance (Riveros and
Gronenberg, 2010; Muscedere and Traniello, 2012; Stockl et al., 2016; van der
Woude and Smid, 2017b). Examples of absolute brain size influencing neuropil
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composition include Drosophila melanogaster, for which the optic lobe size is
relatively smaller in smaller individuals (Lanet et al., 2013). A decrease in relative
optic lobe volume in smaller brains is also observed in a comparison of 13 paper
wasp species (O'Donnell et al., 2013). In T. evanescens, the relative volume of
antennal lobe glomeruli is smaller in the smallest wasps, although their number is
constant (van der Woude and Smid, 2016), whereas relative antennal lobe volume
is not influenced by brain or body size in much larger species like bumblebees
and honeybees (Mares et al., 2005; Gronenberg and Couvillon, 2010).

Here, we investigated whether isometric brain-body size scaling and
disproportionate neuropil scaling occurs in a parasitic wasp species with a
less extreme level of body miniaturisation, the jewel wasp Nasonia vitripennis
Walker, 1836 (Hymenoptera: Pteromalidae). Nasonia vitripennis are small parasitic
wasps, generally 1.5-2.5 mm in length (Werren and Loehlin, 2009). They are
ectoparasitoids of various fly species and the size of emerging wasps depends
on size and quality of the host (Hoedjes et al., 2014a) and the number of eggs
laid inside a host puparium (Charnov and Skinner, 1984; Sykes et al., 2007) .
Increasing the number of eggs per puparium increases scramble competition
between the developing larvae, which can result in a ten-fold reduction in body
dry weight [this study, Figure 1]. Comparable body size differences may also be
obtained in other species or lines such as N. giraulti or the outbred N. vitripennis
HVRx line (Van de Zande et al., 2014), see Supplement S1. In nature, host quality
and abundance likely varies profoundly, as well as the number of competing
Nasonia females laying eggs.

The strong plasticity of body size in N. vitripennis permits the study of Hallet’s
rule in this wasp species as a comparison to the minute Trichogramma wasp (van
der Woude et al., 2013). Moreover, by using an isogenic Nasonia strain we exclude
an effect of genetic variation on brain-body scaling. Assuming that the isometric

Figure 1. Two genetically
identical individuals of the
isogenic  Nasonia  vitripennis
AsymCx line, subjected to
different rearing conditions.
The body (thorax + abdomen)
length of the smallest wasp is
1375 pum and its head width
is 469 pm. The largest wasp
measures 2438 um and 773
um, respectively. Scale bar
represents | mm.
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brain-body size relation in I evanescens is related to its extremely small size, we
expected to find an allometric, but possibly diphasic, brain-body size relation in
the bigger wasp IN. vitripennis.

To investigate the effect of size variation on brain complexity in N. vitripennis,
we compared relative volumes of specific neuropils of the largest wasps with
the smallest wasps. We hypothesized that neuropil regions in the brains of
differently sized IN. witripennis wasps show different degrees of scaling. Based
on the knowledge that olfaction is of greater ecological relevance than vision
for host location in N. vitripennis (Whiting, 1967) and the examples mentioned
above, we expected to find larger effects of size plasticity in the optic lobes than
the other neuropil regions, such as the antennal lobe.

Material and methods

Insect rearing

Nasonia vitripennis Walker, 1836 (Hymenoptera: Pteromalidae) wasps of the
isogenic AsymCx strain were kept as described previously (Hoedjes et al., 2012).
In short, for a rearing of regular sized wasps, wasps were reared on Calliphora
vomitoria pupae (Kreikamp BV, Hoevelaken, The Netherlands) using 10 mated
females to 20 fly pupae at 251 °C and 16:8 (L:D) photoperiod. To induce more
size variation, wasps were reared as above, except at 50 female wasps to 5 fly
pupae. Wasps could oviposit for 24 hours. After emergence, all wasps were kept
overnight in vials with H O and honey prior to experiments. Only female wasps
were considered for this study. Only naive wasps of 1-2 days old were used
to prevent any confounding factors and minimise the influence of ontogenetic

plasticity.

Head and body measurements

Measuring brain volume as wet tissue weight in N. vitripennis was expected to
generate large errors, because of the small size and fragile nature of the brains
(Haverkamp and Smid, 2014). Previous studies avoided this problem and
investigated the brain volume by using confocal laser scanning microscopy and
subsequent 3D volume reconstruction through the intact head capsule, which
was either transparent by nature (van der Woude et al., 2013) or after clearing
(Smolla et al., 2014). The latter procedure did not yield satisfactory results to
unveil the brain in the black head capsule of N. vitripennis because of strong
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deformation of the brain tissue (data not shown). However, van der Woude
et al. (van der Woude et al., 2013) show a strong correlation between head and
brain volume in T evanescens. In this species, the head capsule is tightly connected
to the brain. Such a correlation could be lower in larger insects with more
glands or musculature (such as ant major workers or Vespid wasps, where head
capsule volume is used as a proxy for body size (Bulova et al., 2016; O'Donnell
and Bulova, 2017)). In Supplement 4 we show that this is not the case for
N. vitripennis. Accordingly, we decided to use head capsule volume and body
dry weight, respectively, as proxies for brain and body volume. These proxies
allowed analysis of many wasps at high accuracy, yielding a robust data set while

. maintaining the ability to correlate individual head and body measurements.

Nasonia vitripennis individuals reared with induced size plasticity have a larger
variation in size than those reared under standard conditions. Therefore, to
obtain a complete representation of size variation in this species, 60 randomly
selected wasps from this population were analyzed, in addition to 24 wasps
reared under standard conditions. Following sedation on a CO, pad (Genesee
Scientific), body (thorax + abdomen) length, hind tibia length, and head width
were determined using an ocular micrometer. Wasps were decapitated with sharp
tweezers (Dumont no. 5, Sigma) and the bodies were transferred to a 96-well
plate (Greiner Bio-One), while heads were processed as described below. The
bodies were dried at 65 °C for 1 hour and subsequently weighed on a Sartorius
CP2P microbalance. Weighing was performed twice and the average was used in
analyses. There was a very low measurement error for these measurements, with
a high correlation between 1st and 2nd weighing (Pearson’s » = 0.9998).

To measure head capsule volume of these decapitated wasps, an adaptation of
previously used methods (Smolla et al., 2014; Werren et al., 2016) was used.
After removal of the antennae, heads were placed in a 96-well plate and fixed
for 24 hours at room temperature (RT) in 4% formaldehyde in 0.1M phosphate
buffer (pH 7.2), freshly prepared from paraformaldehyde (PFA). After fixation,
heads were washed for 24 hours in Phosphate Buffered Saline (PBS, Oxoid,
Dulbecco ‘A’ tablets) at RT, followed by incubation in 30% H202 (Sigma) for
7-10 days at RT until the cuticle was an opaque white. Heads were then washed
4 times over 2 hours in PBS at RT and subsequently dehydrated through ethanol
solutions of increasing concentration (30%, 50%, 70%, 80%, 90%, 96%, 100%,
2 minutes each) followed by an incubation in 50/50 ethanol/xylene, and 100%
xylene for clearing. Heads were mounted in DPX mounting medium (Sigma)
between two #1 cover slips, separated by a custom spacer (two stacked strips of
adhesive tape, Henzo, Roermond, The Netherlands).
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For confocal laser scanning microscopy, preparations were placed in a Cobb
slide (Cobb, 1917) (purchased from Laboratory of Nematology, Wageningen
University & Research). A Zeiss LSM510 microscope equipped with a 10X
objective (Plan-Apochromat 10X/0.45) with a 512X512 px resolution was used
for image acquisition. Excitation was induced with the 488 nm line of an Argon
laser. Emission of autofluorescence was captured with 505-550 nm BP and 560
nm LP filters. Heads were scanned with a step size of 5 um from both directions.
To compensate for axial scaling due to refraction index mismatch (Bucher et al.,
2000) between air and DPX, the voxel depth was scaled with a correction factor
of 1.52. Final voxel calibration was 1.7995%X1.7995X7.6 um.

Anterior and posterior Z-stacks were flipped and rotated to the same orientation
in FIJI (Schindelin et al., 2012) and fused with the Pairwise Stitching plugin
(Preibisch et al., 2009). The head capsule was segmented every 4-5 slices using
the segmentation editor in Amira 5.4.2 (Visage Imaging) with the Threshold and
Brush tools. Interpolation was used to label the entire head; to ensure correct
interpolation, all slices were inspected and corrected, if necessary. Head capsule
volume was calculated with the MaterialStatistics module.

Neuropil stainings

To compare the neuropil distribution in N. vitripennis wasps of different sizes,
two extreme groups of new wasps were analyzed. We selected Small wasps with
a head width under 500 um, and Large wasps with heads of more than 750 um
wide. As brains were pooled per size class during staining procedures, no further
individual measurements were performed on these wasps.

Cold-sedated wasps were decapitated in ice-cold PBS. Using fine sharpened
tweezers the cuticle was removed and brains dissected. Dissected brains were
kept in freshly prepared ice-cold 4% formaldehyde. After obtaining several
brains, brains in fixative solution were placed at RT and fixed for 2.5 hours.
After rinsing 6 times for 5 min in PBS, the brains were treated in 5 mg/ml
collagenase (Sigma) in PBS for 1 hour at RT, improving permeability of the
tissue. Subsequently, brains were rinsed 4 times for 5 min in PBS containing
0.5% Triton-X100 (PBS-T) and pre-incubated in 10% normal goat serum (NGS,
Dako, Glostrup, Denmark) in PBS-T (PBS-T-NGS) for 1 hour at RT. Brains
were then incubated overnight at RT in the primary antibody (1:250 dilution of
mouse anti-Bruchpilot (concentrate, DSHB hybridoma product nc82 (Wagh et
al., 2006)) in PBS-T-NGS). Brains were rinsed 6 times for 20 min in PBS-T and
incubated in 1:200 AlexaFluor®488-conjugated goat anti-mouse (Invitrogen)
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and 1:500 propidium iodide (Sigma-Aldrich) for 4 hours. Brains were rinsed
4 times for 30 min in PBS-T and 2 times for 10 min in PBS. To avoid tissue
shrinkage, which could lead to a confounding distortion of relative volumes,
brains were not dehydrated and cleared. Instead, brains were mounted in aqueous
VectaShield (Vector Laboratories) between two 24X24 mm coverslips with
custom spacers and placed in a Cobb slide for imaging. Although the lack of
clearing slightly diminished image quality, this does not outweigh the advantage
we gained by comparing 7z situ volumes and posed no problem in segmenting
neuropils.

Preparations were scanned with a Zeiss LSM510 microscope equipped with a
~ 25X oil immersion objective (Plan-Neofluar 25X /0.8). AlexaFluor®488 staining
was imaged using the 488 nm line of an Argon laser with a 505-550 nm BP
filter, the propidium iodide nuclear counterstain was imaged using the same
excitation wavelength but with a 560 nm LP filter. To accommodate the entire
brain, 10-20% overlapping side-by-side Z-stacks were scanned from both sides
of the preparation at 1024x1024 px with a digital magnification of 0.8 and
a step size of 2 um. To compensate for axial scaling due to refraction index
mismatch (Bucher et al,, 2000) between immersion oil and VectaShield, a
correction of 0.9505 was applied to the voxel depth. Final voxel calibration was
0.4498844x0.4498844x1.901 um. After image acquisition, the entire brain was
reconstructed in FIJI as described for whole head mounts above.

Neuropil analysis

Complete image stacks were imported in Amira and the nc82 channel was used
in the Segmentation Editor to assign voxels to 13 distinct neuropil regions.
Standardized nomenclature (Ito et al, 2014) was used where possible. We
included optic lobes (OL, i.e. lobula (LO), medulla (ME), lamina (I.A)), anterior
optic tubercle (AOTu), lateral horn (LH), antennal lobe (AL), mushroom body
(MB, i.e. calyx (CA) and ventral MB (MB-V, ie. pedunculus (PED), vertical
(VL), medial lobes (ML))), central complex (CX, i.e. fan-shaped body (FB),
ellipsoid body (EB), noduli (NO), and protocerebral bridge (PB)), and rest of
neuropils (RoN). When possible, the cell body rind (the outermost layer of the
arthropod brain, containing all neuronal cell bodies) was also segmented. For
an overview, see Figure 3. Labels were assigned every 1-5 slices and completed
with the Interpolation option. All slices were inspected and interpolation errors
corrected when necessary. The MaterialStatistics module was used to compute
absolute neuropil volumes. Volumetric data was imported in MS Excel and used
to calculate relative volumes by dividing a neuropil volume by the total neuropil
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volume of that brain. For confocal slices selected as illustration in Figure 3 the
image contrast was optimized for viewing in FIJI. Surface models of individual
brains selected for illustration were generated using the Amira SurfaceGen
module.

Statistics

There is considerable discussion on the use of different regression methods in
the study of allometry (e.g. (Smith, 2009; Voje et al., 2014; Kilmer and Rodriguez,
2017)). A particular topic of interest is the choice between ordinary least-squares
(OLS) and (standardized) major axis (SMA) regression and what is actually
described by slopes determined by these methods. In this work, we followed the
advice of Kilmer and Rodriguez (2017) and use OLS regression to describe the
relationship between N. vitripennis body size and brain size.

Piecewise regression analyses were performed as described by Crawley (2007).
This method compares a linear regression model to a model that consists of two
parts with distinct slopes. The break point where the slope changes was found
by developing several regression models, each using a break point at a different
value based on the unique weights in the dataset. The model with the lowest
residual standard error was selected as the 2-slope model that described the data
best. One-way Analysis of Variance (ANOVA) tests were used to compare the
1-slope and 2-slope regression models, and test which one provided a better fit.
Similar analyses were used to test if a model with 3 slopes explained the data
better than a 2-slope model.

We used ordinary least squares (OLS) regression models to estimate the
coefficients of the 1-slope and 2-slope relationships between brain size and
body size. To test for isometry, we tested if the slope was significantly different
from 1 using the SMATR package (Warton et al., 2012). All regression analyses
were performed in R version 3.3.2.

To compare volumes of brain compartments we used a multivariate linear model
with the absolute or relative volume of the various neuropils as dependent
variables and the size class (small or large) as fixed factor. This analysis was
performed in R version 3.3.2. As we tested many variables (neuropils) at once, we
corrected p-values of pairwise comparisons by means of the Holm-Bonferroni
method for multiple comparisons (Holm, 1979). For supercategories (Ito et al.,
2014) we used 7 = 7, for separate neuropils this was 7 = 13. This correction was
performed in MS Excel. An « level of 0.05 was used for all analyses.
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Results

Intraspecific brain-body size scaling in isogenic N. vitripennis

Body dry weights ranged from 40 to 438 g, corresponding to body lengths of
1200 to 2420 um. Head volumes measured from 11.4X10° to 81.1X10° um?,
corresponding to head widths of 414.5 to 803.1 um. These results (Figure 2A)
indicate that, under high scramble competition, N. vitripennis temales have an
adult (dry) body weight range spanning at least one order of magnitude. An
overview of all measurements is given in Supplemental Table S2.

' Ordinary Least Squares (OLS) regression on the natural logarithms of body
dry weight and head capsule volume revealed a negatively allometric brain-body
size relationship. The allometric coefficient (0.87, 95% CI [0.80, 0.94]) was
significantly different from 1 (p = 0.0000).

n(Head volume) = 0.8/ X Ln(bo ry weight) + 12. = 0.
(1) Ln(Head volume) = 0.87 X Ln(Body dry weight) + 12.97  (R> = 0.87)

A two-segment piecewise regression model with a break point at 183 pg
(R* = 0.91, see Figure 2B for the break point analysis) explained the data
better than a linear regression model (ANOVA, F, == 14.618, p < 0.001) and
showed a significant interaction between body dry weight and wasp size group
(p <0.0001). A separate OLS regression on small and large N. vitripennis wasps
resulted in the relationships described in formulas II and III, respectively. The
allometric coefficient of the small wasp regression (0.94, 95% CI [0.76, 1.13])
was not significantly different from 1 (p = 0.54). The allometric coefficient
of the large wasp regression (0.22, 95% CI [0.00, 0.44]) was different from 1
(» <0.0001) but not from 0 (p = 0.053). This indicates that wasps with a body
dry weight lower than 183 ug show isometric brain-body size scaling, whereas
larger wasps show negative allometry, or have an invariable brain size. We note
that the fit of the allometric line in the larger wasps is not optimal (R* = 0.09),
which may be caused in part by insufficient variation of the larger wasps on the
Ln-transformed X-axis.

(II) Ln(Head volume) = 0.94 X Ln(Body dry weight) + 12.6 (R*=0.74)
(III) Ln(Head volume) = 0.22 X Ln(Body dry weight) + 16.72  (R* = 0.09)

Three-segment piecewise regression was found to be no improvement over
the model with two slopes (ANOVA, Fz,7s = 0.6921, p = 0.50), therefore no
three-segment OLS regression was performed. A two-segment model with the
breakpoint at the second lowest residual standard error (at 302 ug) was also
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anterior

posterior

116 ym

Figure 3. Overview of analyzed neuropils. A. Slices through a single N. vitripennis brain from the large
population, fluorescently labeled with nc82 (green) and propidium iodide (magenta). Top-right notation
depicts slice depth in pm. Slice orientation in panels A and B as in panel C, and refers to the body
axis (Haverkamp and Smid, 2014; Ito et al,, 2014). B. Corresponding labels of the cell body rind and
segmented neuropils. Optic lobes (OL), i.e.lobula (LO), medulla (ME),and lamina (LA); mushroom body
(MB), i.e. calyx (CA), pedunculus (PED), vertical lobe (VL, not visible in panel B), and medial lobe (ML).
PED,VL, and ML were segmented as one label, the ventral mushroom body (MB-V); central complex
(CX), i.e. fan-shaped body (FB), ellipsoid body (EB), protocerebral bridge (PB), and noduli (NO); lateral
horn (LH); antennal lobe (AL); and rest of neuropil (RoN). Scale bar in panel B represents 200 ym and
is representative for panel A as well. C, D. Anterior surface renderings based on the large brain shown
in panel B (panel C), and a small brain (panel D). The cell body rind and RoN are transparent. E, F.
Posterior views of the same brains as in panel C and D, respectively. Lettering in panels C-F as in panel
B, with addition of the anterior optic tubercle (AOTu, not visible in panel B). These individual brains
differ 2.1-fold in total volume, but the large brain is 61.8% neuropil, whereas the small brain is 47.1%
neuropil. Scale bar in panel F represents 200 um and is representative for panels C-F.
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no better than the 183 pug model. In addition, we checked if other (non-linear)
functions in log space could better describe the brain-body size scaling. A power
law, as well as multiple degrees of polynomial functions, did not have a better fit
than the two-segment piecewise regression presented above.

Total brain composition

Small wasps with a head width under 500 um and Large wasps with heads of
more than 750 um wide had an average 2.3-fold difference in absolute total brain
volume (i.e. neuropil with cell body rind) (F, ,, = 459.32, p < 0.001, Figure 4). Due
to its fragility, the cell body rind was too damaged for segmentation in 4 large
brains. Data for total brain volume of large brains are therefore reported for
N =13, whereas neuropil volumes of these brains are reported with N = 17. The
largest N. vitripennis wasps (N = 13) measured 30.410.59X10°um? (mean®SE) in
total brain volume, consisting of 60.451+0.74% (18.1+0.33X10° um?) neuropil,
with 39.55+0.74% (12.1+0.37X10° um?) dedicated to the rind. Total brain in
the smallest wasps (IN = 11) was 13.3+0.52X10° um?, of which 54.524+0.86%
(7.210.31X10° um?) was neuropil and 45.481+0.86% (6.0+0.27X10° pm?) rind. In
terms of absolute neuropil volume, this is a 151.73% increase (i.e. approximately
2.5-fold) in the large wasps compared to the smallest wasps. The differences in
relative total neuropil and relative cell body rind are significant, FL22 = 27.72,
»<0.001.
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=3 7
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Neuropil scaling

At the level of neuropil supercategories (Figure 5), small wasps had a smaller
relative volume of the optic lobes (F , = 40.93, corrected p < 0.001) and
mushroom bodies (F,, = 96.00, corrected p < 0.001). By contrast, relative
volume of the central complex (F , = 25.36, corrected p < 0.001) and rest
of the neuropil (F,,; = 64.86, corrected p < 0.001) were larger in small wasps.
Complete data are reported in Supplemental Table S3.

*kk
[Large

40 1A small

+

20 1

Relative neuropil volume (%)

10 1

OL AOTu AL LH MB CX RoN

Figure 5. Relative neuropil volumes at supercategory level in large and small N.vitripennis. N = 17,
N_ ., = I'l.Abbreviations and bar colors as in Figure 3B-F and the brain inset. Error bars depict SE.
Asterisks depict significant differences after Holm-Bonferroni correction (m = 7), **:p < 0.001.

Further analysis (Figure 6) revealed that relative volumes of all neuropils of the
optic lobes were significantly smaller in small wasps: the lobula (F , = 32.24,
corrected p < 0.001), medulla (F , = 30.64, corrected p < 0.001), and lamina
(F,, = 9.60, corrected p = 0.03). Analysis of the mushroom body subunits
revealed that the difference shown in Figure 5 was largely due to smaller relative
volume of the calyx in small wasps (F, ,; = 113.44, corrected p < 0.001) rather
than the ventral mushroom body (peduncle and lobes), which showed a smaller
and marginally insignificant difference (F,,; = 7.73, corrected p = 0.06). The
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larger relative volume of the central complex in small wasps reported in Figure 5
was attributed to the fan-shaped body and ellipsoid body (F, ,; = 22.89, corrected
»<0.001 and F , = 32.83, corrected p < 0.001, respectively), with no difference
in relative volume of the noduli and protocerebral bridge. As in our previous
analysis, the relative volume of the rest of the neuropil was larger in small wasps
(F, ,, = 64.86, corrected p < 0.001) and no difference was found for the antennal
lobe and lateral horn (primary and secondary olfactory neuropils, respectively).
Complete data are reported in Supplemental Table S3.
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Figure 6. Relative neuropil volumes for individual neuropils in large and small N. vitripennis. N __ = 17,
N__ = I1.Abbreviations and bar colors as in Figure 3B-F and the brain inset. Error bars depict SE.

small
Asterisks depict significant differences after Holm-Bonferroni correction (m = 13), ¥ 0.01< p < 0.05,
e p < 0.001.

Discussion

We induced alarge degree of body size variation in an isogenic line of the parasitic
wasp Nasonia vitripennis and found for the first time a diphasic brain-body size
relationship where the smallest wasps showed isometry. Though diphasic scaling
has been described in insects before (Seid et al., 2011), both phases described
there show negative allometry. By contrast, diphasic brain scaling in N. vitripennis
combines an isometric (b = 0.94) and a negative allometric (b = 0.22) phase for
smaller and larger wasps, respectively. Our results indicate that IN. vitripennis may
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represent a link between isometric scaling in minute wasps (van der Woude et
al., 2013) and diphasic allometry in larger insects (Seid et al., 2011). We present
an overview of brain-body size scaling coefficients in several small hymenoptera
showing that if body size becomes smaller, and relative brain size larger, a
threshold is reached where negative allometry switches to isometry (Figure 7).

1.27 A T. evanescens, SMA
[van der Woude et al. 2013]
14---------- e P O N. vitripennis, OLS
= A | [this study]
;0 8 < A. colombica, SMA
8— ’ [Seid et al. 2011]
@ 3 O C. bicolor, OLS
o
L0.6- & [Wehner et al. 2007]
E 4 5 V' B. occidentalis, unspecified
.g 0.4 e) v [Riveros and Gronenberg 2010]
)]
3 2 &
0.2- o
0 T T T T 1
0.001 0.01 0.1 1 10 100

Body size (wet weight) (mg)

Figure 7. Brain-body size scaling depends on body size in insects. The five species shown here span
several orders of magnitude in body size. Brain scaling coefficients are plotted against a common body
size measurement: wet weight. For some species this weight was approximated as indicated. Scaling
coefficients are isometric (dotted line at b = I) in extremely small Hymenoptera (black data points),
but allometric when body size increases (grey data points). Slopes reported here were obtained using
different regression methods (see our notes in the M&M section), this is indicated in the figure legend.
I. Trichogramma evanescens wasps, wet weight approximated using the density of water. 2. Nasonia
vitripennis wasps, wet weight approximated by weighing several sedated wasps (data not shown). Note
that the two data points correspond to two size classes due to the diphasic scaling in this species. SMA
regression would result in slightly different slopes values (b, = 1.09 and blarge = 0.74), without affecting
our main conclusions. 3. Atta colombica ants. Two (allometric) data points due to diphasic scaling, as in
species (2). 4. Cataglyphis bicolor ants. 5. Bombus occidentalis bumblebees.

Although we acknowledge the suboptimal allometric fit (R* = 0.09) for the larger
wasps, statistical evidence for the fact that the scaling coefficient for larger wasps
differs from 1 is strong. Moreover, we posit that this low fit only strengthens the
notion that brain size is more strongly constrained at smaller body sizes than at
larger body sizes. As evidenced by the very low allometric coefficient in the large
phase and the fact that this value was different from 1 but not from 0, there is
hardly any or no increase in brain size for larger wasps.

Due to thelarge variation in size in IN. vitripennis, we expected to find compensatory
changes in neuropil composition in extremely small brains. This expectation
was strengthened by the isometric brain body size relation that we found in
small wasps. We compared volumetric measurements for brains of small and
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large wasps and indeed found specific neuropils with different relative volumes,
whereas others had similar relative volume (Figure 06).

As expected, smaller individuals have reduced investment in the optic lobes.
This correlates with our observation that smaller N. vitripennis have fewer and
smaller ommatidia (see Supplement S5) and with developmental plasticity of
the optic lobes observed in smaller Drosophila melanogaster (Lanet et al., 2013).
The inverse was true for visually navigating Cataghphis bicolor ants, where smaller
individuals have relatively larger optic lobes (Kihn-Bihlmann and Wehner,
2000). Our finding that smaller N. vztripennis had a similar relative volume of the
AL than larger conspecifics was also in line with our expectations, and with the
lack of differences in AL cell lineages of smaller D. melanogaster (Lin et al., 2013)
and constant relative AL volume in Apis mellifera of different sizes (Gronenberg
and Couvillon, 2010). Direct links between antennal and optic lobe volumes and
behavioral patterns have recently been reported for two moth species (Stéckl
et al., 2010), suggesting that the importance of certain cues may be inferred
from relative neuropil size. As mentioned above, IN. vitripennis primarily uses
olfaction, not vision for host finding (Jacobi, 1939; Whiting, 1967). This is
reflected in our measurements on the developmental plasticity of the antennal
and optic lobes: the antennal lobe is of higher importance and does not decrease
in relative volume, whereas the optic lobes have fewer functional constraints and
could grow to a smaller final relative volume. This confirms that relative neuropil
volumes can give important insights into animal behavior.

Of particular interest is the unexpected finding of a relatively smaller mushroom
body calyx in small N. vitripennis. This structure receives input of the antennal
and optic lobes in most hymenopteran species (Gronenberg, 2001). Part of the
reduction in relative calyx volume in smaller individuals may thus have resulted
from a reduced input from the smaller optic lobe, although ants did not show
a decrease in mushroom body volume after a decrease in the primary sensory
neuropils (Waxman et al., 2017). Vision- or olfaction-specific calyx subunits that
are visible in honeybees (i.e. lip and collar) are, however, not distinguishable in
N. vitripennis. Therefore, we are unable to attribute this smaller relative calyx
volume to changes in modality-specific subunits and must consider calyx volume
as a whole. Interestingly, the lateral horn, which is more important for naive odor
preferences (Parnas et al., 2013; Strutz et al., 2014), remained constant in relative
volume. This suggests that smaller individuals (with a relatively smaller calyx)
rely more on naive than on learned behavior. This was indeed demonstrated
in a parallel study on the same AsymCx strain of N. vitripennis wasps (Van der
Woude and Smid, 2017a). Small and large wasps were reared in the same way
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as in our study, and it was shown that small individuals exhibited reduced visual
and olfactory memory performance (Van der Woude and Smid, 2017a). Others
have shown that Pieris butterflies with smaller calyces have reduced learning
performance compared to individuals with larger calyces (Snell-Rood et al.,
2009).This finding, however, is in contrast to miniature spiders and 1. evanescens,
which lack behavioral consequences of being small (Eberhard, 2011; Van der
Woude and Smid, 2017a).

The central complex, important for e.g, locomotion and flight (Pfeiffer and
Homberg, 2014), was relatively larger in the smallest N. vitripennis individuals,
which is in line with studies investigating the brains of Bowbus impatiens
" bumblebees (Mares et al., 2005), the honeybee A. mellifera (Gronenberg and
Couvillon, 2010), and an interspecific analysis of 3 minute wasps (Makarova and
Polilov, 2013b). Unlike the primary visual neuropils, the anterior optic tubercle
did not vary in relative volume in our study. Maintaining relative optic tubercle
size hints towards a relevance of polarized light (el Jundi et al., 2014) that, to our
knowledge, has not been studied for this species.

The neuropil compartments grouped into ‘rest of the neuropil’, which comprised
43% to 50% of the total neuropil volume, also had a larger relative volume
in small N. vitripennis wasps. Consequences of the large variation in brain and
body volume may remain hidden, as this grouping contains a multitude of brain
regions that cannot be segmented with the current level of knowledge on the
Nasonia brain. For example, in D. melanogaster, at least 30 more neuropil regions
may be specified in the central brain (Ito et al., 2014).

In addition to differences in relative neuropil volumes, the cell body rind is
relatively larger in small N. vitripennis than in large individuals (Figure 4). This
indicates that the level of volumetric plasticity is lower in cell bodies than in
neuropils. Animals of different species, or orders, may use different rules for
cellular scaling (Herculano-Houzel et al., 2014b). Depending on the species,
changes in total brain volume may affect both cell number or size. The arthropod
brain, especially one of this minute size, may pose some unique challenges in
uncovering how it responds to the variation we described. For instance, specific
neuron subtypes in brains of small and larger T. evanescens do not differ in number,
but do differ in size, (van der Woude and Smid, 2017b). For N. vitripennis, more
detailed studies are required to ascribe the difference in cell body rind volume to
a variation in neuron numbers, neuron/glia ratio, cell body size, or a combination
of these factors.
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In this study, we used the isogenic AsymCx N. vitripennis line. This allowed for
analysis of the phenotypic range of developmental plasticity only, in the absence
of genotypic variation. This also implies that our results may be genotype-
specific. Genotype does influence the brain-body size relationship to some
extent in isogenic T. evanescens lines; however, all those lines exhibited similar (i.e.
isometric) brain-body size relations (van der Woude et al., 2013). A comparison
of body length and head width between the AsymCx line and the outbred
HVRx line(Van de Zande et al., 2014) (outlined in Supplement S1) showed that
AsymCx is not an “oddball” regarding its size range; equal variation is found in
the N. vitripennis outbred line, as well as in a related species, N. giraunlti.

Conclusion

In this study we provided evidence that brain-body size isometry is not restricted
to . evanescens wasps, but also exists in the small individuals of the slightly larger
wasp species IN. vitripennis. We expect brain-body size isometry to be more
common than currently known; it may be present in other minute invertebrates,
e.g. certain species of beetles, springtails, or ants. This trait may be linked to
extreme reduction in arthropod body size beyond a certain threshold, where
relative brain volume constitutes too large an energetic cost. This novel and
unexpected finding sheds new light on the evolutionary constraints on brains
in small bodies, which may be reflected in the changes in neuropil volume,
selective adaptation in total cell body and total neuropil volume, and their effect
on cognition, for instance on memory.

Data accessibility

The dataset supporting brain-body size scaling is part of Supplementary Table
S2. Raw and analyzed volumetric data for all brains are part of Supplementary
Table S3.
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SUPPLEMENT

Supplement S|. Comparing lines

Introduction

In the main paper we studied the body-brain relationship in the isogenic AsymCx
N. vitripennis line. In this supplement, we compare the range of size plasticity of
the AsymCx line with that of a genetically diverse outbred line, HVRx (Van
der Zande et al., 2014), as well as an isogenic line of the closely related species,
Nasonia giranlti R2VUX). A completely new dataset was generated using rearing
conditions as described in the Methods section and plotted in figure S1. A
trendline (MS Excel uses OLS regression) is provided for easier comparison.
For this supplemental analysis, we measured Body Length (BL) and Head Width
(HW) on sedated wasps. As such, the regressions provided here are different
from the analysis provided in Figure 1 of the main text. For easier comparison
to existing data, a BLxHW plot of the dataset used in the main text (Supplement
S2) is provided in figure S2.
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Conclusion

The possible spread in body size is about equal for all studied lines. L.e. the
AsymCx line is not unique in its potential size plasticity. Extremely small wasps
remain outliers.

The full dataset is available online

(https://dx.doi.org/10.6084/m9.figshare.5531839)
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Supplement S2.

Table Sl. Size measurements of individual wasps. TL, tibia length; BL, body length; BDW, body dry
weight; HW, head width; HV, head volume.

TL (pm) BL (pm) BDW (ug) weightl weight2 HW (pm) HV (pm3)

455.96 1572.41 129 130 128 528.5 25522356.48
398.96 1200 40 40 40 414.51 11385509.84
461.14 1655.17 119.5 120 119 559.59 32835483.84
455.96 1717.24 161 160 162 580.31 39227737.44
414.51 1448.28 98.5 98 99 492.23 19360323.6
383.42 1365.52 81 82 80 466.32 17316928.32
404.15 1448.28 103.5 104 103 507.77 19942161.36
435.23 1427.59 81 81 81 487.05 21483382.08
580.31 1882.76 226.5 228 225 637.31 56939376.32
424.87 1520.69 111.5 113 110 523.32 19838550.56
518.13 1634.48 154 155 153 559.59 33781407.2
393.78 1386.21 78.5 79 78 476.68 19957258
590.67 1882.76 203.5 202 205 632.12 48594652.32
544.04 1737.93 147 148 146 590.67 31867386.72
585.49 1820.69 175 177 173 611.4 40055410.88
466.32 1489.66 100.5 99 102 507.77 19286444
538.86 1675.86 138 139 137 549.22 33364431.68
580.31 1603.45 128 128 128 549.22 31515780.32
461.14 1200 76.5 75 78 476.68 21512175.44
435.23 1251.73 58.5 58 59 435.23 15426782.48
424.87 1262.07 61 62 60 435.23 12407932.52

471.5 1406.9 72 70 74 481.87 21152914.32
455.96 1448.28 91 91 91 507.77 24885733.36
461.14 1396.55 80 80 80 471.5 14373880
704.66 2213.79 320 318 322 715.03 61010386.24
652.85 2317.24 338.5 340 337 735.75 73966367.68
652.85 2110.35 238 238 238 715.03 64060241.92
704.66 2275.86 363.5 364 363 725.39 63291863.68
663.21 2255.17 340 339 341 746.11 61458956.48
652.85 2193.1 302.5 303 302 715.03 58173433.92
746.11 2337.93 318.5 319 318 740.93 64102820.16
756.48 2358.62 261.5 261 262 756.48 81089191.04

611.4 1924.14 212.5 212 213 626.94 49837793.44
715.03 2213.79 302 304 300 735.75 76657874.24
725.39 2255.17 347.5 349 346 751.3 78805123.52
704.66 2151.73 319 320 318 715.03 58704941.44
544.04 1634.48 127.5 128 127 549.22 28231875.04
476.68 1448.28 94 94 94 487.05 18206667.92
585.49 1758.62 1585 155 152 585.49 37166264.8
518.13 1582.76 87.5 87 88 538.86 31534309.12
512.95 1582.76 116 116 116 538.86 28923450.72
590.67 1862.07 178 178 178 611.4 41259570.08
533.68 1634.48 82.5 82 83 538.86 29566690.4

554.4 1717.24 137 136 138 564.77 33924591.2
518.13 1613.79 127 126 128 518.13 24852288.8
569.95 1706.9 166 166 166 575.13 33243084
533.68 1572.41 123 122 124 549.22 25314326.24
538.86 1675.86 114.5 114 115 575.13 25679965.28
756.48 2348.28 359.5 360 359 777.2 62692205.44
683.94 2337.93 327.5 327 328 761.66 80275541.12
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Table SI. (cont.)

TL (pm) BL (um) BDW (ug) weightl weight2 HW (pm) HV (pm3)

709.84 2110.35 183 184 182 735.75 58740448.64
683.94 2151.73 162.5 163 162 725.39 56321897.6
787.56 2420.69 272.5 273 272 803.11 79299518.72
683.94 2089.66 255,59 254 257 715.03 59051185.28
715.03 2275.86 306.5 308 305 746.11 56543762.88

471.5 1365.52 97.5 97 98 466.32 14261483.6

445.6 1365.52 70.5 72 69 445.6 13946988
497.41 1468.97 94.5 94 95 492.23 17801358.4
440.41 1303.45 59.5 60 59 450.78 12417506.24

445.6 1324.14 68 67 69 455.96 15838193.28
663.21 2337.93 372.5 373 372 756.48 72413748.48

694.3 2213.79 385 385 385 704.66 54550915.2
715.03 2389.66 422.5 422 423 751.3 69930640

694.3 2337.93 332.5 333 332 746.11 60187421.76
746.11 2420.69 345.5 346 345 766.84 71344951.36
704.66 2317.24 376 3761 756.48 71148214.72
715.03 2234.48 888 333 715.03 54630137.6
642.49 2027.59 231 231 663.21 40325730.72
746.11 2296.55 204 204 766.84 74645126.72
756.48 2379.31 213 213 777.2 66386905.92
642.49 2296.55 343 343 735.75 63146807.04
735.75 2337.93 356 356 756.48 58762847.36
652.85 2162.07 334 334 673.58 51306906.88
663.21 2358.62 362 362 756.48 76027700.48
642.49 2006.9 244 244 652.85 45905629.44
715.03 2213.79 320 320 735.75 64744643.2
683.94 2234.48 B85 335 704.66 58170381.76
725.39 2296.55 260 260 746.11 65769457.6
735.75 1965.52 438 438 766.84 73778586.88
735.75 2379.31 366 366 772.02 71019993.6
761.66 2317.24 341 341 756.48 64978036.16
740.93 2358.62 336 336 756.48 63563755.2
720.21 2379.31 379 379 756.48 60154784.32
746.11 2379.31 249 249 756.48 80485982.08

Figure S3. Correlation between dry body
weight measurement | and 2 of the first 65
measurements.
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Supplement S3.

Table S2. Relative ([Neuropil]/[Total Neuropil]*100) and absolute volumetric data on several neuropil
regions in small and large Nasonia vitripennis wasps.

Size Class Relative volume Absolute volume
(Head width) | Statistics N Mean (%) + SE Statistics N Mean (um3) + SE
; > 750 um =459.32 13 3.04x107 + 5.90x10°
E=El < 500 pm 1Zf<o 001 11  1.32x107 £ 5.15x10°
. >750um | F,,,=27.72 13 39.55+0.736 13 1.21x107 £ 3.71x10°
Cell Body Rind * Z 530 fim p<0.001 11 45.48 + 0.862 11 6.04x10° + 2.73x10°
, > 750 um =27.72 13 60.45 £ 0.736 17 1.81x107 £ 3.35x10°
B e < 580 fm }féo 001 11 5452 +0.862 11 720x10° * 3:05x10°
, >750um | F,,,=40.93 17 30.39 +0.243 17 5.52x10° + 8.55x10°
Optic Lobe (OL) <50pm | pp.ootz 11 2578 +0:821 11 1386x10° = 8:98x10°
>750um | F,,:=32.24 17 8.28 £ 0.123 17 1.51x10° + 3.57x10°
Lobula (LO) Z 530 fim p<0.0013 11 7.21 £ 0.139 11 5.19x105 + 1.56x10¢
> 750 um =30.64 17  16.88 % 0.157 17 3.07x10° £ 5.11x10°
Medulla (ME) < 500 m plé‘b 0013 11 14169 043 11 1.07x10° + 5.76x10*
. > 750 ym =9.60 17 5.23 + 0.166 17 9.48x10° £ 2.87x10°
Lamina (LA) <500 pm pl_zso 033 11 388  0.479 11 2179x10° * 3:53x10¢
Anterior Optic > 750 pm NS 17 0.47 £ 0.018 17 8.42x10* £ 3.11x10°
Tubercle* (AOTu) < 500 pm ';1%69—33%438 11 0.52 + 0.022 11 3.74x10% £ 2.20x10°
> 750 um S 17 1122 £0.15 17 2.04x10° + 3.69x10°
Antennal Lobe (AL) ¢ | Z 500 fim F1,2%=gé02 11 11.21 £ 0449 11 8.16x10° + 5.98x10°
p=0.
N.S.
> 750 17 232 £0.07 17 4.22x10° + 1.39x10°
Lateral Horn (LH) ¢ 2 500 fm F1,260=91é0§) 11 2.24 + 0.091 11 1.77x10° + 1.19x10*
p=0.
>750um | F,,=96.00 17 1214 +0.186 17 2.21x10° + 4.86x10°
Mushroom Body (MB) | <5goum | pZpoor2 11 9.43 +0.187 11 6.78x10° + 1.98x10°
Ventral MB (MB-V) spoum | VS 17 4.87 % 0.09 17 8.84x10° £ 1.93x10°
(Lobes&Pedundie) < 500 jm pézé.%-o 11 451 £ 0.075 11 3.25%10° * 1.24x10
> 750 um =11344 17 7.27 +0.13 17 1.32x10° % 3.38x10°
MB Calyx (CA) Z 500 bm ;,'250_001 3 492 £ 0188 11 3.53x105 £ 1.26x10*
> 750 um | F,,=25.36 17 1.17 £0.028 17 2.12x10° + 4.82x10°
Central Complex (CX) | 2830 im | pZh.001 2 11 1.49  0.068 11 T007x10° £ 5.15x10°
. >750um | F,,;=22.89 17 0.81 # 0.025 17 1.47x10° £ 4.13x10°
Fan-Shaped Body (FB)| < 500 ym | p2b.001 3 11 1.05 = 0,048 11 751x10% % 3.96x10°
- >750pm | F,,=32.83 17 0.13 + 0.007 17 2.33x10° % 1.24x10°
Ellipsoid Body (EB) | Zsgofm | p2boo1s 11 0.22 £ 0.015 11 155x10° + 1.01x10°
N.S.
. > 750 ym 17 0.06 + 0.004 17 1.01x10* £ 8.07x10?
Noduli (NO) < 530 fm Fa=l48 13 0.07 £ 0,008 11 466x10° * 5.52x10°
p=Q.
Protocerebral Bridge > 750 ym “|Q_§ 17 0.18 + 0.008 17 3.19x10* + 1.49x10°
°B) < 500 pm 51,215—28595 11 0.17 + 0.013 11 1.20x10 + 8.63x10?
. > 750 um | F,,,=64.86 17 42.3+0.43 17 7.71x10° £ 1.99x10°
Rest of neuropil (RON)*| - < 500 im | p2b.001 3 11 49.13 %0829 11 3156x10° = 1.73x10°

") The relative volumes of the rind and neuropil refer to the percentage of Total Brain, whereas
subsequent neuropil percentages refer to Total Neuropil as 100%.

2) Comparison on the level of supercategories (OL,AOTu,AL,LH,MB,CX,RoN) was performed with
Holm-Bonferroni correction of m = 7, Figure 5 in the paper.

%) Comparison on the level of individual neuropils (LO,ME,LA,AOTu,AL,LH,MB-V,CA FB,EB,NO,PB,
RoN) was performed with Holm-Bonferroni correction of m = 13, Figure 6 in the paper.

4) Though used in both analyses (note 2&3), reported p-values are from the (more detailed)
comparison at individual neuropil level.

°) p-value >I due to the Holm-Bonferroni multiple comparisons correction.
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Supplement S4. Head capsule volume as proxy for brain size

To determine the brain-body size correlations we considered various options
to quantify the weight or volume of the brains of Nasonia vitripennis. Due to its
small size, we expected that wet weight would introduce a large error. Previous
work on Trichogramma evanescens was performed by using 3D segmentation data
of entire heads, which was possible because the head capsule of this species is
transparent (van der Woude et al., 2013). This method provided highly accurate
volumetric data, but could not be used for our study because the head capsule
of IN. wvitripennis is not transparent. Unpublished analyses of the T. evanescens
dataset showed, however, that the brains of these parasitoid wasps were tightly
' connected to the head capsule, filling the majority of the volume. In three
isogenic strains of this species, the ratio between head capsule and brain volume
varied between 1.60 to 1.62 with an average correlation (R*)of 0.984 between
head capsule volume and brain volume. These data suggest that head capsule
volume may be an excellent proxy for brain volume, if the brains of N. vitripennis
would be tightly connected to the head capsule in a similar way as in T. evanescens.
To show that this is indeed the case, we prepared serial paraplast sections of the
heads of N. vitripennis.

Wasps reared as described for induction of size plasticity (section Materials
and Methods in the main text) were cooled on ice and decapitated. Heads were
immersed in freshly prepared fixative, containing 4% formaldehyde and 0.1M
phosphate buffer at pH of 7.2. To enable penetration of chemicals into the
tissues in the head, openings were made in the eyes using fine tweezers. After
fixation overnight at RT, heads were dehydrated using graded series of ethanol,
cleared in amyl acetate and embedded in paraplast plus (Sigma-Aldrich). Serial
sections of 10 um were cut and mounted on poly-L-lysine coated slides (Sigma-
Aldrich). Sections were deparaffinized in xylene, rehydrated to PBS and stained
with eosin-haematoxylin (Ehtlich) solution (Sigma-Aldrich) for 5 mins, washed
with tap water for 5 mins and dehydrated to xylene. Sections were mounted in
DPX (Sigma) under cover glass and photographed.

Results show that the brain is indeed tightly connected to the head capsule in
both the small and the large heads (Figure S3). There are few muscles in the head
capsule, mainly posterior to the brain and ventro-anterior to the brain, attached
to the mandibles. This is similar to the results obtained with confocal laser
scanning microscopy on the transparent heads of T. evanescens. Not all sections
were entirely intact, due to the difficulties with sectioning of the hard cuticle of
the head capsule, which prevented volumetric analysis by image segmentation
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to determine the exact ratio between head capsule volume and brain volume.
However, given the high correlation with brain volume in the T. evanescens study,
and the similarity in the position of the brain in the head capsule, we chose
head volume as the best available option to be used as a reliable proxy for brain
volume, since its volume can be determined with great precision and it allows for
a large sample size using the methodology described in this study.

Figure S4. Paraplast section through the head of Nasonia vitripennis, showing the tight connection
between brains and head capsule. Several notable neuropils are indicated. Scale bar represents 200 um.
CA, calyx; CX, central complex, RoN, rest of neuropil; AL, antennal lobe; MU, muscle fibers.

Supplementary references

van der Woude E, Smid HM, Chittka I, Huigens ME. 2013. Breaking Haller's rule: brain-body
size isometry in a minute parasitic wasp. Brain Behav Evol 81(2):86-92.
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Supplement S5. Eye size in large and small N. vitripennis

Eyes (Figure S5) were carefully removed whole during dissection of the brain
for wasps with head width wider than 750 um (large wasps) and smaller than
500 um (small wasps). After fixation in 4% formaldehyde and 0.1M phosphate
buffer at pH of 7.2 for 2.5 h at RT, eyes were washed 4 times 5 min in phosphate
buffered saline (Oxoid, Dulbecco ‘A’ tablets) containing 0.5% Triton-X100
(PBS-T) and kept in PBS-T at 4 °C until processing, To enhance the image
quality, the eyes were incubated in 1:500 propidium iodide (PI) in PBS-T for
4h at RT, then washed 2 times 5 min in PBS-T, followed by dehydration in a
graded series of EtOH. The eyes were cleared in xylene and were mounted,
' convex side up, on a microscope slide in DPX (Sigma) under an 18X18 mm
coverslip. Eye preparations were scanned with a Zeiss LSM 510 confocal laser
scanning microscope equipped with a 25X oil immersion objective (Plan-
Neofluar 25X /0.8). The tissue was imaged using the 488 nm line of an Argon
laser to excite autofluorescence and PI. We found that using a 505-550 nm BP
filter mainly resulted in emission from remains of the head capsule cuticle, and
a 560 nm LP filter mainly imaged the ommatidia. Both signals were used to
assess quality of the eye preparation. Eyes were scanned with an image size of
512%512 pixels. In the event that an eye would not fit the frame, overlapping

A B

Figure S5. 3D volume of autofluorescence in N. vitripennis eyes from wasps with head width wider
than 750 um (panel A, large wasps) and smaller than 500 pm (panel B, small wasps). Images exported
from the 3D Viewer plugin in FlJI. Scale bar represents 100 um in the most anterior plane.
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stacks were made and later combined with the Stitching plugin in FIJI (Preibisch
et al., 2009). For analysis, stacks were loaded in FIJI (Schindelin et al., 2012) and
analyzed using the 3D Viewer plugin (Schmid et al., 2010). After optimization
of the stack histogram, the point tool was used to mark individual ommatidia on
the eye surface (improper optimization would result in points floating far above
the eye). The line tool was used to measure ommatidia diameter of a septet
at the convex tip of the eye. Data were exported and analyzed in MS Excel,
statistical comparisons were made using a Welch’s T-test.

Our data show that large N. wvitripennis females have 695.8+1.52 ommatidia
(mean®SD, N = 5) that measure 13.3320.73 pm (IN = 5 averaged septets) in
diameter, whereas small wasps have 447.2%£50.26 ommatidia (IN = 5) with a
diameter of 11.8+0.44 um. Large and small wasps differed significantly for both
ommatidia count (p < 0.001) and ommatidia diameter (p = 0.000).

Supplementary references

Preibisch S, Saalfeld S, Tomancak P. 2009. Globally optimal stitching of tiled 3D microscopic
image acquisitions. Bioinformatics 25(11):1463-1465.

Schindelin ], Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden
C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P,
Cardona A. 2012. Fiji: an open-source platform for biological-image analysis. Nat Methods
9(7):676-682.

Schmid B, Schindelin J, Cardona A, Longair M, Heisenberg M. 2010. A high-level 3D visualization
API for Java and Image]. BMC Bioinformatics 11.
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Abstract

An extreme reduction in body size has been shown to negatively impact the
memory retention level of the parasitic wasp Nasonia vitripennis. In addition,
N. vitripennis and Nasonia giranlti, a closely related parasitic wasp, differ
markedly in the number of conditioning trials required to form long-term
memory. These differences in memory dynamics may be associated with
differences in the dopaminergic clusters in the Nasonia brains. Here we used
dopamine-like immunoreactivity to identify and count the number of cell
bodies in dopaminergic clusters of normal- and small-sized N. vitripennis
and normal-sized N. giraunlti. We counted 9 identifiable clusters (D1a, D1b,
D2, D3, D4a, D45b, D6, and D7), but were unable to reliably trace the
projections of these clusters. Our analysis revealed that N. giran/ti had fewer
cells in the D2 and D4a clusters, but more in D4b, compared with normal-
sized N. vitripennis. In addition, we found fewer cells in the D5 and D7
cluster of small-sized N. vitripennis compared to normal-sized N. vitripennis.
These findings contrast a study on octopaminergic cells in IN. giraulti and
N. vitripennis, where no differences were observed.

A comparison of our findings with the literature on dopaminergic
clusters in the fruit fly Drosophila melanogaster and the honey bee Apis
mellifera indicates that clusters D2, D3, and D5 may play a role in memory
formation in Nasonia wasps. The results from both the species comparison
and the size comparison are therefore of high interest and importance for
our understanding of the complex intricacies that underlie the memory
dynamics of insects.



Differences in dopamine clusters in Nasonia vitripennis and N. giraulti

Introduction

Nasonia is a genus of emerging hymenopteran model organisms (Werren and
Loehlin, 2009). Nasonia wasps parasitize various fly species and lay egg clutches
inside the puparium of their fly host, where the wasps develop gregariously.
Laying eggs in a host is a highly rewarding and ecologically relevant experience
for the female wasps. As such, it is suitable for use as an appetitive unconditioned
stimulus in classical conditioning and can be used to make lasting associations
with conditioned stimuli such as odors (Hoedjes et al., 2012). Interestingly,
there are strong and distinct differences in the memory dynamics of such
conditioning within the Nasonia genus. Nasonia vitripennis wasps consolidate
protein synthesis-dependent long-term memory after a single conditioning
event, whereas in N. giraunlti wasps a single event leads to short-lasting, protein
synthesis-independent, memory. Three repeated conditioning events, however,
do lead to formation of long-term memory in N. giraulti (Hoedjes and Smid,
2014).

In addition to these interspecies differences, different strains also differ in their
memory strength (Schurmann et al., 2012; Koppik et al., 2015), as do size-related
differences within one genotype. Nasonia wasps have a large potential for size
plasticity, being able to scale their body size over at least one order of magnitude
when forced to deal with strong scramble competition. In N. vitripennis, this leads
to several structural adaptations in the brains of the smallest wasps (Groothuis
and Smid, 2017). These small N. vitripennis individuals have inferior memory
retention when compared to larger conspecifics (Van der Woude and Smid,
2017a).

Memory dynamics in insect brains are mediated by the modulating
neurotransmitters octopamine (OA) and dopamine (DA) (Das et al.,, 2010).
Whereas previous theories ascribed appetitive conditioning to octopaminergic
cells and aversive conditioning to dopaminergic cells (Schwaerzel et al., 2003), it
is currently assumed that dopamine in fact plays a role in both aversive as well
as appetitive learning (Waddell, 2013). This implies that differences in memory
dynamics may relate to the functioning of these modulatory neurotransmitter
networks. They may, for example, differ in the number of octopaminergic
or dopaminergic cells or in their projections. As a previous description of
the octopaminergic network showed no evidence for differences between
N. vitripennis and N. giranlti Haverkamp and Smid, 2014), the focus of this study
is on the dopaminergic network.
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Dopaminergic neurons (DANSs) heavily innervate the mushroom body, a
multimodal integration center which is thought to be the basis of memory
in insects. In Drosophila melanogaster fruit flies, this dopaminergic innervation
derives from cells in the protocerebral posterior lateral (PPL1 and PPL2ab),
and protocerebral anterior medial (PAM) clusters, with various cells showing
discrete topological innervation of specific areas in the mushroom body (Mao
and Davis, 2009; Waddell, 2013; Das et al., 2016). Of these PPL and the PAM
clusters, specific DANs (PPL1-MV1, PPL1-MP1, and PAM-M3 cells (Claridge-
Chang et al., 2009; Aso et al., 2012)) are thought to signal aversion, whereas other
DAN: s in the PAM cluster are assumed to signal reward (Aso et al., 2012; Burke
et al,, 2012; Liu et al.,, 2012; Lin et al., 2014). In addition, appetitive memory
is associated with PPL1-MP1 DANSs. These cells block appetitive memory
formation by their tonic activity; however, this activity may be inhibited by
© signaling of neuropeptide F (the arthropod analog of mammalian neuropeptide

YY) (Krashes et al., 2009). Thus, the PPL and the PAM cluster are clearly relevant
for appetitive memory dynamics in the fruit fly. As their Nasonia homologs may
serve similar functions, it is crucial to study this.

Here, we investigate whether the behavioral differences found between normal-
and small-sized N. vitripennis individuals and those between N. vitripennis and
N. giranlti are associated with differences in their dopaminergic networks.

First, by analyzing dopamine-like immunoreactivity (DA-L-IR) we will provide
a comparison of DA-L clusters in the Nasonia brain with the clusters known
from the fruit fly (Mao and Davis, 2009) and the honey bee (Tedjakumala et al.,
2017). This comparison will be based mainly on the comparative location of
the clusters within the cell body rind, relative to specific neuropils, as well as the
putative projection targets of these clusters. We hypothesize to find an overall
similar number of clusters and DA-L neurons as in the D. melanogaster brain, as
this is closest in size to the brain of Nasonia species. Second, we will compare
the number of DA-L neurons present in the various clusters between normal-
sized IN. vitripennis and IN. giraultr, as well as between normal- and small-sized
N. vitripennis. We hypothesize that differences in oviposition-based appetitive
conditioning are associated with differences in neuron number in the clusters
relevant to appetitive memory. Specifically, in normal-sized N. witripennis, we
expect to find more DA-L neurons corresponding to the fruit fly PAM cluster,
or less DA-L neurons corresponding to the fruit fly PPL cluster.
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Materials & Methods

Insects

Isogenic strains of N. vitripennis (AsymCx) and N. giranlti (RV2x(U)) were used.
Both strains have previously been used to study memory formation (Hoedjes
and Smid, 2014). They have a sequenced genome and genetic tools have been
developed for these strains (Werren et al., 2010; Rago et al., 2016). Rearing
was performed and differences in body size were induced by varying levels of
scramble competition as described previously (Groothuis and Smid, 2017). In
short, normal-sized wasps were obtained by rearing on Calliphora vomitoria pupae
(Kreitkamp BV, Hoevelaken, The Netherlands) at a ratio of 10 female wasps
to 20 pupae. Small-sized N. vitripennis were obtained by rearing at a ratio of
50:5. Females were allowed to oviposit for 24 h in both cases. For experiments,
female wasps were collected within one day of eclosion and kept in vials with
access to water and honey. The 50:5-rearing shows large variation in female body
size; for the experiments only small-sized N. vitripennis wasps with a head width
under 500 um were used. The heads of normal-sized IN. vitripennis and N. giraulti
were not measured but generally have head widths of approximately 750 pm
(Groothuis and Smid, 2017).

Immunohistochemistry

Cold-sedated wasps were decapitated in ice-cold fixative: one part 25%
glutaraldehyde (Sigma) and three parts saturated picric acid with 0.1% acetic
acid (GPA). To allow penetration of the fixative, the antennae were removed
and small openings made in the eyes. Heads were fixed for 4 h at RT and then
washed overnight in 70% EtOH prior to dissection of the brains in 70% EtOH.

Afterdissection, brains were dehydratedinagraded series of EtOH concentrations
(70-90-96-100-100%, 50% EtOH/xylene, 2 minutes each), degreased in 100%
xylene, and rehydrated to phosphate buffered saline (PBS; Oxoid, Dulbecco “A”
tablets) (via 50% EtOH/xylene, 100-96-90-80-70-50-30% EtOH). To reduce
oxidized dopamine, brains were incubated for 20 minutes in freshly prepared
1% sodium borohydrate in PBS. After rinsing four times for 5 min and 3 times
for 15 min in PBS, the brains were treated with 5 mg/mL collagenase (Sigma) in
PBS for 1 h at RT, improving the permeability of the tissue. Subsequently, the
brains were rinsed four times for 5 min in PBS containing 0.5% Triton-X100
(PBS-T) and preincubated in 10% normal goat serum (NGS; Dako, Glostrup,
Denmark) in PBS-T (PBS-T-NGS) for 1 h at RT. The primary mouse anti-
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dopamine antiserum (Millipore, catalogue no. MAB5300, RRID:AB_94817) was
incubated overnight at RT at dilutions of 1:200 for normal-sized brains or 1:66.7
for small brains in PBS-T-NGS. After five 30-min washes in PBS-T, a secondary
rabbit anti-mouse antibody (Dako, catalogue no. 20259, RRID:AB_2532147)
was applied at a 1:200 dilution in PBS-T-NG for 3 h at room temperature.
Finally, following four 30-min washes in PBS-T, a tertiary antiserum of goat
anti-rabbit antibodies linked to AlexaFluor® 488 (Jackson ImmunoResearch
Labs, catalogue no. 115-545-003, RRID:AB_2338840) was used at a dilution
of 1:100 together with propidium iodide at a dilution of 1:200 in PBS-T-NGS
overnight at 4 °C.

Whole-mount preparations were made by washing four times for 30 min in
PBS-T and dehydration and degreasing to xylenes (via 30-50-70-80-90-96-100-
100% EtOH, 50% EtOH/xylene, 2 min each), followed by mounting on a
microscope slide in a drop of DPX mounting medium (Sigma) under a No. 1
" cover slip.

Antiserum specificity

Cross-reactivity of the mouse anti-dopamine antibody was determined as
specified by the manufacturer: DA-G-BSA 1; L-DOPA-G-BSA 1:10,000;
Tyrosine-G-BSA  1:36,000; Tyramine-G-BSA 1:>50,000; Noradrenaline-G-
BSA 1:>50,000; OA-G-BSA 1:>50,000; Adrenaline-G-BSA 1:>50,000; DA
1:>50,000. We performed additional control experiments by using preparations
without primary antisera. These did not reveal any immunolabeling.

Microscopy

Preparations were scanned with a Zeiss LSM510 microscope equipped with a
40X oil immersion objective (Plan-Neofluar 40%/1.3) and 63X oil immersion
objective (Plan-Apochromat 63X /1.4). AlexaFluor® 488 staining was imaged
using the 488-nm line of an Argon laser with a 505- to 550-nm BP filter; the
propidium iodide nuclear counterstain was imaged using the same excitation
wavelength but with a 560-nm LP filter. Scanning was performed at 8 bit with a
resolution of 1024x1024, with voxel dimensions ranging from 0.36X0.36X2 um
to 0.14x0.14x0.38 um.

Nomenclature

Nomenclature of neuropils in the N. vitripennis and N. giranlti brains was used
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as described previously (Groothuis et al., 2018) and according to standardized
nomenclature (Ito et al., 2014). Orientation and positions in the brain are given
using the body axis. Dopamine-like immunoreactive (DA-L-IR) clusters were
numbered from anterior to posterior, as was done previously in the honey bee
Apis mellifera (Schirmann et al., 1989; Tedjakumala et al., 2017), the parasitic
wasp Trichogramma evanescens (van der Woude and Smid, 2017c), and for
octopaminergic clusters in N. vitripennis and N. giranlti (Haverkamp and Smid,
2014). When clusters were found at comparable depths, preference was given to
dorsal clusters. As there is no clear boundary of the fusion between the supra-
and suboesophageal ganglia in Nasonza brains, we did not consider this division
in naming the DA-L clusters.

Neuron analysis

The counting of DA-L-IR neurons was performed blinded to the identity
(species or body size) of the brain sample by randomization of files after image
acquisition. The initial sample consisted of 51 brains, based on a visual assessment
of staining quality; during analysis several more samples were removed, bringing
the total to 38 analyzed brains. The number of cell bodies was only analyzed
in brains in which DA-L-IR clusters were clearly visible and the best-stained
hemisphere was selected for analysis of individual clusters. Cell bodies were
counted by means of image segmentation in Amira 5.4 (Visage Imaging, Berlin,
Germany), assigning each cluster a separate LabelField and each cell an individual
Material. During this process, the propidium iodide counterstain could be used
for orientation, but is not used for other purposes. Due to tissue damage, not all
identified clusters could be counted in every sample. After segmentation, results
were exported with the MaterialStatistics module and collected in a spreadsheet
for further analysis.

Statistics

We compared the number of DA-L cell bodies for all identified clusters separately
and in a pairwise fashion for the following combinations: N. vitripennis (normal-
sized) X N. giranlti (normal-sized) and N. vitripennis (normal-sized) X N. vitripennis
(small-sized).

Comparison between cluster-species combinations were analyzed with a non-
parametric Mann-Whitney-Wilcoxon test (« = 0.05). All statistical analyses were
performed in R version 3.3.2.
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Results

Overall tissue and labeling quality

The triple labeling protocol ensured sufficient staining quality in most brains.
However, the glutaraldehyde fixation of the brains in the head capsule before
dissection (required for the conjugation and subsequent detection of the
antigen) caused relatively fragile brains that are difficult to dissect from the
head capsule, as the tissue is more brittle than after formaldehyde fixation or in
unfixed dissections. In many preparations, this led to a damaged cell body rind
or loss of tissue, mainly of the optic lobes. In addition, the rind at the anterior
and the central sides of the brain was found to be especially fragile; which on
occasion caused either damage to or removal of the rind, or an occlusion of
relevant clusters by non-neural and strongly autofluorescent tissues.

+ Prior to the blinded DA-L-IR analysis, 51 brains were selected (blind to their
identity) from the available preparations; of those, 20 were normal-sized
N. vitripennis, 15 small-sized N. vitripennis, and 26 N. giranlti. These numbers were
reduced to 15, 9, and 14 brains, respectively, after closer examination during the
analysis. The low number of small N. vitripennis brains was striking in particular
and was probably due to the added brittleness of glutaraldehyde fixation, as

these brains proved more resilient when dissected as unfixed tissue (Groothuis
and Smid, 2017).

DA-L-IR clusters in the N. vitripennis brain

Ouranalysis of DA-L-IR in N. vitripennisand N. giraultiresulted in the identification
of nine uniquely identifiable cell groups, two of which we consider a subdivision
of another cluster, see Figures 1, 2, and 3A for an overview. Cell numbers are
given as average count = SD (IN = number of hemispheres analyzed) and based
on normal-sized N. vitripennis:

Cluster D1a (Figure 3B) is the most anterior cell cluster, located laterally of the
anterior optic tubercle. In all cases it comprises at least two large and heavily
stained cell bodies; in some brains several additional cells can be identified near

this location, which we considered as belonging to D1a. On average we counted
3.710.7 (N = 13) D1 cells in the IN. vitripennis brain.

Cluster D1b (Figure 3C) is a small cluster that always consists of 2 small DA-L
cells. It lies at the same level and laterality as cluster D1, but more ventrally. This
cluster is only found in a minority of preparations (IN = 4).
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Figure 1. Schematic representation of DA-L-IR cluster locations (A. Anterior; B. Posterior) and
major arborizations (C. Anterior; D. Posterior) in the brains of N. vitripennis and N. giraulti. Locations
and arborizations are only drawn for one brain hemisphere. The antennal lobes are scaled to 80% of
the original size to reveal the subesophageal zone neuropils. Abbreviations: A, anterior; AL, antennal
lobe; AOTu, anterior optic tubercle; CA, calyx ; CX, central complex; D, dorsal; FB, fan-shaped body
(part of CX); L, lateral; LH, lateral horn; LO lobula; MB, mushroom body; ME, medulla; P, posterior.
Arrows point to clusters.

Figure 2. Location of DA-L-IR somata in the cell body rind (not shown) of a single N. vitripennis brain
seen from an anterior (A), lateral (B), and posterior (C) perspective. The combined neuropil of the
brain is shown in grey. Each cluster is shown with randomized colors in only one of the hemispheres.
Note that the optic lobes are omitted from the neuropil reconstruction. Abbreviations: A, anterior; D,
dorsal; L, lateral; P, posterior. Arrows point to clusters
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Cluster D2 (Figure 3D) is the largest cluster, containing 59.6£11.1 cells (IN = 13).
The largest concentration of DA-L cells in this cluster is found at the midline,
approximately halfway between the antennal lobe and the distal end of the
vertical lobe of the mushroom body, from which more cell bodies are scattered
laterally towards and surrounding the anterior optic tubercle. Cell bodies may lie
more dorsal or ventral to the tubercle in individual brains. The neurilemma at the
midline forms a clear boundary between hemispheres, so the cluster cannot be
confused for an unpaired cluster. In several brains we observed a gap between
the population of more laterally scattered cells and the concentrated mass
near the midline, indicating that cluster D2 can probably be subdivided into 2
subclusters. The majority of brains, however, did not show this, so all cell bodies
were grouped into cluster D2 in this study.

Cluster D3 (Figure 3E) lies at the posterior side of the protocerebrum, where
it surrounds the proximal end of the mushroom body pedunculus, wedged
between the neuropils of the protocerebrum and mushroom body calyx. With
42.517.1 (N = 11) cell bodies, it is the second largest cluster. Most cells are
found at the anterior and lateral side of the pedunculus. Results from a minority
of preparations hint at a gap between the anterior and lateral groupings of cells
in this cluster, suggesting that, like in cluster D2, a subdivision of cluster D3 may
be warranted.

Cluster D4a (Figure 3F) is a relatively small (5.6£1.0 cell bodies, N = 13) cluster,
located posteriotly of the superior protocerebral neuropils and surrounding the
ocellar neuropils in the dorsal cell body rind.

Cluster D4b (Figure 3G) lies at the most posterior edge of the cell body rind,
at a similar dorsal level as cluster D4a. It consists of 5.9+1.3 (IN = 8) slightly
scattered cell bodies.

Cluster D5 (Figure 3H) consists of several (3.75£1.2 cell bodies, N = 8) cells
posterior in the brain, located in the thin layer of cell body rind between the
neuropil of the central brain and the optic lobe lobula.

Figure 3. » DA-L-IR cell body clusters in the N. vitripennis brain, with visible neuropils and midline
(M) annotated. Each panel is oriented dorsal side up, and contains a maximum intensity projection
of varying thickness, highlighting a single cluster. A. An overview of DA-L-IR in a single brain: four
30 pm thick maximum intensity projections through the brain from anterior (A) to posterior (A”),
annotations only in one of the hemispheres. B. cluster Dla. C. cluster D1b. D. cluster D2. E. cluster
D3. F. cluster D4a. G. cluster D4b. H. cluster D5. I. cluster Dé. ). cluster D7. Abbreviations: AL,
antennal lobe; AOTu, anterior optic tubercle; CA, calyx (MB); CX, central complex; EB, ellipsoid body
(CX); FB, fan-shaped body (CX); LH, lateral horn; LO lobula; M, midline; MB, mushroom body; ME,
medulla; ML, medial lobe (MB); NO, nodulus (CX); OCN, ocellar neuropils; PED, pedunculus (MB); SEZ,
subesophageal zone. Arrows point to cell clusters, white arrowheads point to staining artefacts, black
arrowheads point to cell body fibers. Scale bars depict 100 pm in panels A-A’”, 50 pm in panels B-J.
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Cluster D6 (Figure 31) always consists of 3 (IN = 8) large cell bodies, ventrally in
the brain, flanking the subesophageal zone.

Cluster D7 (Figure 3]) lies at the most ventral edge of the subesophageal zone
and consists of 2 (IN = 3) neurons. The cell body rind at its location is easily
damaged and this cluster is often lost in preparations.




Chapter 4

DA-L-IR innervation in the N. vitripennis brain

Many neuropils in the central brain are highly innervated by DA-L-IR fibers. Due
to their abundance, as well as the varicose nature of the immunofluorescence,
these fibers cannot be traced back to the cell body clusters from which they
project. In a limited number of cases, however, cell body fibers (also described as
primary neurites) can be observed in samples. Here, we describe the innervation
of several landmark neuropils and, if possible, the location of DA-L-IR fibers
projecting towards these neuropils:

The antennal lobe (Figure 4A) is largely devoid of DA-L-IR innervation, though
in most preparations a low number of small fibers was observed in the central
non-glomerular antennal lobe hub.

We found no evidence of DA-L-IR innervation in the optic lobes (Figure 4B).

The anterior optic tubercle (Figure 4C) contains many varicose DA-L-IR
terminals. Although the AOTu is surrounded by cell bodies of cluster D1a and
D2, its innervation does not originate from these clusters.

The mushroom body (Figure 4D-G) is strongly innervated in the peduncle
(Figure 4D), medial lobe (Figure 4E), and vertical lobe (Figure 4F). We have,
however, not reliably observed innervation in the calyx (Figure 4G).

The central complex (Figure 4H, I) is strongly innervated in the fan-shaped body
and the noduli, and less in the ellipsoid body (Figure 4H). No innervation was
observed in the protocerebral bridge (Figure 4I).

The lateral horn (Figure 4]) is innervated with many varicose terminals. The
projections entering the lateral horn were rarely visible, and could not reliably be
traced back to cell bodies.

Figure 4. » DA-L-IR projections in the N. vitripennis brain, focusing on innervations of landmark
neuropils, with visible clusters and midline (M) annotated. Each panel is oriented dorsal side up, and
contains a maximum intensity projection of varying thickness, highlighting a single neuropil. When
visible, (parts of) the clusters are annotated. A. Antennal lobe. B. Optic lobe (lobula and medulla).
C. Anterior optic tubercle. D-G. Mushroom body peduncle, medial lobe, vertical lobe, and calyx.
H. Central complex (fan-shaped body, ellipsoid body, and noduli) I. Protocerebral bridge. ). Lateral
horn. K. Subesophageal zone.Abbreviations:AL, antennal lobe; AOTu, anterior optic tubercle; CA, calyx
(MB); CX, central complex; EB, ellipsoid body (CX); FB, fan-shaped body (CX); LH, lateral horn; LO
lobula; M, midline; MB, mushroom body; ME, medulla; ML, medial lobe (MB); NO, nodulus (CX); OCN,
ocellar neuropils; PED, pedunculus (MB); SEZ, subesophageal zone.Arrows point to cell clusters, white
arrowheads point to staining artefacts, black arrowheads point to cell body fibers. Scale bars depict
50 uym.
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The subesophageal zone (Figure 4K) is home to an extensively branched DA-L-
IR arborization that is strongly stained in most preparations. It originates from
cluster D6.
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Species-specific differences

Nasonia vitripennis and IN. giranlti did not show any outwardly recognizable
morphological differences in their neuropils, nor did we note differences in the
location or projection patterns of the DA-L-IR clusters. Most clusters showed
a similar number of cells counted per cluster for the two Nasonia species (Table
1, Figure 5) and the maximum number of DA-L-IR cells observed in a single

Table I. Mean number of cells per cluster for the three groups of Nasonia studied. N = number of
hemispheres counted per cluster. Standard deviation for clusters for which no variation in cell body
number was counted is labeled as n.a.

Nasonia giraulti N. vitripennis (normal) N. vitripennis (small)
Number of cells N = Numberofcells N=  Numberofcels N=
Mean + SD Mean + SD Mean + SD
D1la 3.43+0.82 14 3.77£0.7 13 3.11+0.74 9 D1la
D1b 2 na. 4 2 na. 4 2 na. 3 D1b
D2 47.08 + 11.15 13 59.85 +11.11 13 50.88 + 13.13 8 D2
5 D3 42.07 £5.24 14 42.55 £ 7.14 11 44.25 £9.12 8 D3 a
2 D4a 4.58 % 0.95 12 5.77 £0.97 13 5.56 + 0.68 9 Dda &
© D4b 7.67 £2.05 6 5.88 +1.27 8 55+1.12 4 D4b &
D5 3.14 + 1.64 7 3.75+1.2 8 2.38+0.7 8 D5
D6 3 na. 10 3 na. 8 2.78 £ 0.63 9 D6
D7 1.33£0.47 3 2 na. 3 1 na. 4 D7
213 N. girautt *
[ N. vitripennis (normal) 80 4
10 *

* 60

40 -

Number of DA-L-IR cells (meanSD)
e o 8%

20

04

D1a D1b D4a D4b D5 D6 D7 D2 D3
Figure 5. DA-L-IR cell bodies in brains of normal-sized N. vitripennis and N. giraulti. Due to the relative
abundance of cell bodies in clusters D2 and D3, these are given separately. Bars depict average number
of cells £ standard deviation, dots depict raw counts. *:p < 0.05 (Wilcoxon).
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brain was also similar (IN. vitripennis: 143. N. giraultr: 138). However, we found a
significant difference indicating fewer cells in the D2 cluster of N. giran/ti than in
that of . vitripennis (Wilcoxon, W = 34.5, p = 0.011). In addition, we found fewer
cells for N. giraulti than tor N. vitripennis in the D4a cluster (Wilcoxon, W = 34.5,
p = 0.013), but more in the D4b cluster (Wilcoxon, W = 40, p = 0.038).

Effect of brain size on DA-L-IR cell bodies in N. vitripennis

Despite the large difference in total brain size between normal-sized and small
N. vitripennis (Groothuis and Smid, 2017), the maximum number of DA-L-IR
cell bodies counted in a single brain was similar in these groups (IN. vitripennis
(normal): 143. N. vitripennis (small): 138). We did find several differences in
numbers of cells per cluster. Our analysis indicates fewer cells in the D5 cluster
of small N. vitripennis (Wilcoxon, W = 52.5, p = 0.027), as well as fewer cells in
D7 (Wilcoxon, W = 12, p = 0.025). However, this D7 cluster could be counted in
only three and four brains, for normal-sized and small N. vitripennis, respectively.

In addition, we found a marginally significant lower number of Dla cells in
small versus normal-sized IN. vitripennis (Wilcoxon, W = 85.5, p = 0.0502).

7 @ N. vitripennis (normal)
N. vitripennis (small) 80

60

40 -

Number of DA-L-IR cells (meantSD)

*

178

D1a D1b D4a D4b D5 D6 D7 D2 D3
Figure 6. DA-L-IR cell bodies in brains of normal- and small-sized N. vitripennis. Due to the relative
abundance of cell bodies in clusters D2 and D3, these are given separately. Bars depict average number
of cells £ standard deviation, dots depict raw counts. *:p < 0.05 (Wilcoxon).

04
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Discussion and conclusion

Previous studies have identified differences in memory dynamics between
Nasonia species, as well as IN. vitripennis of ditferent sizes. Understanding the
factors that underlie these differences may lead to novel insights that could be
translated to mammalian studies. To that end, this study aimed to find potential
correlations between the observed differences in memory dynamics and the
morphology of the dopaminergic network in Nasonia.

To accomplish this, we first described the dopaminergic clusters in Nasonia
brains, providing examples from IN. vitripennis. In total, we identified 9 distinct
clusters, two of which we consider subclusters. The two largest clusters, D2 and
D3, can likely be further subdivided, but we were unable to reliably do so in this
study.

i\ - We then compared the number of cell bodies in these dopaminergic clusters

between the species IN. vitripennis and IN. giraultr, as well between normal- and
small-sized N. vitripennis. We found significant differences in clusters that may
explain the differences in memory dynamics of these groups, as they likely
correspond to clusters projecting to the mushroom bodies and are involved with
associative learning in other insects, as we will discuss below.

Comparison with other insects

In order to verify our hypotheses regarding differences in DA-L-IR clusters for
our Nasonia species and size groups we need to determine potential homologs
of the clusters we identified. Here we present a comparison of the identified
Nasonia clusters with those of three other species: the honey bee A. mellifera,
the fruit fly D. melanogaster, and the egg parasitoid T. evanescens. This comparison
(Table 2) is based mainly on the location of these clusters in the cell body rind
relative to landmark neuropils. For example, both the PAM cluster in the fruit fly
and the C1 and C2 clusters in the honey bee are located at the anterior side of
the brain, between the antennal lobe and the distal end of the vertical lobe of
the mushroom body; a cluster found at this location in the Nasonia brain may be
considered homologous to these clusters. Better comparisons can be made based
on the projection patterns of the DA-L neurons in the clusters; unfortunately,
our staining method targets all dopaminergic cells, which leads to many fibers
crossing or running in parallel. The varicose nature of the immunolabeling
further restricts the tracing of these fibers.
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In D. melanogaster, the PAM, PPL1, and PPL2ab clusters project to the mushroom
body (Mao and Davis, 2009) and are relevant for memory formation (Waddell,
2013). As such, we expect that the D2, D3, and D5 clusters in Nasonia fulfill
similar roles. These clusters are therefore of particular importance for this study.

Comparing dopamine-like immunoreactivity in Nasonza with these other species
results in several interesting observations.

Firstis the diversity of DA-L-IR clusters between the compared species. Although
we were able to make global comparisons, the location of these clusters does not
appear to be very conserved. The clusters located at the ventral side of the brain,
in particular, seem quite divergent. Multiple small clusters have been described
for the honey bee, and several in T. evanescens, but in the Nasonia species studied
here we only found a few clusters with a low number of cells.

The relative abundance of cell bodies per cluster follows the same pattern in
Nasonia, A. mellifera, and D. melanogaster: the clusters that likely correspond to D2
and D3 are most abundant. With a low number of cells in each cluster, 1. evanescens
appears to be the outlier. This may be an adaptation to the miniaturization in this
tiny egg parasitoid (van der Woude and Smid, 2017c).

We did not observe innervation of the mushroom body calyx or the optic lobes,
and only low levels of innervation of the antennal lobes. This is comparable

Table 2. A comparison of dopaminergic clusters in normal-sized N. vitripennis (DA-L-IR, this study),
A. mellifera (Tyrosine hydroxylase (TH)-IR, Tedjakumala et al. (2017)), D. melanogaster (TH-IR, TH-Gal4,
Mao and Davis (2009)), and T. evanescens (DA-L-IR, van der Woude and Smid (2017c)). Clusters are
grouped by location of somata in the cell body rind and, when possible, projection patterns. This
grouping is tentative and does not guarantee homology between the clusters. *: confirmed innervation
of the mushroom bodies.

N. vitripennis A. mellifera D. melanogaster T. evanescens
Cluster Cells Cluster Cells Cluster Cells Cluster Cells
Dia 3.77 ST/AOTu 2-3
PAL 5 DA-1 2.6
Dib 2
*C1 75 . .
D2 59.85 0 75 PAM 100 DA-3? 2.7
*PPL1 12
DA-5a
PPL2c 4.6
D3 42.55 *C3 140 3.9
PPL4 0.91
DA-5b
PPL5 0.54
D4a 5.77 SP 15-20 PPM1 5.46
DA-6 3.2
D4b 5.88 PPM2 8.07
D5 3.75 SL 5-8 *PPL2ab 6.1 DA-2 2.3
D6 3 S1-2 4 DA-7 1.4
D7 2 S7-8 2-4 DA-4 2.5
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to results in the other small parasitoid 1. evanescens, but not with A. mellifera and
D. melanogaster, where innervation of these neuropils was clearly visible, albeit
to a lesser extent than in the rest of the brain. Based on our current results,
we cannot attribute the apparent lack of DA-L-IR in the calyx to a functional
difference, or to differences in methodology, as will be discussed below.

It has been shown that choosing the method to detect dopaminergic cells
is a non-trivial matter: in A. wellifera different results were obtained with an
immunostaining against tyrosine hydroxylase (TH), the rate-limiting enzyme in
dopamine synthesis (Tedjakumala et al., 2017) or against dopamine (Schifer and
Rehder, 1989); likewise, Mao and Davis (2009) found different results by making
use of the GAL4/UAS system or anti-TH staining. It could be that the overall
low number of DA-L-IR cells in T. evanescens, as well as the apparent lack of
an equivalent cluster to the D2/C1,2/PAM clusters, could be ascribed to this
methodology. As we only assessed DA-L-IR with the anti-dopamine antibody,
* future studies may obtain different results with anti-TH.

Species differences in Nasonia

Nasonia vitripennis and IN. giraulti differ in their memory dynamics, with N. giraulti
requiring multiple, spaced experiences before consolidating protein synthesis-
dependentlong-term memory (Hoedjes etal., 2012). A previous study comparing
the octopaminergic network in these wasps was unable to show differences in
this system (Haverkamp and Smid, 2014). Contrary to that study, we show here
that normal-sized N. vitripennis and normal-sized N. giraulti do indeed differ in
their dopaminergic network. Our analysis revealed that N. vitripennis had more
cells in the D2 and D4a clusters, but fewer in the D4b clustet.

As discussed above, the D2 cluster corresponds to mushroom body-projecting
clusters in other species, such as the PAM cluster in D. melanogaster and the C1 and
C2 clusters in A. mellifera. This PAM cluster contains both cells associated with
aversive and reward signaling. Although perhaps overly simplified, an increase in
D2 cell number in N. vitripennis could be attributed to more cells associated with
reward signaling. Though these results are not enough to imply causation, this is
worthy of further study.

The D4 clusters are most similar to clusters that project to and around the
central complex in A. mellifera (SP cluster) and D. melanogaster PPM1/2 clusters).
Although dopaminergic innervation in the central complex is important for
motor control (reviewed by Pfeiffer and Homberg (2014)), the behavioral
implications of IN. vitripennis having more cells in D4a and less in D4b are unclear.
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It may be that our arbitrary distinction of these subclusters (based on distance)
is incorrect, and that the effects we found cancel out.

Ourcomparison of DA-L-IR clusters, the previous comparison of octopaminergic
clusters (Haverkamp and Smid, 2014), and the difference in memory dynamics
that instigated these comparisons (Hoedjes et al., 2012) were all described
for the isogenic AsymCx and R2VU(x) strains of N. witripennis and IN. giraults,
respectively. As genetic variation may influence N. vitripennis memory dynamics
(Koppik et al., 2015), the use of isogenic lines helps to minimize variation and
pinpoint potential causalities. Both the AsymCx and R2VU(x) strains have a
sequenced genome (Werren et al., 2010) which may aid further characterization
of dopaminergic cluster size. Of particular interest for further investigation is
that this particular difference in memory dynamics has been introgressed by
hybridization of these strains, yielding N. giran/ti-like memory in an N. vitripennis
genetic background (Hoedjes et al., 2014b).

Size-related differences in N. vitripennis

To our knowledge, this is the second study to compare the dopaminergic system
in relation to body size in insects (the first being a comparison of the highly
diverse body sizes in 1. evanescens (van der Woude and Smid, 2017b)). Despite
the almost threefold differences in absolute brain volume between normal- and
small-sized IN. vitripennis (Groothuis and Smid, 2017), we observe no difference
in the overall number of DA-L-IR cells. This is comparable to the effects of
extreme (fivefold) brain scaling in 1. evanescens, where no difference in DA-L-
IR neuron number was found (van der Woude and Smid, 2017b). However, in
T. evanescens these neurons are significantly smaller in the smallest individuals.
Though we intended to analyze similar measurements in N. vztripennis, we found
we could not reliably label the entire cell body in every instance. It may be that
dopamine is not sufficiently present throughout the cell bodies of IN. vitripennis,
restricting the use of an anti-dopamine stain.

In contrast to the T. evanescens study, we did find cluster-specific differences
between N. vitripennis of different size. Small individuals had fewer cells in the
D5 and in the D7 cluster. We do not know the functional role of the D7 cluster,
nor could we observe its projections. Therefore, we cannot speculate regarding
the implications of this difference at this time. We note, however, that the D7
cluster could only be counted in a very small number of brains in both size
classes (see Table 1).
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On the other hand, the D5 cluster seems homologous to the PPL2ab cluster
of D. melanogaster, which is known to project to the mushroom body calyx and
the lateral horn (Mao and Davis, 2009). These neuropils that are known to be
involved with learned and naive odor preferences, respectively (Strutz et al.,
2014). The probable projection pattern of this cluster therefore hints at a role
for the D5 cluster in the memory dynamics of N. wvitripennis. However, the exact
functional mechanics of the D5/PPL2ab cluster have, to our knowledge, not
been described in other species.

Future prospects

Owing to the hymenopteran male haploid genetics, introgression of traits that
differ between strains and species is relatively easy in Nasonza (Hoedjes et al.,
2014b; Werren et al., 2016). As mentioned above, the memory dynamics central

3 ~ to this study have been introgressed, yielding N. giraulti-like memory linked

to two specific quantitative trait loci in a predominantly N. vitripennis genetic
background (Hoedjes et al., 2014b). Although this trait is still undergoing further
introgression, future lines of research may focus on the dopaminergic networks
of the resulting interspecies hybrid wasps. If the differences found in our work
indeed explain the difference in memory dynamics, these future studies may find
similar differences in the dopaminergic system of introgressed hybrid lines, such
as N. giranlti-like numbers of D2 cells.

The methodology that was used in this study restricts the potential of
incorporating the results into a common reference, such as the Jewel Wasp
Standard Brain (Groothuis et al., 2018). This effect is predominantly due to the
tissue fixation by glutaraldehyde, which strongly shrinks the tissue and restricts
the use of other antibodies raised against formaldehyde-fixed antigens. Future
studies may therefore opt to try anti-TH in combination with a counterstain
such as NC82 (Wagh et al., 2006; Groothuis and Smid, 2017). Even further
advancements in the study of dopaminergic neurons may be made by individually
or clonally targeted single-cluster projections, which may also be incorporated
into the Jewel Wasp Standard Brain. These future developments will contribute
to a better understanding of the projection patterns and potential interactions
of the many dopaminergic neurons in the Nasonia brain.

Synthesis

In this study we found differences in the dopaminergic system in the comparison
between two Nasonia species and two IN. vitripennis size classes. Both comparisons
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showed differences in memory dynamics: N. giraulti needs more experiences
than N. vitripennis to form long-term memory (Hoedjes et al., 2012), whereas
small IN. vitripennis show reduced memory performance (Van der Woude and
Smid, 2017a). It is therefore not too surprising that we found effects on different
dopaminergic clusters for these comparisons, but it is promising that in both
cases these effects are (in part) in clusters that likely project to the mushroom
bodies, lending credibility to the role of these findings in explaining the memory
dynamics of these groups.
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Abstract

Cognitive constraints are shaped by ecological conditions, (1) by determining
resources available for development and maintenance of brain tissue and
(2) by requiring adaptive behavior to optimize an animal's fitness. As brain
performance relates to relative brain size, there may be heritable genetic
variation in relative brain size. Here, we used bidirectional artificial selection
to study the consequences of genetic variation in relative brain size on
brain morphology, cognition and longevity in Nasonia vitripennis Walker
parasitoid wasps. Our results show a robust change in relative brain size
after 26 generations of selection and 6 generations of relaxation, which
indicates that there is heritable genetic variation in relative brain size. Total
average neuropil volume of the brain was 16% larger in wasps selected for
relatively large brains than in wasps selected for relatively small brains. This

5\_ difference in brain volume differentially affected relative neuropil volumes,
=~ because the relative volume of the antennal lobes was larger in wasps with
" relatively large brains. We show that having a relatively small or large brain
did not influence olfactory memory retention, whereas wasps with a larger

relative brain size had a shorter longevity, which was even further reduced
after a learning experience. These effects of genetic variation on neuropil
composition and memory retention are different from previously described
effects of phenotypic plasticity in absolute brain size. In conclusion, having
relatively large brains is costly for N. vitripennis, whereas no cognitive benefits
were recorded.
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Introduction

Brain size is linked to brain performance through the number of neurons and their
connectivity (Striedter, 2005; Chittka and Niven, 2009). Variation in brain size,
both in absolute size and relative to body size, can therefore underlie differences
in cognitive abilities (Dicke and Roth, 20106). Brain size variation can be caused
by genetic variation, but also by phenotypic plasticity. Phenotypic plasticity can
be regulated by genetically encoded developmental programs (e.g. Lanet and
Maurange, 2014). These determine how a single genotype morphologically
responds to different developmental conditions, such as differences in nutritional
levels, caste differentiation and sex determination. Natural genetic variation in
the plasticity genes that facilitate these differential development programs may
predispose animals to optimize their development to match specific ecological
circumstances, such as low food availability. Interestingly, animals that develop
into differentially-sized individuals, for example due to differences in food
availability during embryonic or larval development, do not scale their entire
body size isometrically. One striking example of tissue-specific scaling is known
for the brain, a phenomenon described by Haller’s rule (Rensch, 1948; 1950).
This rule states that small animals require relatively larger brains than large
animals. The relationship between brain size and body size follows a power law
function. In the case of a negative allometry that is described by Haller’s rule,
the scaling coefficient of this power law function is smaller than 1. Haller’s rule
holds both for interspecific (e.g. Pagel and Harvey, 1988; Harvey and Krebs,
1990; Wehner et al., 2007; Isler et al., 2008), and intraspecific (e.g. Wehner et al.,
2007; Riveros and Gronenberg, 2010; Seid et al., 2011) comparisons.

Development and maintenance of relatively larger brains is more costly for
smaller animals, because brain tissue has high metabolic costs (Aiello and Wheeler,
1995). This may present strong constraints on the evolution of extremely small
animals. In this context, it is intriguing that one of the smallest animals on
Earth, the parasitic wasp Trichogramma evanescens, shows a different brain scaling
strategy than predicted by Hallet’s rule (van der Woude et al., 2013). These wasps
are gregarious parasitic wasps that develop from egg to adult inside eggs of
butterflies and moths. Body size depends on the level of scramble competition
between larvae that develop inside the same host egg. This can lead to large
phenotypic variation in absolute brain and body size, even between genetically
identical individuals (van der Woude et al., 2013). Although body volume can
vary with a factor 7 between sister wasps of the same inbred isofemale line, this
does not affect their relative brain size; the wasps show isometric brain scaling.
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This isometric brain scaling results in small wasps having brains that are smaller
than predicted by Haller’s rule. Interestingly, this does not affect their memory
performance (Van der Woude and Smid, 2017a). Small and large T. evanescens show
similar memory retention levels. Furthermore, the complexity of the olfactory
pathway remains remarkably unaffected by its size: small wasps have the same
number of antennal lobe glomeruli and most types of olfactory sensilla as large
wasps (van der Woude and Smid, 2016). This indicates that 1. evanescens is well
adapted to develop as small adults.

The larger parasitoid wasp Nasonia vitripennis parasitizes and develops inside fly
pupae, and body size depends on scramble competition in a similar way as in
1. evanescens, scaling their dry body weight with a factor of 10. This parasitoid
also deviates from Haller’s rule, but applies a different brain scaling rule than
T. evanescens (Groothuis and Smid, 2017). The wasps show diphasic brain scaling
with isometry in small and negative allometry in large N. vitripennis, possibly
because they switch to a different developmental program.

The isometric phase causes relatively smaller brains in small wasps than are
predicted by Haller’s rule. In contrast to 1. evanescens, this does affect their
. memory performance: large N. vitripennis show higher levels of olfactory and
visual memory retention than small N. vitripennis (Van der Woude and Smid,
2017a). This may be related to differences in relative neuropil volumes. Among
other neuropils, the mushroom bodies (known to be important for memory
formation in other insects) were relatively smaller in the smallest wasps; on the
other hand, the relative volume of the lateral horn (known to be involved in
naive responses to olfactory cues (Parnas et al., 2013; Strutz et al., 2014)) had
not changed. This may indicate that, when challenged with restricted resources,
isogenic IN. vitripennis are able to utilize different developmental programs and
develop differentially structured brains. In this example, the decrease in absolute
and relative mushroom body volume may undetlie their aforementioned lower
memory performance. These studies indicate that T. evanescens and IN. vitripennis
are differentially adapted to dealing with the stringent dietary conditions that
arise from larval scramble competition.

Ecological conditions may require adaptive behavior to optimize an animal's
fitness. This may be realized by a relatively larger brain. However, higher
developmental and operating costs of brain tissue, associated with a relatively
larger brain, may incur negative effects on fitness and longevity (Aiello and
Wheeler, 1995; Mery and Kawecki, 2005). Furthermore, populations that evolve
under more stringent dietary conditions may experience different selection
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pressures on genes that determine brain size than populations that evolve
under more permissible dietary conditions. In the case of a parasitic wasp, such
differences may exist by adapting to different host species. Different host species
may require different cognitive abilities because host oviposition behavior may
require different foraging strategies of the parasitic wasps (Smid et al., 2007,
Kruidhof et al., 2012; Smid and Vet, 2016), while also requiring adaptations to
differences in host quality or size.

To be able to adapt to such different ecological circumstances, heritable genetic
variation in relative brain size must be present. For instance, our previous work
on brain scaling in T. evanescens showed that the precise scaling coefficients
differed for different isogenic lines, indicating genetic variation in the plasticity
genes that determine brain size in this species (van der Woude et al., 2013).
Recent studies show that relative brain size can be selected for in guppies
(Kotrschal et al., 2013), and that this has correlated effects on learning abilities
(Kotrschal et al., 2013; Kotrschal et al., 2015b), gut mass (Kotrschal et al., 2013),
survival (Kotrschal et al., 2015a), proactiveness (Kotrschal et al., 2014), sexual
traits (Kotrschal et al., 2015¢), and the immune system (Kotrschal et al., 20106).
The differences in relative brain size between large- and small-brained guppies

are caused by differences in the expression of only a single gene: Angiopoietin-1
(Chen et al., 2015).

Our previous research showed that phenotypic differences in absolute brain
and body size, induced by differences in scramble competition, affect neuropil
composition and memory retention abilities in an isogenic strain of N. vitripennis.
Here, we studied the consequences of genetic variation in relative brain size
using constant, low levels of scramble competition to minimize such phenotypic
effects of body size. This was done by means of a bidirectional artificial selection
regime, using the ratio between head width and body length as proxy for relative
brain size (Groothuis and Smid, 2017) in a population of N. vitripennis that was
specifically collected and maintained to preserve natural genetic variation (Van
de Zande et al., 2014). Furthermore, we studied the effects of this selection
regime on brain structure, cognition and longevity. We expected that there is
heritable variation in relative brain size under constant nutritional levels. We
expected that (A) there is a positive correlation between relative brain size and
memory performance, (B) relative neuropil volumes are affected by selection for
relative brain size, and (C) there is a negative correlation between relative brain
size and longevity.
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Materials and methods

Insects

We used female N. vitripennis Walker (Hymenoptera: Pteromalidae) of strain
HVRx, which was specifically collected and maintained to preserve natural
genetic variation (Van de Zande et al., 2014). The wasps were reared on Calliphora
vomitoria pupae (obtained as maggots from Kreikamp B.V., Hoevelaken, The
Netherlands) and kept in a climate cabinet at 201 °C with a 16:8 L:D cycle.
The generation time was ca. 3 weeks.

Selection regime

To initiate the selection lines, 200 mated female N. witripennis were sedated
with CO,. Body length and head width of these wasps were measured using a
dissection microscope with ocular micrometer. The ratio between head width
and body length was calculated and used as proxy for relative head size. The 30
wasps with the largest ratio were randomly distributed over 3 rearing vials in
groups of 10 wasps, to initiate 3 selection lines for large heads (defined as Large
 (L)). Similar procedutres were used to initiate 3 selection lines for small heads
(defined as Small (S)), using the 30 wasps with the smallest ratio.

Another set of 30 wasps were randomly selected from the starting population
and used to initiate 3 control lines (defined as Control (C)) to control for the
effect of selection on inbreeding. This resulted in three replicate lines per
selection regime: large L1, 1.2, 1.3, small S1, S2, S3 and control C1, C2, C3. Each
rearing vial contained 20 C. vomitoria pupae and a drop of honey.

In every subsequent generation, 50 mated female wasps per S and L line were
sedated and measured as described above. The 10 wasps with the largest (for
L) and smallest (for S) ratios between head width and body length were used to
initiate the next generation. For the C lines, 10 randomly chosen females were
used, without measurements. These selection procedures were repeated for 25
generations. After the 25" generation, selection was relaxed, with the exception
of generations 30, 33 and 40.

Neuropil staining and relative neuropil measurements

Per replicate line, 12 randomly selected female wasps (108 in total) from
generation 33 were sedated and their brains dissected. All incubations were
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performed with brains grouped per replicate. We dissected, fixed, stained, and
analyzed the brains as described in detail in the SI Methods. In brief, the neuropil
was stained using the nc82 antibody against the presynaptic Bruchpilot protein
(DSHB hybridoma product nc82) (Wagh et al., 2006) and the cell nuclei using
propidium iodide. Volumetric neuropil analysis was performed on the 3 best-
stained brains per replicate (9 per selection regime) by image segmentation
and subsequent three-dimensional reconstruction using FIJI (Schindelin et al.,
2012) and Amira 5.4.2 (Visage Imaging). Due to its tight connection with the
eye, the optic lobe lamina is often damaged during dissection. Therefore, it was
not included in this analysis. Relative neuropil volume was calculated as the
percentage of the total neuropil volume.

Memory retention

Olfactory memory retention of the selection lines was tested in generation
33. We used single classical olfactory conditioning trials, as described before
(Hoedjes et al., 2014b; Van der Woude and Smid, 2017a). Conditioning and
memory testing procedures are described in full in the SI Methods. In short,
groups of 60 wasps (1-2 days old) were provided with an oviposition experience
(unconditioned stimulus, US) while experiencing an odor (conditioned stimulus,
CS) during the CS+ phase. The rewarding unconditioned stimulus consisted of
40 Calliphora vomitoria pupae. The conditioned stimulus was either Royal Brand
Bourbon Vanilla extract or Natural Chocolate extract (Nielsen-Massey Vanillas
Intl., Leeuwarden, the Netherlands). This phase was followed by a CS- phase
in which the wasps experienced the second of the two odors in the absence of
hosts. The conditioning trials were performed in a reciprocal manner: one group
of every line was conditioned using vanilla as CS+ and chocolate as CS-, another
group was conditioned using chocolate as CS+ and vanilla as CS-. We conditioned
four reciprocal groups per replicate line. Memory retention was tested in a
T-maze containing vanilla and chocolate extract as described before (Hoedjes et
al., 2014b). Wasps were inserted in the T-maze in groups of approximately 15
wasps, resulting in 3 assays per conditioned group. After 5 minutes, the number
of wasps at the vanilla and chocolate sides was recorded. Memory of each
reciprocal group was tested 1, 3 and 5 days after the conditioning trials.

Longevity

Longevity was studied in generation 40. Wasps of each replicate selection line
were used either naively or after an olfactory conditioning trial (as described
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above). Each replicate line was analyzed with 2 groups of naive and 2 groups of
conditioned wasps, each group containing 30 wasps. These groups were placed
in clean rearing tubes with unlimited access to water and honey and kept in a
climate cabinet at 25 °C. The tubes were refreshed weekly. Every 2 days the
number of dead wasps was counted.

Statistical analyses

Statistical procedures are described in full in the SI Methods. Response to
selection was analyzed using a linear mixed model, with the ratio between head
width and body length as dependent variable. Similar linear mixed models
were used to test the effect of selection on body length and head width, using
respectively the natural logarithm of body length or head width as dependent
variable. Ordinary linear regression on head width and mean-centered body
length was used to study if the difference in head-body size ratio between the
selected lines can be explained by allometric brain scaling in combination with
differences in body size. Body lengths were mean-centered by subtraction of
the average body length of that generation, to reveal differences in head-body

. size ratio between selection regimes by differences in the intercept at mean body

length.

Neuropil volumes were compared with a linear mixed model. We used the
absolute total neuropil volume or relative volume per neuropil as dependent
variables, with selection regime as fixed factor and line as random factor. As
we compared multiple relative neuropil volumes, we corrected the p-values for
multiple comparisons with the Holm-Bonferroni method (7 = 11) (Holm, 1979).
Neuropils with significant effects of selection regime on relative volume were
further analyzed with y* pairwise comparisons to test for differences between
the selection regimes (43).

Memory retention was expressed as a performance index (PI), which is
calculated as: 1st group(%CS+) — 2nd group(%CS—). Values of Pls were
calculated from estimated response means obtained from generalized linear
mixed models (GLMMs) with logit link function and binomial distribution.
The dependent variable was the number of wasps that chose chocolate with the
total number of wasps making a choice as denominator. Response rates of the
memory retention tests were determined by a GLMM that used the fraction of
wasps making a choice out of the total number of wasps inserted as dependent
variable. Longevity was analyzed using a two-way ANOVA that tested for the
effect of selection regime, conditioning and the interaction between these terms
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on time till death, followed by TukeyHSD post-hoc tests. Statistical analyses
were performed in R version 3.1.0 using packages Ime4 (Bates et al., 2014), phia
(De Rosario-Martinez, 2013), Ismeans (Lenth and Hervé, 2014).
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Figure I. Relative brain size responds to bidirectional selection. Data points depict means over all
individuals of all lines in a selection regime. Magenta squares: wasps selected for relatively large brains
(L lines); blue circles: wasps selected for relatively small brains (S lines); yellow triangles: wasps of the
control treatment (C lines). Dashed vertical lines in panels A-D show the start of relaxation of the
selection regime, grey circles in panel B show generations used for additional selection. Linear mixed
model predictions were used to calculate confidence intervals. A. Relative brain size is shown as the
mean * SE of the head-body size ratio for all wasps of a certain selection regime. B. Difference in the
head-body size ratio between the L and S lines increases with each selected generation. Regression
formula: y = -0.0035x>+0.317x, R? = 0.651. C. Absolute body length (mean+SE), and D. Absolute head
width (mean%SE) both respond to selection. Note that L wasps have shorter bodies than S (panel C),
but wider heads (panel D).
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Results

Selection regime

There was a significant effect of the selection regime on the head-body size ratio
(¢, = 4496.16, p < 0.001; Figure 1A). After generation 25 (the last generation
undergoing selection), the difference between wasps of the large (L) and
small (S) lines in head-body size ratio was 6.30% (Figure 1B). In generation
33 we assessed brain morphology and memory retention (discussed below); in
this generation the difference in head-body size ratio was 6.67%. We assessed
longevity in generation 40, here the difference in ratio was 6.03%. On average,
the final differences in ratio were 6.41% in generations 26 to 40 (Figure 1B).
Generation number significantly affected head-body size ratio (y°,, = 898.47,
p < 0.001), as did the interactions between selection regime and generation
0, = 1996.18, p < 0.001). Realized heritability (/) of the ratio was 0.067 in
generation 20.

Selection regime (for small versus large head-body size ratio) had a significant
effect on body length (Figure 1C) (x*, = 322.437, p < 0.001; Figure 1C). Body

i\ ~ length was also affected by generation (x°,0 = 888.169, p < 0.001) and the

interaction between selection and generation was significant (x>, = 537.050,
2 < 0.001). Selection regime also affected head width (Figure 1D) (y*, = 202.113,
2 < 0.001; Figure 1D), as did generation (y*,, = 864.363, p < 0.001) and the
interaction between selection and generation was significant (y°, = 191.226,
» <0.001).

Figure 2 shows the relationship between head width and body length in wasps
of the three lines in generation 33. Linear regression on head width and mean-
centered body length revealed significant differences between the lines in
generation 33 in intercept (L: 749.048, C: 730.3906, S: 709.134; F ,,, = 36.460,

8501 Figure 2. Head width and body length of
individual wasps selected for relatively large
(magenta squares) and small (blue circles) head-
body ratio, and unselected control lines (yellow
triangles). Data are shown for generation 33,
which is the same generation used to study
neuropil composition and memory performance.
. Regression analysis was performed on mean-
600- - ‘ centered body lengths, which ensured that
differences in the intercept reflected differences
550 " in head-body ratio. This revealed differences
in the intercepts, but not in the slopes. Similar
results for generation 26 and 40 are shown in

2,444

800 -

~

[$)]

o
'

Head width (um)

0 16I00 18IOO 20IOO 22I00 24I00 2660 R
Body length (um) Sl Figure SI.
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£ <0.001), but notin slope (L: 0.260, C: 0.245,8: 0.244; F, | = 0.670, p = 0.512).
Similar results were found for wasps of generations 26 and 40 (see SI Figure ST1).
This shows that wasps of the L, C and S lines differ in head width independent
of the body size effects due to selection. The effect on head-body size ratio is,
therefore, not caused by allometric brain scaling resulting from the difference in
body size between the lines. Body lengths, head widths and ratios between head
width and body length for all generations are shown in SI Table S1.

A confocal slice B segmented slice (o3

anterior views
R

anterior

posterior

Figure 3. Overview of neuropils measured. Scale bars depict 100 pm in all panels. A. Selected
slices through a single N. vitripennis brain from line L3, fluorescently labeled with nc82 (green) and PI
(magenta). Bottom-right insets indicate slice depth in ym from the anterior direction. Image contrast
was increased in FlJI. B. Schematic representation of segmented neuropils in the corresponding slices
of panel A. Optic lobes (OL) consisting of lobula (LO) and medulla (ME); mushroom body (MB),
consisting of the calyx (CA), pedunculus (PED), vertical lobe (VL), and medial lobe (ML). PED, VL,
and ML were segmented as one label, the ventral mushroom body (MB-V); central complex (CX),
consisting of fan-shaped body (FB), ellipsoid body (EB), protocerebral bridge (PB), and noduli (NO);
lateral horn (LH); antennal lobe (AL) (the AL hub and glomeruli were segmented as a whole); and the
remainder of the neuropil (RoN).The lamina, visible in panel A and the volume renderings of panel C,
was not segmented. C. Anterior and posterior views of a surface model based on the segmentations
shown in panel B,accompanied by a volume rendering of the nc82 channel shown in panel A (using the
SurfaceGen and VolTex modules, respectively, of Amira). Orientation in panel C refers to the body axis
(Haverkamp and Smid, 2014). Lettering as in panel B.
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Brain morphology

In the analysis of neuropil composition, 3 out of 12 brains from each replicate line
were analyzed, resulting in datasets for 9 brains per selection regime (Figure 3).

12x10° b b

—_

10%108 - a

8x10° -

6%106 ~

4x10° -

Total neuropil volume (um?)

2x106

Control

Small

Large

Figure 4. Absolute volumes of the total neuropil.
Bars depict mean volume * SE in pm’, N = 9 for
each selection regime. Letters indicate significant
differences between selection regimes based on
post-hoc pairwise comparisons (a = 0.05).

First, we analyzed the absolute volume
of the neuropil in the selected lines.
Selection regime had a significant effect
on total neuropil volume (Figure 4;
x>, = 8.0793, p = 0.0176). Post-
hoc pairwise comparisons revealed
that neuropil volume of wasps of
the S lines was smaller (9.27X10° +
0.28x10° um®, M £ SE) than wasps
of the C lines (10.70x10° £ 0.25%X10°
um’, y* = 5.8393, p = 0.016) and the
L lines (10.75x10° £ 0.46X10° pum’,
x’, = 6.2720, p = 0.012). There was no
difference between the C and L lines
(¢, = 0.0077, p = 0.929). On average,
the total neuropil of the L lines was
16% larger than in the S lines.

We further analyzed the brains by
comparing relative volumes of 11
neuropil determined as
percentages of the total neuropil
volume (Figure 5). The only neuropil
region that showed a significant effect

regions,

of selection regime was the antennal lobe (x°, = 19.237, Holm-Bonferroni
corrected p = 0.0007). Post-hoc comparison revealed that the relative neuropil
volume was higher in the L lines (12.08 = 0.16 %, mean £ SE) compared to
the C (11.29 £ 0.08 %, x*, = 14.0360, p = 0.00018) and the S (11.27 £ 0.20
%, x*, = 14.8094, p = 0.00012) lines. There were no differences between
the control and small lines (x>, = 0.0104, p = 0.918). Relative volumes and
statistical comparisons of other neuropils are presented in SI Table S2.
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Figure 5. Relative volumes (mean + SE) of the neuropils defined in Figure 3, N = 9 for each selection
regime.Y-axes have been split to better visualize differences between selection regimes for relatively
smaller neuropils. Effects of selection regimes was first tested with a LMM, with Holm-Bonferroni
correction for multiple comparisons (m = | | neuropil regions). Letters indicate significant differences
between selection lines based on post-hoc pairwise comparisons; unmarked bars indicate no significant
effect was found for these neuropils.

Memory retention

Memory retention was analyzed in 2502 wasps of the L line, 2759 wasps of the S
line and 2883 wasps of the C line. Memory retention 1 day after conditioning was
analyzed in 12 reciprocal groups of each replicate line, resulting in 36 reciprocal
groups per selection regime. Due to mortality this number decreased over the
subsequent days, resulting in a final 23 reciprocal groups per selection regime at
3 days after conditioning, and 20 reciprocal groups at 5 days after conditioning,

Figure 6 shows memory retention (expressed as performance index, PI) levels
for the different lines. There was significant memory retention (x> = 62.238,
2 < 0.001), and this retention decreased over time (x*, = 20.349, p < 0.001).
There was an overall difference in memory retention between the different
selection regimes (y*, = 10.971, p = 0.004). Memory retention did not differ
between S and L (x*, = 0.066, p = 0.796), but both lines differ in memory
retention levels from C (L: x*, = 9.002, p = 0.003; S: y*, = 7.884, p = 0.005). The
selected lines maintained memory up to 3 days after conditioning, and the C
lines maintained memory up to 1 day after conditioning. However, there were no
significant differences in decrease of memory retention level over time between
the different lines (y*, = 2.794, p = 0.593). There was no difference in response
rate between wasps of the different lines (x>, = 1.054, p = 0.591).
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selection and control lines. Performance index
(PISE) shows difference in percentage of
preference between reciprocally trained groups.
Asterisks indicate significant memory retention
(x* pairwise comparisons of GLMM response);
* p < 0.05; ¥ p < 0.01; ¥ p < 0.001; ns, not
significant; letters indicate significant differences
between selection lines.

Wsmai WLarge [Control Figure 6. Memory retention over time for
a

Performance index (%)

Longevity
Longevity (Figure 7) was affected by selection regime (F, | -, = 50.433, » < 0.001),
experience of a conditioning trial (F, | .. = 76.400, p < 0.001) and the interaction

between selection regime and conditioning was significant (Fz’107 , = 1435,
» < 0.001). Longevity was lower in L than in S (TukeyHSD p < 0.001; SI Table
S3) and C (TukeyHSD p < 0.001). There was no difference in longevity between
S and C (TukeyHSD p = 0.924). Experience of a conditioning trial resulted in
decreased longevity compared to naive wasps in L (TukeyHSD p < 0.001) and C
(TukeyHSD p < 0.001), but not in S lines (TukeyHSD p = 0.404).

>
>

[Esmall [MLarge [[]Control B 16 J[JNaive P Conditioned

a

ab 12 ns

Time till death (days)
o N A O ™ 8 K; 3
Time till death (days)

Naive Conditioned _l Small Large | Control |

Figure 7.Survival of selection lines (mean * SE), using a starting population of 180 wasps per group (60
per replicate line), with and without experiencing a single olfactory conditioning procedure. A. Wasps
with a relatively large brain have lower longevity than wasps with relatively small brains. Longevity is
not improved by having a relatively small brain compared to the control lines. B. A single olfactory
conditioning experience affects longevity of wasps with a relatively large brain, but not of wasps with
a relatively small brain. Asterisks and letters indicate significant differences between the groups based
on Tukey HSD (see Sl Table S3); ***, p < 0.001; ns, not significant.
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Discussion

Our bidirectional selection regime on N. vitripennis wasps resulted in a robust
response in relative brain size that was not sensitive to relaxation for several
generations, with on average 6.4% difference in head-body size ratio between
wasps of the L and S lines. Total neuropil volume was 16% larger in wasps of
the L lines than in wasps of the S lines. The response to selection, expressed as
realized heritability, was lower in our study than in previous artificial selection
experiments in guppies (Kotrschal et al., 2013) (ie. 0.07 in our study and
0.48 for guppies). The regulation of relative brain size may be more complex
in N. witripennis than in guppies, where a change in the expression of a single
gene determines relative brain size (Chen et al., 2015). The slow, but substantial
selection response indicates that there is heritable genetic variation in brain size
in N. vitripennis, but that there are constraining factors that limit the response to
artificial selection. These constraints may be particularly strong due to the small
size of the wasps, which causes metabolic and cognitive trade-offs to have a
large impact on the functioning of their miniaturized brains. The high metabolic
costs of brain tissue (Aiello and Wheeler, 1995) may limit the development of
relatively larger brains, while cognitive or behavioral costs may limit the formation
of relatively smaller brains. Hence, relative brain size may be constrained by
energetic costs on the upper limit and by functional requirements on the lower
limit. Our study revealed such a cost of having large brains on longevity (Figure
7A), but no functional benefits for olfactory memory performance (Figure 06).

Deviation from Haller’s rule

Our selection regime resulted in wasps of the S lines having on average larger
body lengths than those of the L lines. Since Haller’s rule predicts that larger
wasps have relatively smaller brains, this could suggest that differences in head-
body ratio reflect allometric brain scaling due to phenotypic plasticity in body
size, such as we experimentally induced in a previous study (Groothuis and
Smid, 2017). This could occur, for instance, if our selection regime resulted in
wasps of the L lines laying more eggs in similar sized hosts than wasps of the
S lines, resulting in smaller wasps. However, a brain-body size regression would
then result in wasps of the S and L and C lines to be on the same regression
line, with wasps of the S and L lines constituting the large and small individuals
respectively. Figure 2 shows that this is not the case; the three lines differed
in intercept, with L. above C, and C above S. Moreover, wasps of the S lines,
with larger body size, had not only relatively but also absolutely smaller brains
than wasps of the L lines. Therefore, allometric brain scaling cannot explain the
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difference in head-body size ratio and brain volume between the wasps of the S
and L lines. Instead, grade shifts appear to have occurred. Such grade shifts are
elevation displacements that illustrate a difference in the level of encephalization
at similar body sizes between different groups (Striedter, 2005; Eberhard and
Weislo, 2011).

Our finding bears comparison with a recent analysis of brain scaling in 40
cichlid species (Tsuboi et al., 2016). Plotting both the inter- and intraspecific
allometric brain-body size relationships, showed that the variation in intraspecific
intercepts, rather than in the slopes, explained variation in relative brain size
across species within a family (Tsuboi et al., 2016). Thus, the variation in relative
brain size between these cichlid species was explained by overall differences in
encephalization level, and not by species-specific variation in brain-body size
scaling dynamics. Our results support this view, since our selection regime
resulted in wasps of the L lines that had an absolutely larger brain size while
having a smaller body size than wasps of the S lines. These differences in
overall level of brain encephalization indicate that there was genetic variation
in encephalization level in the starting (HVRx) population. This type of genetic
variation may undetrlie evolution of differences in relative brain size.

Brain morphology

Our neuropil analysis (Figure 5) shows that our selection regime only affected
the relative volume of the antennal lobe, which was larger in the L lines than in
the S and C lines. These results are different from our previous work on body
size effects on brain scaling and brain morphology in IN. vitripennis, where we
found differences in several neuropils, but not the AL (Groothuis and Smid,
2017). However, in that previous study we induced phenotypic plasticity in brain
and body size, using varying degrees of scramble competition in an isogenic line.
Genetic variation in brain size and phenotypic plasticity in brain size therefore
appear to have different effects on neuropil composition, which implies that
different mechanisms may be involved in regulating neuropil plasticity. Moreover,
the difference in absolute neuropil volumes was much larger in our previous
study addressing phenotypic plasticity: approximately 152% (Groothuis and
Smid, 2017) in contrast to 16% in the present study (Figure 4).

These results suggest that the antennal lobe may have a fixed relative volume
under scramble competition but a variable relative volume when genetic variation
is present, whereas the opposite is the case for the other neuropils. For example,
in both bumblebees and honeybees (which, in the same colony, have limited

120



No gains for bigger brains

genetic variation, but 2-3 fold variation in brain volume), relative AL volume does
not vary over the size range of these species (Mares et al., 2005). Such constant
scaling of AL volume was confirmed for honeybees in a later study (Gronenberg
and Couvillon, 2010). By contrast, scramble competition in an isogenic strain of
T. evanescens resulted in relatively smaller AL glomeruli in smaller brains (van der
Woude and Smid, 2016). Thus, the relation between relative neuropil volume,
body size and genetic background deserves further study.

Memory retention

Our study shows that relative brain size does not affect memory performance.
Wasps of the L. and S lines showed similar levels and duration of memory
retention. In contrast, a positive effect of larger brains on memory retention
levels was recorded in our previous study on phenotypic plasticity in absolute
brain size in N. vitripennis (Van der Woude and Smid, 2017a). Furthermore,
a study on guppies recorded higher memory retention levels in guppies that
were selected for relatively larger brains (Kotrschal et al., 2013). Though other
measures of brain size were used, thus hampering a comparison between guppies
and wasps, the 16% difference in neuropil volume between IN. vitripennis wasps
of the L and S lines in our study exceeds the 9% difference in brain weight
recorded in guppies. Hence, the similarity in olfactory memory performance of
our selected N. witripennis lines was surprising, but in line with our findings on
relative neuropil volumes, as described below.

The mushroom bodies are important structures in the insect brain that are
involved in learning and memory formation (Perry and Barron, 2012). Indeed,
our previous study on phenotypic plasticity in body size shows that wasps with
brains that are larger in absolute volume have higher memory retention levels (Van
der Woude and Smid, 2017a), and relatively larger mushroom bodies (Groothuis
and Smid, 2017). In the current study, there was no difference in relative volumes
of the mushroom bodies between the S, C and L lines (Figure 5), which is in line
with the observed similarity in olfactory memory performance between wasps
of the S and L lines. The combined results of the memory performance tests
and neuropil analyses suggest that the costs and benefits of genetic changes in
relative brain size may not be related to memory but to olfaction.

Our study also revealed a significantly higher level of memory retention abilities
in the selected (S and L) than in the unselected C lines. Memory in the unselected
C lines is, however, similar as in the original starting population HVRx (SI Figure
S2). This indicates that our bidirectional selection regime resulted in increased
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memory retention abilities, whereas memory retention abilities remained
unchanged in the C lines. Our neuropil analysis suggests that this observed
increase in both S and L lines does not have a basis in mushroom body volume,
but potentially in other aspects of brain morphology not recorded in the present
study.

Longevity

Our findings show that wasps with relatively larger brains live shorter than wasps
with relatively small brains (Figure 7A). This illustrates the constitutive, global
costs of brain tissue, in line with the theory that brain tissue is metabolically
expensive (Aiello and Wheeler, 1995; Snell-Rood et al., 2009). Our results also
show that C and L lines, but not the S lines, had lower longevity after an olfactory
conditioning experience with a host as a reward, which is known to induce long-
term, protein synthesis-dependent memory (Hoedjes et al., 2014a). (Figure 7B).
Memory formation can affect neuropil size and relative neuropil distribution.
For instance, the relative volume of the mushroom bodies was found to increase
with host-finding experience in the butterfly Pieris rapae (Snell-Rood et al.,

 2009). Such experience-dependent plasticity, in combination with the associated

changes in metabolic costs, constitute the induced costs of learning (Snell-Rood
et al., 2009). This could also underlie the learning-induced costs that were found
in Drosophila, which live shorter after forming long-term memory (Mery and
Kawecki, 2005) or when selected for improved aversion learning (Burger et al.,
2008). It should be noted that N. vitripennis wasps do not actually oviposit within
the single hour of the conditioning experience, but feed on their host after
drilling (Hoedjes et al., 2014a), and this host feeding induces egg maturation
(Whiting, 1967). Thus, the costs that underlie the decreased longevity after a
conditioning experience in the L wasps may be caused by the host encounter, the
host feeding-induced egg maturation and long-term memory formation, but not
oviposition. That a conditioning experience did affect longevity of wasps of the
L lines but not the S lines in our study, suggests stronger energetic constraints
in wasps with relatively large brains, because of reallocation of resources from
general somatic and reproductive processes towards processes involved in
operating and maintaining the larger brain.

Conclusion

Our study shows for the first time the effects of artificial bidirectional selection
on relative brain size in insects. Due to its small size, N. vitripennis experiences
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particularly strong energetic and cognitive constraints that limit the variation in
relative brain size. The variation in relative brain size is further limited by the
unique brain-body size scaling relationship of N. wvitripennis, with allometry in
large individuals and isometry in the smallest individuals, which indicates that
there is little phenotypic plasticity in relative brain size. The limited selection
response in our study indeed shows that the genetic variation in brain size is
strongly constrained in this species. We have shown that small differences in
relative brain size have large effects on longevity, indicating that strong energetic
constraints act on relative brain size. The effect of relative brain size on relative
antennal lobe volume indicates a specific adaptation in terms of olfaction. In the
ongoing investigation of the question whether and how bigger brains are better
(Chittka and Niven, 2009) we have provided a comprehensive and important
dataset from the perspective of the smallest animal species studied in this regard,
showing that bigger brains are not necessarily better, but certainly more costly.
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SUPPLEMENT

Supplementary Methods

Neuropil staining

Randomly selected female wasps were sedated on ice, after which they were
decapitated in ice-cold phosphate buffered saline (PBS, Oxoid, Dulbecco ‘A’
tablets). The brains were removed using sharpened tweezers (Dumont #5,
Sigma), placed in phosphate buffered (0.1M) 4% formaldehyde solution (pH 7.2)
and fixed for 2.5 h at room temperature. After fixation, the brains were rinsed
in PBS 6 times for 5 mins and treated with 5 mg/ml collagenase (Sigma) in PBS
for 1 h at RT. Following rinsing in PBS containing 0.5% Triton-X-100 (PBS-T)
4 times for 5 mins, brains were incubated for 1 h in blocking buffer, PBS-T
containing 10% normal goat serum (PBS-T-NGS, Dako, Glostrup, Denmark).
Incubation in primary antibody, 1:250 nc82 (mouse-anti-Bruchpilot concentrate,
© NC82-c, Developmental Studies Hybridoma Bank, University of Iowa, Iowa

‘ ~ City, IA; Cat. no. nc82, RRID:AB_528108) in PBS-T-NGS was overnight at
RT, followed by 6 times 20 mins rinsing in PBS-T and 4 h incubation at RT
in secondary antibody, 1:100 rabbit-anti-mouse (Dako) in PBS-T-NGS. After
another 6 times 20 mins rinse in PBS-T the brains were incubated overnight
at 4 °C in tertiary antibody, 1:200 Alexa Fluor® 488-conjugated goat-anti-
rabbit (Invitrogen) and 1:250 propidium iodide (Sigma-Aldrich) in PBS-T-NGS.
Subsequent steps were performed in the dark as much as possible. Brains were
dehydrated through a series of increasing EtOH dilutions (30%, 50%, 70%,
80%, 90%, 96%, 2X100%), degreased via a 50/50 EtOH /xylene step, and kept
in xylene until mounting. Brains were mounted in DPX (Sigma) between a glass
microscope slide, fitted with two stacked strips of double-sided adhesive tape
(Henzo, Roermond, The Netherland) as spacer, and a 18 mm x 18 mm #1 cover

slip.

Whole mount Z-stacks were acquired using a Zeiss LSM 510 confocal microscope
equipped with a Plan-Neofluar 25X /0.8 oil immersion objective. Alexa Fluor®
488 and PI were excited using the Ar-488 nm line and captured with 505-550
nm BP and 560 nm LP filters, respectively. Images were obtained at 512x512
px with a 0.7X digital zoom and a step size of 2 pum, resulting in a final voxel
calibration of 1.018X1.018X2 um. As the refractive indices of immersion and
mounting medium match, no z-correction was required. Depending on the
size and orientation of a scanned brain, 1 to 3 stacks were acquired and later
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combined with the Stitching plugin (Preibisch et al., 2009) in FIJI (Schindelin
et al., 2012). Due to the fragile nature of Nasonia brains (Haverkamp and Smid,
2014), we inspected the obtained stacks for integrity of all neuropils and selected
3 out of 12 brains of every line for analysis (resulting in 9 brains per treatment,
and 27 brains for the entire experiment).

Neuropil segmentation was performed in Amira 5.4.2 (Visage Imaging). The nc82
channel was used to assign 11 unique labels to the neuropil in the Segmentation
Editor, see Figure 3 in the main text. Each neuropil was manually labeled each
1-3 slices, after which the Interpolate option was used. Manual correction was
performed to ensure correct labeling of each slice. Neuropil volumes were
calculated by the MaterialStatistics module and saved as .csv file for collection
and calculation of relative volume in an MS Excel spreadsheet. In one case, a
brain turned out to have previously unnoticed damage to one of the calyces. For
this brain, the duplicated volume of the undamaged calyx was used to calculate
the total calyx volume. Relative neuropil volume was calculated as the percentage
of the total neuropil volume.

Memory retention

Olfactory memory retention of the selection lines was tested in generation
33. We used single classical olfactory conditioning trials, as described before
(Hoedjes and Smid, 2014; Van der Woude and Smid, 2017a). The wasps were
1 - 2 days old and kept on water and honey until use in the conditioning trials.
Groups of approximately 60 wasps were distributed over a Petri dish (8.5 cm
diameter). Here, the wasps obtained an oviposition experience (unconditioned
stimulus, US) while experiencing an odor (conditioned stimulus, CS): the CS+
phase. The rewarding unconditioned stimulus consisted of 40 C. vomitoria pupae.
The conditioned stimulus was 5 ul of either Royal Brand Bourbon Vanilla extract
or Natural Chocolate extract (Nielsen-Massey Vanillas Intl., Leecuwarden, the
Netherlands), pipetted on small squares of filter paper. The wasps were allowed
to drill and oviposit inside the pupae for 1 hour, while experiencing the odor
of the CS+. Wasps that were not drilling in the pupae were removed after 15
minutes. After 1 hour, the wasps were removed from the pupae with an aspirator
and placed in a clean petri dish for a neutral resting phase of 15 minutes. Next,
the wasps experienced 5 ul of the second of the two odors in absence of hosts:
the CS- phase. This phase lasted for another 15 minutes. After this phase, the
wasps were collected in clean vials and stored with water and honey until use in
the memory retention tests.
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The conditioning trials were performed in a reciprocal manner: one group of
every line was conditioned using vanilla as CS+ and chocolate as CS-, another
group was conditioned using chocolate as CS+ and vanilla as CS-. Four groups
per replicate line were conditioned on chocolate and four groups per replicate
line were conditioned on vanilla.

Memory retention was tested in the T-maze as described before (Hoedjes et
al., 2014b). One side of the T-maze contained a glass capillary (ID 1.3 mm,
Stuart SMP1/4, Bibby Scientific, Staffordshire, UK) filled with vanilla extract,
and the other side contained chocolate extract. Charcoal filtered, moisturized air
(60-70% relative humidity) flowed past the odor capillaries at 100 ml/min per
side. Wasps were inserted in the T-maze in groups of approximately 15 wasps,
resulting in 3 measurements per conditioned group. Memory of each wasp was
tested 1, 3 and 5 days after the conditioning trials. After 5 minutes the number
of wasps on the vanilla and chocolate side was recorded.

Statistical analyses

Response to selection was analyzed using a linear mixed model with the ratio
' between head width and body length as dependent variable. Selection regime
(L or §), generation and the interaction between these two were used as fixed
factors. Replicate number was used as a random factor. Deviance of model
terms was analyzed using type I Wald ¥ tests. Similar linear mixed models were
used to test the selection’s effect on body length and head width, using body
length or head width as dependent variable respectively.

Otrdinary linear regression on head width and body length was used to study if the
difference in head-body size ratio between the selected lines within a generation
is a side-effect of the brain scaling mechanism described by Hallet’s rule. Head
width was used as dependent variable, and body length and selection regime (L,
C or §) as fixed factors. Body lengths were mean-centered by subtraction of the
average body length of all wasps in that generation. This ensured that differences
in the intercept reflect differences in head-body ratio between the selected lines,
as head width is compared at mean-centered body length (Egset et al., 2011;
Tsuboi et al., 2016). If there are still differences in head-body ratio at mean-
centered body length, these are not caused by allometric brain scaling resulting
from the difference in body size between the lines. ANOVA comparisons were
used to test for differences in slope and intercept between the lines. We used this
method to analyze wasps separately for generation 26, 33 and 40.
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We calculated realized heritability after 25 generations of selection. We used the
ratio between the cumulative selection response and the cumulative selection
differential, following the method for divergent selection described by Walsh &
Lynch (Walsh and Lynch, 2009). The cumulative selection response was defined
as the difference in mean head-body ratio between L and S in generation 26.
The cumulative selection differential was defined as the cumulative difference in
selection differentials (mean head-body ratio of the selected group subtracted
from the mean of that whole population) between L and S of 25 generations.
The value for realized heritability was duplicated to correct for selection on
only females, instead of on both parents. Differences in neuropil volumes were
analyzed in generation 33.

Neuropil volumes were compared with a linear mixed model. We used the
absolute total neuropil volume or relative volume per neuropil as dependent
variables, with selection regime as fixed factor and line as random factor. As
we compared multiple relative neuropil volumes, we corrected the p-values
for multiple comparisons with the Holm-Bonferroni method (» = 77) (Holm,
1979) in MS Excel. Neuropils with significant effects of selection regime on
relative volume were further analyzed with y2 pairwise comparisons to test for
significant differences between the selection regimes.

Differences in memory retention abilities were analyzed in generation 33.
Memory retention was expressed as a performance index (PI): the difference in
preference between reciprocally trained groups. This Plis calculated by subtracting
the fraction of wasps that chose the odor of their CS- from the fraction of
wasps in the reciprocal group, which chose that same odor but received it as
their CS+. Values of PlIs were calculated from estimated response means that
were obtained from generalized linear mixed models (GLMMs) with logit link
function and binomial distribution. The dependent variable was the number of
wasps that chose chocolate with the total number of wasps making a choice as
denominator. Fixed effects included the odor of CS+, time after conditioning,
selection line and the interactions between these effects. Random effects were
included to correct for date of conditioning, selection line repeat and reciprocal
conditioning pair. Presence of memory was tested with 2 pairwise comparisons,
which test for the effect of CS+ on the preference for the conditioned stimuli.
Similar tests were used to analyze differences in memory retention between the
different lines. Response rates of the memory retention tests were determined
by a GLMM that used the fraction of wasps making a choice out of the total
number of wasps inserted as dependent variable, and selection regime and time
after conditioning as fixed factors. Differences in response rate between the lines
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and times were determined with y* pairwise comparisons.

Longevity was analyzed in generation 40. We used a two-way ANOVA that tested
for the effect of selection regime, conditioning and the interaction between
these terms using time till death as dependent variable. This was followed by
TukeyHSD post-hoc tests to analyze differences in longevity between selected
lines and to test for an effect of conditioning on longevity within selected lines.

Statistical analyses were performed in R version 3.1.0 in combination with
packages Ime4 (Bates et al., 2014), phia (De Rosario-Martinez, 2013), Ismeans
(Lenth and Hervé, 2014).
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Supplementary Results

Response to selection

Table S1. Measured head and body size parameters for wasps of selected lines.Average body length in
pum (SE), head width in pm (£SE) and ratio between head width and body length (+SE) per generation
in the selected lines. Final column shows the difference in average head-body ratio between the L and
S lines (L-S) in percentages. N = 150 for each cell except generation 0, in which N = 300.

Body length Head width Head - body ratio

Gen. [Small Large Control Small Large Control Small Large Control gggrigc?% )
0 |1967 + 10.2 1967 + 10.2 668 + 3.3 668 + 3.3 0.3403 + 0.0011 0.3403 + 0.0011
1 (2426 £7.5 2350 + 11.0 773 £2.1 776 £3.1 0.3186 + 0.0005 0.3306 + 0.0008 3.75
2 |2240 + 10.1 2297 £ 12.2 740 £ 2.6 738 £ 3.4 0.3307 + 0.0010 0.3215 + 0.0007 -2.78
3 2230 + 10.2 2280 + 10.1 734 £ 3.5 756 £ 2.9 0.3295 + 0.0007 0.3317 + 0.0008 0.68
4 (2315+9.6 2323 +9.8 746 £ 2.7 748 £ 2.7 0.3225 + 0.0006 0.3221 + 0.0007 -0.14
5 12271 £ 10.9 2245 £ 10.3 725 +£3.2 732+ 3.0 0.3194 + 0.0006 0.3262 + 0.0006 2.15
6 2299 + 14.6 2298 £ 12.3 734 £ 4.7 749 £ 3.6 0.3195 + 0.0007 0.3262 + 0.0010 2.1
7 12272 £11.3 2317 £ 11.1 726 £ 3.3 746 £ 3.2 0.3196 + 0.0007 0.3223 + 0.0009 0.84
8 2239 + 12.6 2256 + 10.7 729 £3.6 735+ 3.2 0.3259 + 0.0007 0.3260 + 0.0009 0.04
9 (2208 +£7.8 2230 +8.8 719 £ 2.4 727 £2.7 0.3257 + 0.0007 0.3262 + 0.0008 0.16
10 |2341 £8.4 2234+ 13.6 741+ 2.4 731 +£3.9 0.3166 + 0.0007 0.3276 + 0.0007 3.47
11 {2281 £9.0 2293 + 10.0 725+ 2.5 750 £ 2.7 0.3180 + 0.0006 0.3276 + 0.0006 2.99
12 2313 +£12.9 2293 + 12.0 724 £3.3 752 £ 3.4 0.3134 + 0.0007 0.3284 + 0.0006 4.79
13 |2284 + 11.8 2321 £9.2 725 +£3.3 752+ 2.4 0.3177 + 0.0007 0.3242 + 0.0011 2.06
14 {2398 £ 6.9 2281 + 10.8 751 +£2.0 748 £ 2.9 0.3132 + 0.0007 0.3282 + 0.0006 4.78
15 |2388 + 7.7 2385+ 8.4 747 £ 1.8 764 £ 2.1 0.3131 + 0.0007 0.3209 + 0.0009 2.47
16 |2378 + 10.1 2258 + 10.6 737 £2.6 746 £ 3.0 0.3104 + 0.0008 0.3307 + 0.0006 6.54
17 |2293 + 11.4 2264 £ 9.2 727 £3.4 740 £ 2.9 0.3169 + 0.0007 0.3268 + 0.0006 3.12
18 |2345 + 10.9 2237 £9.7 736 £2.9 747 £2.9 0.3143 + 0.0007 0.3340 + 0.0008 6.26
19 2299 + 10.2 2226 + 14.5 721 +£2.6 731 +4.2 0.3140 + 0.0006 0.3286 + 0.0006 4.65
20 |2367 £8.7 2253 £10.3 737 £2.4 749+ 2.6 0.3115 + 0.0006 0.3324 + 0.0009 6.74
21 2279 £9.5 2289 + 104 719 £2.5 742 £ 2.9 0.3153 + 0.0007 0.3244 + 0.0007 2.88
22 2312 £8.6 2267 £9.9 724 +£2.5 755+ 2.9 0.3133 + 0.0005 0.3334 + 0.0006 6.42
23 |2331 +£10.8 2194 + 14.3 727 £2.9 724+43 0.3122 + 0.0007 0.3301 + 0.0006 5.75
24 12320 £ 11.0 2240 + 14.9 722 £3.1 738+ 4.6 0.3115 + 0.0007 0.3298 + 0.0008 5.9
25 |2383 £8.2 2236 +12.5 2347 £9.1 (743 +2.6 732 +3.8 753 +2.6 |0.3118 + 0.0006 0.3278 + 0.0009 0.3208 + 0.0006 5.14
26 |2341 +£10.2 2252 + 10.6 2266 = 13.3 728 £2.9 745+ 3.1 725+ 4.1 |0.3114 + 0.0007 0.3310 + 0.0006 0.3202 + 0.0008 6.3
27 |2341 £12.0 2286 + 10.4 2384+ 9.7 (733 +£3.3 751 +3.2 763 + 3.0 (0.3134 £ 0.0007 0.3286 + 0.0006 0.3199 + 0.0006 4.86
28 2329 £9.2 2220 £ 12.6 2218 £ 11.2 (718 £ 2.4 733 £4.0 719 £ 3.2 |0.3085 + 0.0006 0.3302 + 0.0006 0.3245 + 0.0006 7.02
30 |2289 + 12.7 2108 + 16.2 2237 +11.6 [709 £ 3.4 702 + 4.8 718 + 3.5 |0.3100 + 0.0007 0.3334 + 0.0008 0.3209 + 0.0006 7.55
33 |2293 £8.3 2200 + 11.7 2251 £10.3 (720 £ 2.5 737 £ 3.3 731 £ 2.9 |0.3142 + 0.0007 0.3352 + 0.0007 0.3251 + 0.0007 6.67
40 (2244 £13.1 2172 £ 13.8 2238 £ 10.0 713 £ 4.0 732 £4.3 739 £+ 3.1 |0.3180 £ 0.0009 0.3371 + 0.0008 0.3305 £ 0.0009 6.03

131



Chapter 5

Deviation from Haller’s rule

Statistical analysis was performed on mean-centered body lengths (subtraction of
mean body length of whole generation), whereas Figure S1 shows uncorrected
body lengths and head widths. Using mean-centered body lengths for analysis
ensured that differences in head-body ratio between the selected lines are
reflected by differences in the intercept.

Regression with mean-centered body length in generation 26: significant
differences in intercept (F, ,,, = 48.523, » < 0.001), but not in slope (F, ,,, = 2.844,
» = 0.059). R* = 0.805.

2,444 2,444

Large: HW = 0.273 X sBL + 757.123
Small: HW = 0.238 X sBL + 717.817
Control: HW = 0.273 X sBL + 733.394

Regression with mean-centered body length in generation 33: significant
differences in intercept (F, ,,, = 36.466, p < 0.001), but not in slope (F,,,, = 0.670,
p=0.512). R* = 0.784.

2,444

Large: HW = 0.260 X sBL + 749.048
Small: HW = 0.244 X sBL + 709.134
Control: HW = 0.245 X sBL + 730.396

Regression with mean-centered body length in generation 40: significant

differences in intercept (F, ,,, = 60.432, p < 0.001), but notin slope (F, ,,, = 2.042,
»=0.131). R* = 0.809.
Large: HW =0.292 X sBL + 745.181
Small: HW = 0.271 X sBL + 705.932
Control: HW = 0.258 X sBL + 734.108
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Figure S|.Head width and body length of wasps selected for relatively large (magenta squares) and

small (blue circles) head-body ratio, and unselected control lines (yellow triangles). Measurements are

shown for generation 26 (A) and generation 40 (B). Regression analysis was performed on mean-

centered body lengths, because differences in head-body ratio can then be revealed by differences in

the intercepts.
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Brain morphology data

Table S2. Relative and absolute volumetric data on several neuropil regions in Small (S), Large (L), and
Control (C) lines of selected Nasonia vitripennis wasps. Descriptives for all measurements are reported
with N = 9 per selection regime.

Line Relative volume 1 Absolute volume 2
Statistics Mean (%) = SE Statistics Mean (um3) = SE
S 100 a 9.27x106 + 2.80x10°
T . X2, = 8.0793 . .
otal neuropil L N.S. 100 pZ: 0.0176 b 1.07x107 £ 4.60x10
C 100 b 1.07x107 + 2.46x10°
S 8.55 £0.231 7.97x10° + 4.35x10*
Lobula L N.S. 8.79 % 0.285 9.47x10° % 5.41x10¢
(Optic Lobe)
C 8.59 £0.214 9.23x10° + 4.27x10*
S 18.37 £ 0.411 1.71x106 + 8.57x10*
Medulla L N.S. 18.68 £ 0.263 2.01x10° + 9.49x10°
(Optic Lobe)
C 18.5 £ 0.346 1.99%10° + 8.29%10*
S a 11.27 £ 0.205 1.04x10°6 + 2.18x10*
2 =
Antennal Lobe L | X o dor 12.08 +0.161 1.30x10° £ 6.49x10*
C a 11.29 £ 0.082 1.21x106 + 2.48%10*
S 2.53 £0.092 2.35x10° + 1.17x10*
Lateral Horn L N.S. 2.66 £ 0.067 2.86x10° = 1.50x10*
C 2.76 £0.128 2.94x10° + 1.44x10*
S 4.9 +£0.105 4.53x10° + 1.35x10*
Calyx 5 4
(Mushroom Body) L N.S. 4.78 £0.121 5.12x10° £+ 2.10x10
C 5.04 £0.118 5.37x10°+ 1.12x104
S 7.13+£0.18 6.59x10° £ 2.12x10*
Lobes & Pedunculus | | N.S. 6.98 +0.231 7.49%105 & 3.64x 10°
(Mushroom Body)
C 7.45 %+ 0.212 7.95%10° + 1.97x10*
S 1.02 £ 0.043 9.35x10* + 3.06x103
Fan-shaped Body L N.S. 0.92 +0.031 9.94x10° £ 6.60x10°
(Central Complex)
C 0.99 + 0.054 1.06x10° + 4,.70%x10°
o S 0.16 £0.01 1.48x10* + 7.78x10?
Ellipsoid Body L N.S. 0.15 +0.011 1.67x10 + 1.57x10°
(Central Complex)
C 0.16 £ 0.009 1.70x10* + 7.46x10?
) S 0.09 £ 0.005 7.86x10° + 4.34x10?
Noduli L N.S. 0.08 + 0.005 8.67x10° £ 6.33x102
(Central Complex)
C 0.08 £ 0.006 8.37x10° + 5.61x10?
) S 0.24 £ 0.017 2.27x10% + 1.87x10°
Protocerebral Bridge | | N.S. 0.23 +0.013 2.48x10° + 1.74x10°
(Central Complex)
C 0.26 £ 0.021 2.77x10% £ 2.15x10°
S 45.73 £ 0.376 4,23x106 + 1.08x10°
Rest of neuropil L N.S. 44.65 + 0.446 4.79x10° + 1.97x10°
C 44.87 £ 0.319 4.80x10¢ + 9.06x10*
') Relative neuropil volumes were analyzed with linear mixed model in R, followed by Holm-
Bonferroni correction for multiple comparisons m = [l (LOMEAL,LH,MB-V,CA,FB,EB,NO,PB,RoN).

A post-hoc comparison (using the phia package) showed that the L line was different from S & C,
with no difference between those. S—L p = 0.00012, C—L p = 0.000179,S—C N.S.p = 0.9188.

2) Absolute neuropil volumes were only statistically analyzed for the total neuropil volume. Selection regime had a
significant effect on total neuropil volume, y?, = 8.0793, p = 0.0176. Post-hoc pairwise comparisons revealed that S
was different from L&C, with no difference between those.S—C p = 0.016,S—L p = 0.012, C~L N.S.p = 0.929.
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Memory retention levels

One day after conditioning, wasps from the S lines showed a mean PI (£ SE)
of 18.37 £ 5.39%, L. of 18.36 £ 5.01% and C of 7.62 = 5.51%. This memory
retention was significant in all lines (S: y* = 28.878, p < 0.001; L: y* = 34.082,
p < 0.001; C: ¢* = 5.096, p = 0.024). There was a significant difference in
the level of memory retention between the selected and C lines 1 day after
conditioning (S vs. C: y*, = 5.26, p = 0.022; L vs. C: % = 7.84, p = 0.005), but not
between the S and L lines (y*, = 0.33, p = 0.567). Three days after conditioning,
wasps from the S lines showed a PI of 12.73 * 6.17%, L of 9.14 * 6.03%
and C of 5.14 + 6.22%. This memory retention was significant in the S and
L lines (S: x*, = 13.935, p < 0.001; L: y*, = 7.429, p = 0.006), but not in C
(¢, = 2.363, p = 0.124). There were no significant differences in the level of
memory retention between the lines 3 days after conditioning (S vs. C: *, = 2.57,
p=0.109; Lvs. C: ¢*, = 0.82, p = 0.365; S vs. L: *, = 0.46, p = 0.498). Five days
after conditioning, S showed a PI of 4.10 * 6.52%, L of 6.23 * 6.40% and C
of -1.09 £ 6.52%. None of this was significant memory retention (S: x> = 1.20,
p=0.273; L y*, = 2783, p = 0.095; C: >, = 0.084, p = 0.772), and there were
no differences in memory retention levels between the lines (S vs. C: x*, = 0.95,

 p=0329; Lovs. C: o2, = 1.96, p = 0.161; S vs. Li 42, = 021, p = 0.649),

Response rate was defined as the percentage of wasps that made a choice,
out of the total amount of wasps that were inserted into the T-maze. There
was no difference in response rate between wasps of the different lines
(¢, = 1.054, p = 0.591). Time after conditioning did affect response rate
(0, = 33.296, p < 0.001), with higher response rates longer after conditioning
(day 1 —3:%* = 11.363, p < 0.001; day 3 — 5: y*, = 5.742, p = 0.017; day 1 — 5:
x>, = 31.834, p < 0.001). The average response rate (£SE) was 72.53 + 0.24 %
on day 1, 77.79 £ 0.19 % on day 3 and 81.21 * 0.27 % on day 5. There was no
significant effect of the interaction between the lines and time after conditioning
0, = 1.302, p = 0.861) on response rate.

Memory comparison with HVRx and AsymCx strains

We performed additional controls to compare memory performance of our
selection and control lines to memory performance of the HVRx starting
population and the AsymCx strain that we used in our previous study (Van der
Woude and Smid, 2017a). We therefore analyzed memory retention of 2470
HVRx and 2179 AsymCx wasps following the same methodology as for our
selection and control lines (Figure S2). There was significant memory retention
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(GLMM: conditioning x* = 157.37, p < 0.001), and this retention decreased
over time (GLMM: conditioning*time y°, = 32.59, p < 0.001). There was an
overall difference in memory retention between the different lines (GLMM:
conditioning*line x°, = 67.64, p < 0.001). Memory retention did not differ
between S and LL (*, = 0.090, p = 0.767), nor between C and HVRx. (y*, = 0.840,
p = 0.359). All other pairwise comparisons did yield significant differences
(AsymCx — L: x*, = 18.46, p < 0.001; AsymCx — C: y* = 61.04, p < 0.001;
AsymCx — S: y*, = 44.81, p < 0.001; AsymCx — HVRx: *, = 22.23, p < 0.001;
L—C:y* =11.88,p<0.001; L-HVRx: *, =5.97,p = 0.015; C—S: >, = 10.64,
» =0.001; HVRx — S: %%, = 4.95, p = 0.026). Memory was maintained up to 3
days after conditioning in HVRx, and up to 5 days in AsymCx.
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Figure S2. Memory retention over time for selection and control lines, and additional controls
with the HVRx starting population and isogenic AsymCx line. Performance index (mean * SE) shows
difference in percentage of preference between reciprocally trained groups.

Longevity

Within the wasps that received a conditioning trial, mean longevity (£ SE) was
10.11 + 0.38 days in S, 6.28 £ 0.13 days in L and 9.17 + 0.37 days in C. Within
naive wasps, mean longevity was 10.98 * 0.32 days in S, 9.32 * 0.22 days in L
and 12.17 * 0.42 days in C.
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Table S3. All TukeyHSD comparisons of longevity in naive and conditioned wasps of the three lines.
These values were used for Figure 7A.

Naive Conditioned

Small Large Control Small Large Control

Small
Naive Large |p=0.004 - - - - -
Control |p=0.097 p<0.001 - - - -
Small |p=0.404 p=0.513 p<0.001 |- - -
Conditioned large |p<0.001 p<0.001 p<0.001 |p<0.001 - -
Control |p=10.001 p=0.999 p<0.001 |p=0.304 p<0.001
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Chapter 6

Introduction

Isometric brain scaling was first observed in the tiny egg parasitoid Trichogramma
evanescens (van der Woude et al., 2013). The brain of this parasitic wasp has the
same relative size over a body size range varying seven-fold. As Haller’s rule
(Rensch, 1948) predicts allometric scaling (relatively larger brains at smaller body
sizes), this novel finding raised many new questions:

Is isometric brain scaling unique for 1. evanescens, unique to the Hymenoptera,
or perhaps linked to the small body size of this species? What is the role of
brain scaling in miniaturization of body size, and does this give clues towards
the evolution of miniaturization? Are there specific adaptations or sacrifices in
isometrically scaled brains?

The parasitoid Nasonia vitripennis is slightly larger than 1. evanescens, but varies
even more in body size, attaining over ten-fold variation in body weight (40-438
pg). Due to this variation, as well as its status as a hymenopteran model species,
this parasitoid is well suited to address some of these questions. In this thesis I
therefore focused on the neurobiology of N. vitripennis to address the following
research topics:

* How does the brain of . vitripennis scale over its large body size range,
and does this influence the modular layout of its neuropils?

* Are there adaptations to the dopaminergic cells in brains of different
sizes, and does this relate to cognition?

* Is relative brain size a trait that can be selected for, and what are the
effects of such a selection?

As there were no descriptions of the N. vitripennis nervous system available, 1
first needed to address the following question:

* What is the general morphology of the N. vitripennis brain, and how does
it compare to the brain of other insects?

In Chapter 2, which serves as a basis for answering my other research
questions, I showed that the brain of N. witripennis shares many similarities
with other Hymenoptera. A comparison with other insect brains revealed
several interesting insights into the interaction between animal ecology
and neurobiology, which I will discuss in context of brain scaling below.
In addition to addressing the main research question of this chapter, I was able
to use the data obtained here to develop the Jewel Wasp Standard Brain (JWSB).
The JWSB is a reference brain based on the iterative shape averaging of 10
individual female IN. vitripennis wasps which can be used for the consolidation and
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visualization of multidisciplinary data. I will discuss several promising uses of
the JWSB in further detail below. This tool will greatly benefit future studies of
Nasonia neurobiology and will be available for use at the Insect Brain Database
(insectbraindb.org) and integrated in WaspAtlas (Davies and Tauber, 2015).

Having established a neurobiological foundation, I used the large variation in body
size of IN. vitripennis to address the intraspecific brain scaling of this parasitoid
and compare it with that of T. evanescens (van der Woude et al., 2013) and of
the ant A#a colombica (Seid et al., 2011), which also has a large body size range.
In Chapter 3, I used a combination of bleaching and confocal laser scanning
microscopy (a novel technique) to measure head capsule volume, a proxy for
brain size, through which I obtained the surprising result that IN. vitripennis shows
diphasic scaling, i.e. two scaling modes. Though larger wasps showed allometric
scaling (following Haller’s rule), smaller wasps scaled their brains isometrically,
like T. evanescens. This finding answers the question whether isometric brain
scaling is unique in 1. evanescens, and implies that intraspecific isometry might be
a function of body size due to restricted energy availability, as was hypothesized
by Van der Woude et al. (2013).

Combining volumetric data from Chapter 2 with new measurements of the
smallest IN. vztripennis brains, I then addressed the questions of whether such
extreme variation in brain and body size is accompanied by specific adaptations
in the modular layout of the brain neuropils (Chapter 3) and the dopaminergic
neurotransmitter system (Chapter 4). In both these cases I found large differences
between N. vitripennis of different sizes, which provides novel insights into the
link between the brain and behavioral ecology, especially considering the effect
of size on the learning ability of these wasps (Van der Woude and Smid, 2017a).
I will discuss the specific findings in the context of other insect species in a
section below.

As the memory dynamics of Nasonia giraunlti, a closely-related species, differ from
N. vitripennis as well, I also compared the dopaminergic clusters of N. vitripennis
with those of N. giraulti in Chapter 4. In contrast to a previous study that found
no differences in the octopaminergic system (Haverkamp and Smid, 2014), I did
find species-specific differences for dopaminergic clusters. Like in differently-
sized IN. witripennis, these findings may be associated with behavioral differences
between these two species.

Lastly, I sought to find out if relative brain size is a selectable trait in N. vitripennis.
My results in Chapter 5, obtained using a genetically diverse strain, show that
it is indeed possible to select for both small-brained and large-brained wasps.
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As selective pressures can indeed shape the relative brain size, this may give
clues towards how animals with different relative brain sizes, and perhaps
miniaturization in general, evolve.

Below, I will discuss the results I obtained in relation to my research questions
(and new questions brought up by them) in a larger context. My focus will be on
three main topics:

* The relationship between ‘relative brain size’ and ‘brain scaling’.

* Brain scaling in extreme size ranges, and what this says about the link
between brain and behavior in general.

¢ What the finding of isometric scaling in both T. evanescens and
N. vitripennis means for Haller’s rule.

Finally, I discuss how the Jewel Wasp Standard Brain that I developed opens
several promising new avenues for neurobiological research in Nasonia parasitoids.

Relative brain size versus brain scaling

Although the terms ‘relative brain size’ and ‘brain scaling’ seem redundant (does
one not follow from the other?), let us explore it in further detail. With ‘re/ative
brain size’ 1 mean the relative size of the brain to the body, or the average for a
group (or strain, or species) of animals. With ‘brain scaling 1 refer to (relative or
absolute) brain size as a function of body size, which relates to developmental
plasticity. So, ‘relative brain size’ is a data point, or an average of data points;
whereas ‘brain scaling’ is the relation between such points, which can be described
by the coefficients in the power law of scaling:

[Brain size] = a X [Body size]”
or
Log([Brain size]) = Log(a) + b X Log([Body size])

A difference in relative brain size may follow from actual changes in brain
scaling, but may just as well stem from a simple difference in body size range.
Take, for example, a comparison between two members from a fictional species
that, like most species, follows Haller’s rule. With an increase in body size range,
the larger individual will have a smaller relative brain. Both follow the same brain
scaling rule, with different relative brain sizes as a result. If we would compare
individuals from different species, we do not know if a difference in relative
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brain size is because both follow the same rules, ot if this is not the case, to what
extent these are divergent.

Note that even in the first example its conclusion could only be drawn if
enough data is available on that fictional species to &now its brain scaling rules.
Although it has only been shown in one species of ants (Seid et al., 2011) and
in N. vitripennis (Chapter 3), brain scaling rules may vary even within a species:
scaling in multiple phases.

If one was to ask how ‘relative brain size’ and/or ‘brain scaling’ evolve, we now
see that, to answer this question using interspecific comparisons, we need more
data than just an average relative brain size per species. Although informative,
we cannot draw conclusions about relative brain size (let alone brain scaling)
in different species when data points are represented by a very few specimens,
as was done in recent comparisons within the Hymenoptera (Seid et al., 2011;
Polilov, 2015; Polilov, 2016). While some species show little variation in body size,
other species may have a large body size range. Using low numbers or averages
of relative brain size effectively ignores the intricacies that may be present within
a single species, such as the aforementioned diphasic scaling,

Using artificial selection in an outbred N. vitripennis population, I tried to answer
part of this question in Chapter 5. Here I showed that it is possible to select
for relative brain size, which suggests that it is possible for this trait to evolve.
The selection regime affected both the average brain size and body size over
25 generations, but I needed to look at individuals within a generation to know
its actual effect on brain scaling. At first glance, the results indicate that the
observed differences in relative brain size are due to a grade shift, a similar scaling
relationship (slope) but at a different offset. How, and, if the full potential for
brain scaling over the entire size range (as seen in Chapter 3) is affected in the
resulting lines will be an exciting follow-up opportunity.

As brain tissue has been thought to be energetically costly (Aiello and Wheeler,
1995), does this imply that brain size is a limiting force in the developmental
plasticity of the IN. witripennis brain? Are these selection lines more, or less,
limited in their body size range? Lines with relatively large brains, for example,
would have costlier brains and may therefore not be able to develop into very
small-sized adults as I observed in Chapter 3. Large-brained lines may thus have
a smaller size range. One alternative could be that the diphasic brain scaling of
N. vitripennis allows large-brained lines to change their scaling coefficient to an
extent that would negate their relatively larger brains at a smaller body size—and
the costs associated with these—allowing these lines to use the entire size range
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that I observed for N. vitripennis previously. Another alternative is that the switch
between isometric and allometric scaling is shifted to another breaking point in
the selection lines, which may also affect their body size range.

Are large- or small-brained lines further affected at body sizes smaller than those
studied in Chapter 5? Would the effects on longevity that I observed similar, or
perhaps enhanced in small-sized large-brained wasps? Small N. vitripennis have
shorter longevity in general (unpublished observations), so I expect that the
increased costs for large-brained wasps would result in an even shorter longevity.

A parallel study to Chapter 3 revealed a decrease in memory retention in
N. vitripennis of smaller body size (Van der Woude and Smid, 2017a). Although
I saw no apparent gains for being large-brained, could these lines benefit from
their larger brain by enhanced cognitive abilities at smaller body sizes? The
smallest IN. vitripennis studied in Chapter 3 showed significant changes in the
modular makeup of their brain; for wasps from the large-brained selection lines,
these modular changes may be less severe.

Although these questions were out of the scope of my original chapter, they might
prove interesting entry points for follow-up studies. The (as of yet unpublished)
development of an isofemale line panel from the outbred HVRx line (Van
de Zande et al., 2014), in particular, may provide an excellent opportunity to
zoom in on the genetic basis of brain scaling in insects. A similar approach in

- Drosaophila, using the Drosophila Genetics Reference Panel, yielded interesting

results about the genes involved with mushroom body development (Zwarts
et al., 2015). Moreover, it may also provide clues to a genetic basis for the large
potential variation in body size in Nasonia and the effect of this variation on the
extreme adaptation in brain mosaicism.

Extreme brain adaptation and its relation with neuroethology

In this thesis I have discussed the link between the relative volume of specific
neuropils and behavior several times. Some striking examples are the link
between optic lobe volume (and optic/antennal lobe ratio) in ants in relation
to their visual ecology (Gronenberg and Holldobler, 1999), and differences in
cue preferences for moths that differ in the volumes of their optic and antennal
lobes (Stockl et al., 2010).

Within species, differences in neuropil volumes are often studied (a) in relation
to caste or caste-related behavioral differences, such as between worker and
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queen paper wasps (O'Donnell et al., 2014), or minor and major workers in
ants (Muscedere and Traniello, 2012); or (b) as a function of plasticity during
adult life, such as the decline in optic lobe volume in ant queens after mating
(presumable due to a lower need for visual cues) (Julian and Gronenberg, 2002),
or changes in mushroom body volume as a result of sociality (Seid and Junge,
20106) or colony growth and task specialization (Amador-Vargas et al., 2015).

Of particular interest is the finding that variation in relative neuropil volume
within a species can predict behavior (Snell-Rood et al., 2009). This, to my
knowledge, showed for the first time that it is possible to not reason back from
ethology to the brain, but use differences in the brain to predict differences in
ethology.

Summarizing, the relative size of neuropils is related to the ecological importance
of its function. On this knowledge I based the assumption that developmental
plasticity of a neuropil also reflects this importance. Neuropils that grow to a
smaller relative volume under restricting circumstances are expected to be less
important than neuropils that are not as variable or that show larger relative
volumes. This seems to be confirmed by what I found in Chapter 3. Increased
scramble competition of the developing larvae caused extreme brain-body size
scaling (made even more extreme by the isometric scaling at the lower end of
their size range). The smallest N. vitripennis wasps resulting from this scramble
competition had a changed modular layout of their brain when compared to
larger, normal-sized wasps. One of the most obvious changes was the lower
relative volume of the optic lobes (which are already small in normal-sized
individuals, compared to several other flying Hymenoptera). Experiments
in 1939 had already shown that N. wvitripennis females do not need visual cues
for host finding (Jacobi, 1939), arguably the most important behavior for this
parasitic wasp. It stands to reason that, if visual information is not crucial for
this behavior and the optic lobe is scaled down under pressure, these matters are
related.

One might ask why the optic lobes are not smaller in normal-sized individuals,
if vision is so seemingly unimportant. In Chapter 3 I observed that the anterior
optic tubercle (a secondary visual neuropil) maintains its relative volume at small
body size. Although knowledge on this neuropil is not complete, it is clear that
the anterior optic tubercle is involved in chromatic discrimination (Mota et al.,
2013), processing of light polarization (Pfeiffer et al., 2005; Homberg et al.,
2011), and it is, through those functions, relevant for the sky compass (e.g. el
Jundi et al. (2014); Held et al. (2016)). Different aspects of vision are therefore
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likely to be important for N. vitripennis, and uncovering these in future research
may be of great aid to the “sky compass”-field, particularly due to the additional
tools that the Nasonia model system provides.

These insights in brain adaptations—different neuropil scaling for different brain
sizes—may provide new ways to assess the behavior of insects. If one were to
try to train an insect to perform a task, one would need to know the best cues to
do so (e.g. vision or olfaction). If size variation is present (or inducible) in that
insect, developmental plasticity of its neuropils would provide clues towards the
right cue to use (or confounding cues to avoid) in the training,

Furthermore, a study of neuropil scaling in the N. vitripennis isofemale panel
mentioned above, linked to behavioral data of these lines, could provide answers
to the question “what makes a good parasitic wasp for biocontrol?”. If behavioral
studies would show that learning ability is an important trait for biological
control, or if wasps would need to be trained before release, researchers could
take lines with relatively large mushroom bodies to start as an initial selection of
biocontrol candidates.

Care must be taken to propetly control and analyze differences in relative
neuropil volumes. Certain types of mosaicism (Montgomery et al., 2016) may
cause other neuropils to scale in similar ways as a neuropil of interest. It could
be, for example, that the smaller calyx observed in Chapter 3 is solely due to less
visual input from the optic lobes, because those were smaller too.

Other factors besides adaptations in neuropil volume play a role when parasitoids
are faced with extreme variation in body and brain size. The neuropil, after all,
is the place in the insect brain where synapses are formed; its volume therefore
reflects connectivity between cells. A smaller neuropil volume may mean fewer
connections, but also that there are fewer or smaller cells to make connections.
In Chapter 4, I showed that specific clusters of dopaminergic cells did indeed
contain fewer cells in smaller brains. Interestingly, size variation in the even
smaller T. evanescens did not cause variation in cell number for dopaminergic
clusters, nor for octopaminergic and serotonergic cells, but did lead to a smaller
cell body size in small individuals for several of these clusters (van der Woude
and Smid, 2017b).

What underlies this difference in “cluster scaling” between T. evanescens and
N. vitripennis? 'T. evanescens may have reached the limits of miniaturization already
at its larger body sizes. The number of cells present in its bioaminergic clusters
is already very low, with numbers of 2-4 cells per cluster for dopaminergic
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cells. A decrease in cell number may therefore constitute a (too great a) loss of
function, leaving only a decrease in cell size as a possibility to accommodate
the smaller available volume and increase in energetic constraints. The larger
NN. vitripennis does not reach these constraints at smaller body sizes and has larger
dopaminergic clusters (i.e. clusters containing more cells), so this species copes
by developing a smaller brain by having fewer cells in specific clusters (and other
structural changes discussed above).

How unique is isometric brain scaling?

As mentioned above, interspecific comparisons of miniaturized insects imply
that the negative brain-body size allometry described by Haller’s rule still applies
to even the tiniest of insects (Polilov, 2016). However, our recent intraspecific
findings on isometric brain scaling in T. evanescens (van der Woude et al., 2013)
and, here, N. vitripennis (Chapter 3) cast doubt on Haller’s rule being true at
small body sizes. For animals of larger size, allometry is typically stronger in
intra- than in interspecific comparisons: intraspecific allometric coefficient
(slope) values are lower than those found for interspecific relationships (Pagel
and Harvey, 1988). So, if this is true for small insects as well, the interspecific
studies on miniaturized insects should find isometry, and studies in 1. evanescens
and IN. vitripennis should have found allometry. How, then, to explain the finding
of isometry in T. evanescens and my observation of isometric brain scaling in
N. vitripennis, a species that, even at its smallest, is larger than T. evanescens wasps?

T. evanescens and IN. vitripennis may be the only small insects that have been
thoroughly studied (assuming no negative results are left unreported due
to publication bias): the smallest beetles (Makarova and Polilov, 2013a),
Hymenoptera (Makarova and Polilov, 2013b), barklice (Makarova and Polilov,
2017a), and thrips (Makarova and Polilov, 2017b) have only been studied in
interspecific studies and in too low numbers for an intraspecific comparison.
These low numbers may also have confounded the measurement of an average
relative brain size for the studied species. Other small Hymenoptera such as ants
have also been part of interspecific comparisons (Wehner et al., 2007; Seid et al.,
2011), but these studies may suffer from an additional problem: small ants may
lack, due to their monomorphic nature, the variation in body size required to
assess brain-body size scaling in their respective species.

At the small end of the ant size spectrum (for questions regarding miniaturization
the most interesting group of ants), small Brachynzyrmex spp. may measure only
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39 to 49 ng in body weight (Seid et al., 2011), the same order of magnitude as the
smallest N. vitripennis. Though knowledge on Brachynzyrmex brain scaling would
be extremely valuable to this field, a mere 20% of variation in body size may
not be enough to reveal patterns in the brain-body size relationship (considering
the seven- and tenfold variation in body size for T. evanescens and IN. vitripennis,
respectively).

Yet, large variation in body size is present in many other genera. Parasitoid
species are ideal candidates for future studies, as the amount of food available for
developing larvae is easily restricted by the choice of hosts used for rearing. In
the case of gregariously developing animals, such as Nasonia, levels of scramble
competition can be used to influence the size of adults. In the supplement of
Chapter 3 I have already shown that this is possible for species and strains other
than the N. vitripennis AsymCx strain (for N. giranlti and the outbred HVRx
N. vitripennis strain). Many of these species, Trichogrammatidae and other small
Chalcidae in particular, are readily reared (some are available as biocontrol
agents) and obtained in similar size ranges as discussed above.

The question should therefore not be “how unique is isometric brain scaling?”
but “when will we start looking for it properly?”.

' The future of Nasonia neurobiology

In addition to novel insights on brain scaling and adaptation in small insects, a
major contribution put forth in this thesis is the development of the Jewel Wasp
Standard Brain in Chapter 2. Based on an average of ten female N. vitripennis
brains, the JWSB will serve as a reference framework for future studies on
Nasonia neurobiology, with potential expansions to the male brain and those of
related Nasonia species.

The Nasonia system is poised to make large impacts in the field of insect
neurobiology. Points in its favor are access to the known genome of three
different Nasonia species (Werren et al.,, 2010; Rago et al., 20106), the ability
to introgress traits by hybridization (e.g. Hoedjes et al. (2014b); Werren et al.
(2010)), influence development by means of, for example, RNAi (e.g. Mukai
and Goto (2016)), and the use of ecologically relevant rewards in the study of
learning and memory (Hoedjes et al., 2011; Hoedjes et al., 2012). Now, with the
introduction of the JWSB and the morphological description of its neuropils,
the field can take off.
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The functionality of the Jewel Wasp Standard Brain will only increase, as new
methods are developed to drive or alter genes and gene expression in Nasornia
wasps. With new transformation methods or the CRISPR-Cas9 system (Li
et al., 2017), it will become possible to target and visualize (by expression of
fluorescent markers) specific cell types. The next hurdle will be the finding of
cell type-specific promotors to drive such systems, but with the availability of
Nasonia genomes this hurdle does not have to be taken in a vacuum. Of particular
interest would be the use of “Brainbow”-like fluorescence labeling techniques
(reviewed by Lichtman et al. (2008)). Brainbow uses recombinases to randomly
express a combination of fluorescent proteins in genetically targeted cells. The
combination of fluorophores yields unique staining patterns for individual cells,
which would enable the tracing of multiple cells for registering into the JWSB. A
similar approach has already proved to be possible in Drosophila (Hadjieconomou
etal, 2011; Hampel et al., 2011).

Although the difficulties in the development of these techniques are certainly
non-trivial, Nasonia neurobiologists can profit from the wealth of information
and expertise available from previous developments in other model systems
(such as Drosophila).

In addition, the availability of the JWSB may breathe new life into classical
neurobiological techniques such as electrophysiological recordings and the
injection of anterograde or retrograde fluorescent tracer dyes, which will benefit
greatly from the common reference provided by this standard brain.

One of the main benefits of using genetic or dye-injection techniques is
that these methods do not rely on specific methodologies such as the use
of immunohistochemistry, or simply the choice of fixative. This means that
stainings of interest can always be accompanied by standardized morphological
background immunofluorescence. This will greatly ease the registration of
interesting results onto the JWSB.

The Jewel Wasp Standard Brain, in conclusion, will enable many exciting and
promising new possibilities for neurobiological research.

Conclusion

In this thesis I have shown that N. vitripennis wasps break Hallet’s rule by diphasic
brain-body size scaling over its extreme body size range. Though normal-sized
wasps scale their brain allometrically, strong scramble competition during
development makes the smallest N. vzzripennis have an isometrically scaled brain.
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Subsequently, I carried out analyses of the adaptations made in the complexity
of the brains to allow such strong scaling. In these studies I found that, unlike
the brain of the tiny T. evanescens, IN. vitripennis brains show differences in the
relative size of several neuropils, as well specific changes in the modulatory
dopaminergic network. Both these kinds of differences seem to be associated
with size-related behavioral changes. Additionally, I showed that relative brain
size can be selected for, but that this is costly. Yet, there are no apparent gains
for having relatively larger brains.

These findings may provide clues for new research on the neuroethology of
parasitic wasps: the links between brain structure and their behavior and ecology.
I predict that these findings and the development of the Jewel Wasp Standard
Brain will greatly aid future research into fundamental and applied questions
about the development of the insect nervous system.
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Summary

The parasitic wasp Nasonia vitripennis is a small insect that can vary over ten
times in adult body weight, ranging from 40 to 438 pg. Due to this interesting
characteristic and due to its overall small size (1.5-2.5 mm in length), N. vitripennis
is an ideal candidate for the study of brain scaling and its relation with the
miniaturization of insects in general. The peculiar adaptations by which insects
and other arthropods manage to miniaturize their body but still maintain
behavioral complexity have long fascinated many researchers. In addition,
N. vitripennis and related Nasonia species provide a novel hymenopteran model
system poised to be the “new Drosophila’, which allows for the placing of such
knowledge in a wider theoretical context.

In this thesis, I aimed to gain further understanding of brain scaling at the
limits of miniaturization, as well as to provide the research community with
fundamental knowledge of the brain of N. vitripennis.

Chapter 2 provides an answer to the question “What is the general morphology
of the IN. vitripennis brain, and how does it relate to the brain of other insects?”
Here, I describe 14 regions of interest, or neuropils, of the N. witripennis
brain: the optic lobes (comprised of the lobula, medulla, and lamina), the
anterior optic tubercle, the antennal lobe, the lateral horn, the mushroom
body (comprised of the calyces and the lobes), and the central complex
(comprised of the fan-shaped body, the ellipsoid body, the noduli, and the
protocerebral bridge). I compare the shape and (relative) volumes of these
neuropils with the other model organisms the honey bee Apis mellifera and
the fruit fly Drosophila melanogaster, as well as a diverse group of paper wasps.
Furthermore, this chapter introduces the Jewel Wasp Standard Brain (JWSB),
an average brain obtained by iterative shape averaging of 10 brains from recently

. eclosed female N vitripennis (AsymCx strain). Standard brains such as the JWSB

can be used as reference frameworks for integration of multidisciplinary
results, such as protein expression data, single neuron recordings, and tracer
injections. In contrast to most other standard brains, the JWSB is not based
on dehydrated and shrunken tissue, thereby representing a brain closer
to the 7n vivo shape and size, which may aid future stereological studies.
Volumetric descriptions and an interactive 3D model of the Jewel Wasp Standard
Brain have been deposited in the online Insect Brain Database (insectbraindb.
org), which will serve as a resource for comparative studies, as well as an excellent
tool for demonstrations and education.

In Chapter 3 I expand on this basic knowledge of the IN. witripennis brain by
seeking answers to the question “How does the brain of IN. vitripennis scale over
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its large body size range, and are there specific adaptations to accommodate
this range?” Due to its large variation in body size, IN. vitripennis is an ideal
candidate for the study of Haller’s rule, which states that larger animals have a
relatively smaller brain (a/lometric scaling). Until now, the “breaking” of this rule
has only been observed in the miniscule egg parasitoid Trichogramma evanescens,
which had the same relative brain size regardless of its body size (isometric
scaling). Unexpectedly, my data show that the slightly larger N. vitripennis wasps
had diphasic, or bimodal, brain scaling: the larger individuals did adhere to
Haller’s rule, but under a body weight of 183 ug these wasps showed isometric
brain scaling as in 1. evanescens. This may indicate that isometric brain scaling
might be a scaling “mode” that is related to very small absolute body sizes.
Regardless of its cause, the basic knowledge I describe in Chapter 2 allows me
to see how the brain of N. vitripennis is affected by brain scaling, Is the brain
of a small individual a one-to-one copy of that of a large individual, although
of smaller size), or do specific neuropils scale at different rates (a notion best
described as brain mosaicism)? I show that the brains of the smallest individuals
had large differences in the relative neuropil distribution when compared to the
larger wasps. The smallest wasps had relatively smaller optic lobes, indicating that
N. vitripennis, which can easily find hosts without using sight, can easily sacrifice
visual tissues to maintain other neuropils such as the antennal lobes, which
had the same relative size. The mushroom bodies, which are often described
as memory centers in insect brains, also were relatively smaller in the smallest
wasps. A parallel study by colleagues showed that small N. vitripennis performed
worse in memory tests, which may be explained by this difference in neuropil
volume. Finally, the relative volume of the central complex was larger in the
smallest wasps, indicating that this neuropil is probably of large importance.
A possible reason for this remains unknown, as the functions of the central
complex are very diverse.

The neuropil is only one part of the insect brain, what about the outer layer of cell
bodies?InChapter4,Iexplorethequestion“Aretherecelltype-specificadaptations
inbrains of differentsizes,and does this relate to behavior?” Specifically, I describe
investigations of the dopaminergic network in N. vitripennis of different sizes,
because of the role of this neurotransmitter in learning (and the changes therein
that were observed in these wasps). In addition, I expanded on a previous study
that compared the octopaminergic network of N. vitripennis with Nasonia giranlts,
a related species that shows different memory dynamics than N. vitripennis.
Although a measurement of the total number of all neurons in the IN. vitripennis
brain proved to be unattainable, I do show variation in the dopaminergic network.
First, I provide a description of the location and average number of cells for
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Summary

nine different dopaminergic clusters located in the cell body rind of the Nasornia
brain. Most of these clusters could be compared, based on their location, with
the clusters in the honey bee, the fruit fly, and the egg parasitoid Trichogramma
evanescens. Based on this comparison, I identified clusters D2, D3, and D5 as
clusters that are likely innervate the mushroom body, thereby influencing the
memory dynamics of Nasonia. Comparing N. vitripennis of different size, I found
fewer dopaminergic cells in clusters D5 and D7 in small N. vitripennis; comparing
N. vitripennis with N. giranlti showed that N. giraulti had fewer cells in clusters D2
and D4a, but more in D4b. More analyses are needed to confirm that differences
in cluster D2 and D5 play a causal role in the different memory dynamics of the
studied wasps, but these results are a good indication that dopamine is important
in the memory dynamics of IN. vitripennis.

Finally, I sought to answer the question “Is relative brain size a trait that can
be selected for, and what are the effects of such a selection?”” in Chapter 5.
In the previous chapters, I specifically address brain scaling in an isogenic line
(AsymCx), meaning that all wasps were genetically identical. Any variance in
brain structure would be due to plasticity, not due to some wasps simply having
a genetic propensity for a specific larger or smaller neuropil. To investigate
a potential genetic basis of relative brain size I started with a population of
genetically diverse N. vitripennis wasps (the HVRx strain). Every generation,
I measured and selected wasps with the largest or smallest relative brain size
to proceed to the next generation. After 25 generations of 3 weeks, I found a
robust difference in relative brain size between the resulting selection lines. In
absolute terms, large-brained lines had 16% larger brains, despite being smaller
on average. Although Haller’s rule predicts a relative larger brain for smaller
individuals, I showed (in a limited size range) that the brain scaling relationship
' is grade shifted. In this size range, large-brained lines always had a larger brain
than a small-brained wasp of equal size. I expected to find cognitive benefits for
the large-brained wasps, but they performed as well as the small-brained lines in
a memory performance test. An analysis of the neuropil distribution showed
that all lines had equal relative mushroom body volumes, which might be related
to the lack of differences in memory performance. In contrast to my study
on neuropil differences between extremely different size groups in Chapter 3
(230% difference in total neuropil volume), the only neuropil that was affected
in this study was the antennal lobe, which was relatively larger in the large-
brained wasps. As the antennal lobe is apparently important enough to maintain
its relative volume at the small end of an extreme size range (Chapter 3), it could
make sense if the antennal lobe would grow larger when brains are selected to
grow beyond their normal relative size. A larger antennal lobe may improve the
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wasps’ ability to discriminate odors, or increase its olfactory sensitivity, but this
was not tested. Despite this lack of visible benefits for large-brained lines, they
were worse off. On average, they had a shorter longevity to start with (which
may be explained by their overall smaller body size), but the large-brained wasps
also died sooner after a conditioning experience. The small-brained lines did not
suffer from this effect. As the title of this chapter already mentions: there appear
to be no gains for bigger brains.

In conclusion, this thesis provides a wealth of information on the genotypic
and phenotypic aspects of brain scaling, as well as many new questions and
reference points for further studies. With the development of the Jewel Wasp
Standard Brain a new tool is available for the overall neuroscience community
and the Nasonia community in particular, which will likely benefit from its use as
a framework to consolidate results from past and future studies, but also as an
interactive tool for educational purposes.
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